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Energy consumption and production in cardiomyocytes: a new
myofilament contraction model with ATP consumption and the diagnosis

of ATP productive impairment from missense mutations

Abstract

The understanding of cardiovascular system under physiological conditions has been progressed,
however, it is not fully understood. Information technology allows us to understand the complex biological
mechanisms of the cardiovascular system. Since the mechanisms of crossbridge (CB) are not clearly
understood, the development of CB model could provide the valuable tool to comprehend those reaction or
energy consumption. A variety of CB model was constructed to explain its behavior of biological function.
Nevertheless, the models that explain the necessary function that includes Ca?* transient with the
biochemical structure are limited. Here, we proposed a realistic model of crossbridge mechanism using
mechanical model of NL model (Negroni & Lascano 1996, 2008; Negroni et al. 2015) and biochemical
model of Mansson model (Mansson 2010). The model concerns with the Ca?* activation and force
generation assuming an equivalent crossbridge. The proposed model well reproduced the relationship of
[Ca?*]-force, length-force, [Ca?*]-ATP hydrolysis, force generation by Ca?* transient, ATPase turnover
rate, force recovery after jumps in length under the isometric model and sarcomere shortening after a rapid
release of mechanical load under isotonic mode with the load-velocity relation. On the other hand,
mitochondrial diseases are the complex diseases associated to dysfunction or failures of the mitochondria
which has a great influence in ATP production. Missense mutations in mitochondrial DNA, particularly in
cytochrome b gene sequences in complex Il have been associated with several diseases with muscle and
heart. We preliminarily developed the high sensitivity and specificity technique to diagnose the mutations
using PCR based sequencing. Five missense mutations in mitochondrial cytochrome b gene of human
mitochondrial genome could be diagnosed by using the novel primers. Furthermore, the development of
our techniques with high resolution melt analysis could provide the new aspect in mutation investigation at

early stage.

Keywords
actomyosin-ATPase, crossbridge contraction, mechano-energetics, missense mutation diagnosis,

mitochondrial mutations, myofilament model
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Chapter 1: Introduction

1.1 Research background and purpose of the study

Cardiovascular diseases are responsible for the deaths in human for several decades. Heart failure
which caused from the ineffective contraction is the majority among those cardiovascular diseases. The
understanding of cardiovascular system under physiological conditions has been progressed, nevertheless,
it is not fully understood.

Information technogy allows us to understand the complex of biological mechanisms of the
cardiovascular system. Cardiac muscle cells or cardiomyocytes play an important role in the
cardiovascular system. Cardiomyocyte function, in particularly, crossbridge work is driven by the energy
from adenosine 5'-triphosphate (ATP). This tight coupling between energy production and consumption is
essential to maintain the normal activity.

We have well known that the energy is mainly utilized by the interaction of crossbridge (CB) in
cardiomyocytes. Since the mechanisms of CB are not clearly understood, the development of CB model
could provide the valuable tool to comprehend those reaction or energy consumption. The CB model
which well concerns the key of biological functions and mechanisms could be implemented into multi-
scale model of cardiovascular system for a better understanding of those energy consumptions.

On the other hand, the cardiomyocytes have a high mitochondrial density to supply the energy in
form of ATP resisting the fatigue. The mutations in mitochondrial DNA sequences cause the malfunction
of ATP production leading to cardiomyopathies. The early-stage detection of those mutations could be an
advantage for health evaluation.

The objectives of this study were following;

1) to develop the new CB model based on the molecular mechanisms of ATP-hydrolysis by S1
segment of myosin with the biophysical contraction model and implemented in the multi-scale model of
cardiovascular system

2) to improve the specific techniques for diagnosing the mutations in cytochrome b gene sequence
of mitochondrial DNA that leading to cardiomyopathies

To success those objectives, this dissertation was divided into two parts; 1) the energy
consumption by CB mechanisms using computational modeling and 2) the energy production focused on
the detection of insufficient function from mutations in cytochrome b gene sequence of mitochondrial
DNA.



1.2 Cardiomyocytes; energy production and consumption

The structure of cardiomyocyte is well known as described in Figure 1-1. Unlike the other cells,
the membrane of cardiomyocyte contains specific proteins which connect to nearby cardiomyocytes as the
mechanical and electrical partners. Cardiomyocytes in mammals contain myofibrils which involved with
the muscle contraction. They pump the blood into vessels of circulatory system via the excitation-
contraction coupling. The cardiomyocyte of human is a roughly cylindrical-shape cell and some
cardiomyocytes are branched. The size is 10-20 pum x 50-100 um (wide x long). The intercalated disc is
adjacent at end-to-end between two myocytes including; gap junction (electrical conduction), desmosome

(mechanical strength).

Sarcoplasmic
reticulum

. Troponin
Tropomyosin

0= b ) (Ca™" binding site)
— fd 4
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Myosin cross-bridge binding sites /

Mitochondria Capillary Actin

Figure 1-1 The structure of cardiomyocyte. Left; The structure of cardiac cell including the sarcomeric
organization of fundamental contractile proteins and other key elements. The sarcomere of human heart is
approximately 2.0 um in length at rest. Right; Calcium regulation of contraction on thin filament. Calcium
binding to troponin induces tropomyosin movement, allowing the development of force.

[Z line = the border line on each end located by a protein matrix, A band = the region of the sarcomere in
which the myosin filaments reside, | band = the area between A bands of adjacent sarcomeres]

Source Barnett 2009

Energy production ATP Energy consumption

/TN
NS

76% actomyosin-ATPase
15% SERCA

98% mitochondria ’
9% Na/K-ATPase

2% glycolysis

ADP + Pi

Figure 1-2 Cardiac muscle metabolisms; the main activity of energy production from mitochondria and
consumption from actomyosin-ATPases (Schramm et al. 1994).

[SERCA = sarcoplasmic reticulum Ca?*-ATPase]



Energy production and consumption mechanisms play an important role in vital mechanisms of
cardiomyocytes (Figure 1-2). However, the explicit details that could explain either energy production and
consumption at molecular or sub-molecular level are not clearly understood. Here, we focused on 1) the
actomyosin ATPase that mainly consume energy, 2) mitochondrial DNA that produce energy for the work
of cardiomyocytes. For energy production part, our interest was the integrative method for detection of the

mutations in cytochrome b gene sequence of mitochondrial DNA.

1.2.1 Mitochondria and energy production

Mitochondria mainly produces the energy for cell activities via respiratory chain or electron
transport chain. The electron transport system is embedded in the inner membrane of mitochondria. Two
energy carriers; 1) nicotine adenine dinucleotide (NAD) and 2) flavin adenine dinucleotide (FAD), carry
the energy to complex | and complex Il, respectively. Genes in mitochondria provide the necessary
proteins involved with oxidative phosphorylation. The mitochondrial genome sized about 16,500 base
pairs includes 37 mitochondrial DNA-encoded genes; 13 coding genes, 2 ribosomal RNAs (12S and 16S),
and 22 transfer RNAs (Figure 1-3). Five protein complexes are embedded at the inner layer of

mitochondrial membrane.
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Figure 1-3 Left; Human mitochondrial genome, Right; Oxidative phosphorylation; electron transport chain.
[The composition of mitochondrial DNA and 37 encoded genes including; complex | ‘NADH-coenzyme Q
reductase complex’ (ND1, ND2, ND3, ND4, ND4L, ND5, and ND6) [ND = NADH dehydrogenase],
complex II ‘succinate dehydrogenase complex’, complex Il ‘cytochrome bci complex’ (cytochrome b),
complex 1V ‘cytochrome oxidase complex’ (COXI, COXII, and COXIII) [COX = cytochrome ¢ oxidase],
complex V (A6, and A8), [A = ATP synthase], two ribosome RNAs (12S and 16S), twenty-two transfer
RNAs (Left; one-letter code [A Alanine, R Arginine, N Asparagine, D Aspartic acid, C Cysteine, E
Glutamic acid, Q Glutamine, G Glycine, H Histidine, I Isoleucine, L Leucine, K Lysine, M Methionine, F
Phenylalanine, P Proline, S Serine, T Threonine, W Tryptophan, Y Tyrosine, V Valine], origin of
replication of the heavy chain (Ou) and light chain (OL), and the promoters of transcription of the heavy
strand (HSP) and light strand (LSP)]

Source Schon et al. 2012



1.2.2 Cardiac muscle contraction and energy consumption

Cardiomyocytes mainly utilize the energy by muscle contraction activity (Suga 1990, Schramm et
al. 1994). The contraction results from a sliding of CB involved with two major filaments; actin and
myosin. The CB continuously moves by attachment and detachment steps driven by the hydrolyzing of
ATP catalyzed by actomyosin-ATPase enzyme. These mechanisms are the major component of ATP
consumption in the cardiac muscle (Suga 1990). More than a half-century, the study of CB mechanisms
based on structural, biochemical, and physiological aspects have been revealed. However, the interaction
of CB coupling to ATP hydrolysis is still unclear. As minimum requirements, the new model should
capture as the following essential aspects of key CB cycle tightly bound with ATP-hydrolysis cycle as
Figure 1-4.

ADP+Pi

/.

Power stroke

Pi
ADP — ATP

Recovery stroke

jescece jeccoce

Figure 1-4 The illustration of the crossbridge (CB) cycle between myosin (M) and actin (A) in the cardiac

myocytes.

Phase A; The tropomyosin is dislocated by the binding of Ca?* to troponin during the cytosol Ca%
transient (Ford 1991). The myosin head with ADP + Pi (M ADP Pi) attaches to actin myofilament, forming
weakly bound state of CB. During phase A to phase B, the dissociation of inorganic Phosphate (Pi) from
the S1 segment is tightly coupled with the force generation of the CB, resulting in the ‘power stroke /
filament sliding’. Myosin head pivots and bends as it pulls on the actin filament and then ADP is released.
Phase B; At the end of power stroke ‘post-power stroke configuration’, CB forms the rigor conformation.
Phase C; The replacement of ADP by a new ATP accompanied with relaxation of rigor conformation
occurs even in the absence of actin and Ca?* (Sugi et al. 2008, Minoda et al. 2011) and CB detaches.

Phase D; ATP is hydrolyzed (M ATP -> M ADP Pi) associated with a structural change with a swing of
the myosin lever arm. ADP and Pi remain bound to the active site of myosin head (Lymn & Taylor 1971,
Sugi et al. 2008).

Source: Sugi et al. 2008



The formation of CB interaction could be summarized into six states: 1) M ADP Pi &> 2) AM
ADP Pi - 3) AM ADP - 4) AM - 5) AM ATP - 6) M ATP. This assumption is described as the
minimum requirements as the Figure 1-5 (Geeves et al. 2005) and the wide studies (Lombardi & Piazzesi
1990, Dantzig et al. 1992, Ebus et al. 1994, Piazzesi & Lombardi 1996, Mansson 2010, Bickham et al.
2011, Mansson et al. 2015).

M *5 [MT *= MDP]|*= MD *= M
R
L J v v

AM *= AMT*= [AMDP, ~SAMD =AM

|
J

+ s

Figure 1-5 The minimal description of the interaction between action and myosin ATPase.
[M = myosin ATPase, A = actin, T = ATP, D = ADP, and P; = inorganic phosphate]

Source: Geeves et al. 2005

1.3 Cardiac muscle contraction model

The cardiac muscle contraction is described by the relationship between length and tension. It is
classified as isometric contraction (generating tension without changing length) and isotonic contraction
(muscle length changes but tension remains the same). However, the definite understanding of CB
mechanism is still unclear. The various whole cell models have been developed to explain the CB
mechanisms by using mathematical model describes different aspects of mechanical activity of muscle

underlying the physiological regulation of cardiac contraction.

1.3.1 Theory of muscle contraction and modeling

Huxley’s CB dynamics is widely used in understanding the muscle work and subunits of muscle
(Huxley 1957). Huxley developed the basic model to explain the force generation follows the CB
attachment step with the different conformational state. The first proposed model of Huxley was as
follows; 1) there is an elastic element in the CB, 2) the CB generates force immediately upon formation, 3)
there is a limited rate constant for CB formation, and 4) the rate constant of CB dissociation increases if
the elastic force counteracts shortening. The construction of model based on the mechanochemical cycle of
CB requires partial differential equations (Huxley1957).

A variety of myofilament model with the Huxley-based contraction model implemented the Ca?*
transient function to act as the biophysiological function (Lombardi & Piazzesi 1990, de Tombe & Ter
Keurs 1991, Landesberg & Sideman 1994, Piazzesi & Lombardi 1995, Negroni & Lascano 1996, 1999,
2008, Rice et al. 2003, Razumova et al. 1999, Negroni et al. 2015). Negroni & Lascano model ‘NL model’
(Negroni & Lascano 1996 & 2008) which assumed a relatively simple equivalent CB (eCB), whose
distortion is represented with a linear spring and its sliding along the actin filament is calculated by
assuming a movable viscosity head. These approximations seem to be roughly in common with the Rice

model (2008). NL model has also been used in developing various types of ventricular models (Matsuoka



et al. 2003, 2004, Okada et al. 2005, Shim et al. 2007, 2008, Asakura et al. 2014, Himeno et al. 2015). NL
model well describes Hill coefficient (close to 4) and successfully reconstructs most of the key mechanical
events of the cardiac muscle so far described in biophysical studies using the experiment data; the step
changes in length (Huxley & Simmons 1971, Huxley 1974, Ford et al. 1977), steady force-length-[Ca®*]
relations (Kentish et al. 1986), the time course of [Ca?*] following step changes in length related to
troponin C (Lab et al. 1984), the frequency dependence of the stiffness modulus (Shibata et al. 1987),
force-velocity relation (de Tombe & ter Keurs 1991), the velocity of force re-development following
length pulses (Peterson et al. 1991), force-length relations for isometric twitches (Kentish et al. 1986, de
Tombe & ter Keurs 1991), time course of force following quick release (Nwasokwa et al. 1984), and time
course of active state (Chiu et al. 1987, Ford 1991). NL model represents a myocyte as a series

arrangement of units (Figure 1-6).

The = h &

: XB
Series element Tf

S VAVAYAL -

Parallel element

——/AAP——
I‘:_)(+h—3’I

e L —e— L —f
——— b —

Figure 1-6 Constitutive muscle unit; defined by half sarcomere length (L) and cross-sectional area. In this

Figure, L is composed of thick filament (ThF) and thin filament (Tf) in parallel with an internal elastic
element. ThF and Tf can slide past each other and the overlap area where the equivalent crossbridge (XB)
can attach to Tf.

[h = crossbridge elongation, Ls = length of series elastic element, Ly = total muscle length]

Source: Negroni et al. 2015

Negroni & Lascano (1996) established four-state system of CB dynamics and intracellular Ca?*
kinetics for cardiac muscle. The model well described the relation of mechanical behavior with sarcomere
dynamics and Ca?* kinetics. Their assumptions are 1) force is developed by the attached CB and the
number of attached CB depends on sarcomere length, 2) attached CB develops force according to
elongation of their elastic structure, 3) at a steady sarcomere length, there is a unique CB elongation and,
during changes in sarcomere length, the concurrent change in CB length is re-adjusted to the steady state
value by the detachment and re-attachment in the new position along the thin myofilament, and 4) the
increased CB detachment during changes in sarcomere length depends on the rate of re-adjustment of CB
elongation. The model was modified to six-state contraction model (Negroni & Lascano 2008) by

including weak and power attached CBs (Figure 1-7).
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Figure 1-7 Equivalent weak (w) and power (p) CB state at steady state (panel A) and at quick shortening
(panel B). Panel A; hy = hyr is close to zero and h, = hy is greater than zero. Panel B; after a length step,
the reduction in half sarcomere length produces an increase in hy and a decrease in h,. Panel C; Six states
of troponin system (TS) and Ca?* flow from sarcoplasmic reticulum. Qe and Qpump represent Ca?* flow in
and out acting on the myoplasm (MY O), respectively.

[hw = mean elongation of attached CBs in the weak state, h, = mean elongation of attached CBs in the
power work state, hy, = steady elongation of attached CBs in the weak state, hyr = steady elongation of
attached CBs in the power work state, AL = the changes in half sarcomere length, f = attachment step, g &
gd = detachment step, Y = forward step, Z = reverse step, TS = free TS, TSCas = Ca?* bound to TS without
attached CBs, TSCas~ = Ca?" bound to TS with attached CBs in the weak state, TSCas* = Ca?* bound to
TS with attached CBs in the power state, TS* = TS without Ca?* with attached CBs in the power state, TS~
= TS without Ca?* with attached CBs in the weak state]

Source: Negroni & Lascano 2008

1.3.2 Mechanoenergetics of actomyosin interaction

On the other hand, the myofilament model which is based on the Huxley hypothesis of
independent CB behavior adopts the hypothetical Gibb’s free energy profile to describe the state transition
of CB. The additional biochemical and mechanical states have been introduced and some models
implemented the intermolecular cooperativity (Duke 1999, Tanner et al. 2007, Smith et al. 2008, Smith &
Mijailovich 2008). The 11 predominant reaction states of actomyosin (AM) ATPase were identified in
skeletal muscle proposed by Mansson et al. (2015). Each transitional state based on the details of the

biochemical and structural states of the CB cycle (Figure 1-8).
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Figure 1-8 Predominant biochemical and structural states of actomyosin ATPase cycle. Orange and black
cartoons indicate the action and myosin, respectively. The open (O) or close (C) conformation of the active
site elements is indicated by switch 1 and 2. Switch 1 is designated as the first. The power stroke
corresponds to switch 2 closed-to-open transition while the myosin motor domain is bound to actin.

Inset: Schematics illustration of tension in lever arm; left = shortening, right = resist shortening

[A = actin, M = myosin, T = ATP, D = ADP, P = P; or inorganic phosphate, k or K= rate functions]

Source: Méansson et al. 2015
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Figure 1-9 Free-energy profiles and rate function. Panel A; Free energy at detached state (As) is 20 kT
(Barclay 1998, Sleep et al. 2005) used for all values of x. The bent double arrow indicates the lever arm is
disclosed in this state. The illustration of the equilibrium lever arm positions for the different states is
given. Ao, A1, A2, and Az indicate AMDP, AM*D, lumped state of AMD, AM & AMT, and lumped state of
MT & MDP, respectively. Panel B; Rate functions for transition between attached states (koi(x), kio(X),
ki2(x), ko1(x)) and detachment rate function (kzs(x)). Panel C; attachment (kso(x)) and detachment rate
functions (ko3(x)) are illustrated in full and dash line, respectively. Black line refers to standard simulations,
dark and light gray refer to some specific simulations).
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Mansson (2010) lumped 11 predominant states to four-state biochemical model which well
represented four essential steps of the ATP-hydrolysis; 1) AMDP, 2) AM*D, 3) AMD, AM, AMT are
lumped, 4) MT and MDP are lumped. This simpler model captures the most essential aspects of key
phenomena and can be identified by the experimental results. Additionally, the rate functions are related to
the relative distance between myosin head and a nearest actin binding site for each CB (Figure 1-9). The
model assumed that there is a uniform distribution of myosin heads with respect to the distance to the
nearest actin binding site. It is well-motivated in statistical models of essential consideration including; 1)
the mismatch between the myosin and actin filament periodicities which described by Smith et al. (2008),
2) the misalignment between neighboring myofilaments over the fiber cross-section (Edman & Reggiani
1987), and 3) the non-uniform in lengths of sarcomere along the length of muscle fiber (Edman &
Reggiani 1984).

1.3.3 Myocardial energetics of ventricular cell model

Two apparently fundamentally different modes of the energetics of muscle contraction
investigation have dominated the study of cardiac energetics. 1) Gibbs group (Ricchiuti & Gibbs 1965,
Gibbs 1967, Gibbs et al. 1967) measured the heat production and work performance of one-dimensional
isolated papillary muscle using the flat-bed thermopile described by linear relationship of heat-force, and
2) Suga group (Khalafbeigui et al. 1979, Suga 1979) measured the oxygen consumption (VO3) of whole
hearts performing pressure-volume work described the total mechanical energy generated in a cardiac
contraction by pressure-volume area (PVA). Han et al. (2012), however, summarized that the fundamental
difference between Suga’s phenological isoefficiency and Gibbs’s load-dependent efficiency cannot be

reconciled.
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Figure 1-10 The comparison pressure-volume area (PVA) and force-length area (FLA). Panel A; PVA is
composed of end-systolic pressure-volume relation (ESPVR), end-diastolic pressure-volume relation
(EDPVR), and pressure-volume loop (PV loop). Panel B; FLA is related with end-systolic force-length
relationship (ESFLR), the end-diastolic force-length relation (EDFLR), and force-length (F-L loop).
Source: Taylor et al. 1993



The force-length area (FLA) is analogous to PVA, and both are linearly correlated with cardiac
energy consumption reported in animal experiments (Hisano & Cooper 1987, Suga 1990) (Figure 1-10).
PVA describes the mechanisms of left ventricular in four phases 1) the filling phase, 2) the isovolumic
ventricular contraction, 3) the ventricular ejection, and 4) the isovolumic ventricular relaxation. These four
phases are commonly plotted as the relationship between pressure and volume or ‘pressure-volume loop

(PV loop)’. Each corner represents a valve action, each side a phase.

1.4 References

Asakura K, Cha CY, Yamaoka H, Horikawa Y, Memida H, Powell T, Amano A, Noma A (2014) EAD
and DAD mechanisms analyzed by developing a new human ventricular cell model. Prog Biophys
Mol Biol 116:11-24

Barclay CJ (1998) Estimation of cross-bridge stiffness from maximum thermodynamic efficiency. J
Muscle Res Cell Motil 19:855-864

Barnett VA (2009) Cardiac myocytes. In Handbook of cardiac anatomy, physiology, and devices, laizzo
PA (ed), Humana Press Inc., Totowa, NJ, pp 113-121

Bickham DC, West TG, Webb MR, Woledge RC, Curtin NA, Ferenczi MA (2011) Millisecond-scale
biochemical response to change in strain. Biophys J 101:2445-2454

Chiu YC, Ballou EW, Ford LE (1987) Force, velocity and power changes during normal and potentiated
contractions of cat papillary muscle. Circ Res 60:446-458

Dantzig JA, Goldman YE, Miller NC, Lacktis J, Homsher E (1992) Reversal of the cross-bridge force-
generating transition by photogeneration of phosphate in rabbit psoas muscle fibres. J Physiol
451:247-278

de Tombe PP, ter Keurs HE (1991) Sarcomere dynamics in cat cardiac trabeculae. Circ Res 68:588-596

Duke TA (1999) Molecular model of muscle contraction. Proc Natl Acad Sci USA 96:2770-2775

Ebus JP, Stienen GJ, Elzinga G (1994) Influence of phosphate and pH on myofibrillar ATPase activity and
force in skinned cardiac trabeculae from rat. J Physiol 476:501-516

Edman KAP, Reggiani C (1984) Redistribution of sarcomere length during isometric contraction of frog
muscle fibres and its relation to tension creep. J Physiol 351:169-198

Edman KAP, Reggiani C (1987) The sarcomere length-tension relation determined in short segments of
intact muscle fibres of the frog. J Physiol 385:709-732

Ford LE (1991) Mechanical manifestations of activation in cardiac muscle. Circ Res 68:621-637

Ford LE, Huxley AF, Simmons RM (1977) Tension responses to sudden length change in stimulated frog
muscle fibres near slack length. J Physiol 269:441-515

Geeves MA, Fedorov R, Manstein DJ (2005) Molecular mechanism of actomyosin-based motility. Cell
Mol Life Sci 62:1462-1477

Gibbs CL (1967) Role of catecholamines in heat production in the myocardium. Circ Res 21(suppl.3):
223-230

10



Gibbs CL, Chapman JB (1985) Cardiac mechanics and energetics: chemomechanical transduction in
cardiac muscle. Am. J Physiol Heart Circ Physiol 249:H199-H206

Gibbs CL, Mommaerts WFHM, Ricchiuti NV (1967) Energetics of cardiac contractions. J Physiol 191:25-
46

Han JC, Taberner AJ, Tran K, Goo S, Nickerson DP, Nash MP, Nielsen PMF, Crampin EJ, Loiselle DS
(2012) Comparison of Gibbs and Suga formations of cardiac energetics: the demise of “isoefficiency”.
J Appl Physiol 113:996-1003

Himeno Y, Asakura K, Cha CY, Memida H, Powell T, Amano A, Noma A (2015) A human ventricular
myocyte model with a refined representation of excitation-contraction coupling. Biophys J 109:415-
427

Hisano R, Cooper G (1987) Correlation of force-length area with oxygen consumption in ferret papillary
muscle. Circ Res 61:318-328

Huxley AF (1957) Muscle structure and theories of contraction. Prog Biophys Biophys Chem 7:255-318

Huxley AF (1974) Muscle contraction. J Physiol 243:1-43

Huxley AF, Simmons RM (1971) Proposed mechanism of force generation in striated muscle. Nature
233:533-538

Kentish JC, ter Keurs HEDJ, Ricciardi L, Bucx JJJ, Noble MIM (1986) Comparison between the
sarcomere length-force relations of intact and skinned trabeculae from rat right ventricle. Circ Res
58:755-768

Khalafbeigui F, Suga H, Sagawa K (1979) Left ventricular systolic pressure-volume area correlates with
oxygen consumption. Am J Physiol Heart Circ Physiol 237:H566-H569

Lab MJ, Allen DG, Orchard CH (1984) The effects of shortening on myoplasmic calcium concentration
and on the action potential in mammalian ventricular muscle. Circ Res 55:825-829

Landesberg A, Sideman S (1994) Mechanical regulation of cardiac muscle by coupling calcium Kinetics
with cross-bridge cycling: a dynamic model. Am J Physiol Heart Circ Physiol 267:H779-H795

Lombardi V, Piazzesi G (1990) The contractile response during steady lengthening of stimulated frog
muscle fibres. J Physiol 431:141-171

Lymn RW, Taylor EW (1971) Mechanism of adenosine triphosphate hydrolysis by actomyosin.
Biochemistry 10:4617-4624

Mansson A (2010) Actomyosin-ADP states, interhead cooperativity, and the force-velocity relation of
skeletal muscle. Biophys J 98:1237-1246

Mansson A, Rassier D, Tsiavaliaris G (2015) Poorly understood aspects of striated muscle contraction.
Biomed Res Int. doi:10.1155/2015/245154

Matsuoka S, Sarai N, Jo H, Noma A (2004) Simulation of ATP metabolism in cardiac excitation—
contraction coupling. Prog Biophys Mol Biol 85:279-299

Matsuoka S, Sarai N, Kuratomi S, Ono K, Noma A (2003) Role of individual ionic current systems in

ventricular cells hypothesized by a model study. Jpn J Physiol 53:105-123

11



Minoda H, Okabe T, Inayoshi Y, Miyakawa T, Miyauchi Y, Tanokura M, Katayama E, Wakabayashi T,
Akimoto T, Sugi H (2011) Electron microscopic evidence for the myosin head lever arm mechanism
in hydrated myosin filaments using the gas environment chamber. Biochem Biophys Res Commun
405:651-656

Negroni JA, Lascano EC (1996) A cardiac muscle model relating sarcomere dynamics to calcium Kinetics.
J Mol Cell Cardiol 28:915-929

Negroni JA, Lascano EC (2008) Simulation of steady state and transient cardiac muscle response
experiments with a Huxley-based contraction model. J Mol Cell Cardiol 45:300-312

Negroni JA, Morotti S, Lascano EC, Gomes AV, Grandi E, Puglisi JL, Bers DM (2015) B-adrenergic
effects on cardiac myofilaments and contraction in an integrated rabbit ventricular myocyte model. J
Mol Cell Cardiol 81:162-175

Nwasokwa O, Sagawa K, Suga H (1984) Short-term memory in the in situ canine myocardium. Am J
Physiol Heart Circ Physiol 247:H8-H16

Okada JI, Sugiura S, Nishimura S, Hisada T (2005) Three-dimensional simulation of calcium waves and
contraction in cardiomyocytes using the finite element method. Am J Physiol Cell Physiol 288:C510-
C522

Peterson JN, Hunter WC, Berman MR (1991) Estimated time course of Ca?* bound to troponin C during
relaxation in isolated cardiac muscle. Am J Physiol Heart Circ Physiol 260:H1013-H1024

Piazzesi G, Lombardi V (1995) A cross-bridge model that is able to explain mechanical and energetic
properties of shortening muscle. Biophys J 68:1966-1979

Piazzesi G, Lombardi V (1996) Simulation of the rapid regeneration of the actin-myosin working stroke
with a tight coupling model of muscle contraction. J Muscle Cell Motil 17:45-53

Razumova MV, Bukatina AE, Campbell KB (1999) Stiffness-distortion sarcomere model for muscle
simulation. J Appl Physiol 87:1861-1876

Ricchiuti NV, Gibbs CL (1965) Heat production in a cardiac contraction. Nature 208:897-898

Rice JJ, Stolovitzky G, Tu Y, de Tombe PP (2003) Ising model of cardiac thin filament activation with
nearest-neighbor cooperative interactions. Biophys J 84:897-909

Rice JJ, Wang F, Bers DM, de Tombe PP (2008) Approximate model of cooperative activation and
crossbridge cycling in cardiac muscle using ordinary differential equations. Biophys J 95:2368-2390

Schramm M, Klieber HG, Daut J (1994) The energy expenditure of actomyosin-ATPase, Ca?*-ATPase and
Na*, K*-ATPase in guinea-pig cardiac ventricular muscle. J Physiol 481:647-662

Shibata T, Hunter WC, Yang A, Sagawa K (1987) Dynamic stiffness measured in central segment of
excised rabbit papillary muscles during barium contracture. Circ Res 60:756-769

Shim EB, Amano A, Takahata T, Shimayoshi T, Noma A (2007) The cross-bridge dynamics during
ventricular contraction predicted by coupling the cardiac cell model with a circulation model. J
Physiol Sci 57:275-285

12



Shim EB, Jun HM, Leem CH, Matusuoka S, Noma A (2008) A new integrated method for analyzing heart
mechanics using a cell-hemodynamics-autonomic nerve control coupled model of the cardiovascular
system. Prog Biophys Mol Biol 96:44-59

SiMauro S, Hirano M (2012) Human mitochondrial DNA: roles of inherited and somatic mutations. Nat
Rev Genet 13:878-890

Sleep J, Irving M, Burton K (2005) The ATP hydrolysis and phosphate release steps control the time
course of force development in rabbit skeletal muscle. J Physiol 563:671-687

Smith DA Geeves MA, Sleep J, Mijailovich SM (2008) Towards a unified theory of muscle contraction. I:
Foundations. Ann Biomed Eng 36:1624-1640

Smith DA, Mijailovich (2008) Toward a unified theory of muscle contraction. Il: Prediction with the
mean-field approximation. Ann Biomed Eng 36:1353-1371

Suga H (1979) Total mechanical energy of a ventricle model and cardiac oxygen consumption. AM J
Physiol Heart Circ Physiol 236:H498-H505

Suga H (1990) Ventricular energetics. Physiol Rev 70:247-277

Sugi H, Minoda H, Inayoshi Y, Yumoto F, Miyakawa T, Miyauchi Y, Tanokura M, Akimoto T, Kobayashi
T, Chaen S, Sugiura S (2008) Direct demonstration of the cross-bridge recovery stroke in muscle
thick filaments in aqueous solution by using the hydration chamber. Proc Natl Acad Sci USA
105:17396-17401

Tanner BC, Daniel TL, Regnier M (2007) Sarcomere lattice geometry influences cooperative myosin
binding in muscle. PloS Comput Biol 3:e115

Taylor TW, Goto Y, Suga H (1993) Variable cross-bridge cycling-ATP coupling accounts for cardiac
mechanoenergetics. Am J Physiol Heart Circ Physiol 264:H994-H1004

Wallace DC (1999) Mitochondrial diseases in man and mouse. Science 283:1482-1488

13



Chapter 2: New mathematical model of cardiac contraction model

Here, we developed a new contraction model ‘Hybrid model” which combined the reaction steps
of ATP-hydrolysis by S1 segment of ‘Mansson model’ with Huxley-type contraction model developed by
Negroni and Lascano (2008) ‘NL model’ which assumes an equivalent crossbridge (eCB) as a
representation of average behavior of all crossbridge (CB). The model concerned the dominant
characteristic of both models (Table 2-1).

Table 2-1 The characteristic of NL model and Méansson model.

NL model Mansson model
Cardiac cell Skeletal muscle cell
Biophysiological mode In vitro experiment
Rate of elongation change (dh/dt) Function of the distance (x)
Ca?* application with time course Steady state during tetanus
Ca?* dependency Ca?* fixed
Isometric and isotonic contraction Isometric contraction (mainly)
Detachment rate depends on weak states (hw) Detachment rate depends on power state (hp)

- ATP consumption

Hybrid model mainly adopted from NL model which is characterized by the introduction of the
eCB which largely facilitates the calculation of the developed force of contraction in the continuous
manner. Moreover, NL model successfully reconstructs the most of key mechanical events of the cardiac
muscle so far described in the extensive biophysical studies, such as the time course of developed tension
evoked by the membrane excitation, as well as those evoked by applying step changes in the isometric and
isotonic contraction model at various Ca?* concentration. The mechano-chemical contraction model has
been proved for its efficiency when integrated into a variety of cardiac cell model (Cenci et al. 2010,
Lascano et al. 2013, Asakura et al. 2014, Himeno et al. 2015). The simplification was achieved not really
developing a specific algorithm for averaging the behavior of all CBs, the magnitude as well as the time
course of reconstructed crossbridge force (Fp) well agrees with the experimental findings. This eCB
assumption was adopted in the present model as in the original NL model.

On the other hand, the details of the rate constant defined in the Mansson model should be found
in Chapter 1.3.2 and more in the original publications (Mansson 2010, Mansson et al. 2015) based on the
free energy assumption. However, Mansson model is still difficult to use in the whole cell model of
excitation-contraction coupling, because the models concern with CB kinetics in the continuous presence
of a steady Ca?* concentration during tetanus contraction of skeletal muscle. Moreover, the profile of free
energy of various states of CB is still largely variable between different models proposed (Lombardi &

Piazzesi 1990, Piazzasi & Lombardi 1995, Mansson 2010) especially when the critical parameter of sliding
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velocity of myofilament is included in the kinetics. For those reasons, the original rate constants, which
were theoretically elaborated in Mansson model were simplified in reference to the kinetics of eCB. Thus,
in the present study, we readjusted the rate of state transitions to get a new contraction model, which
conforms to experiment findings in both the kinetics measurements of the developed tension and the ATP

consumption measured in macroscopic levels.

2.1 New eight-state transition model ‘Hybrid model’

Our eight-state transition model, the main parameters are adopted from Negroni and Lascano
(2008) and Negroni et al. (2015). Some model parameters are adjusted to reproduce the experimental data.
Moreover, each state is postulated using the biological state that involved the ATP utilization of CB
(Lombardi & Piazzesi 1990, Piazzesi & Lombardi, 1995, Mansson 2010). The new model performs the
satisfactory results for the calculation of ATP usage by cardiac muscle contraction (Figure 2-1) and each
state described in Table 2-2.

Table 2-2 Eight-state transition model

State Structure Description
AM7 Post-rigor ATP binds to S1 segment of myosin in the place of ADP
Mpp (Mr) Recovery stroke The hydrolysis of ATP to ADP and Pi changes conformation

of myosin lever arm from rigor to recovery stroke

CMpp Post-recovery stroke Ca?* molecules rapidly bind to troponin-tropomyosin unit and
tropomyosin opens

CAMppw Pre-power stroke S1 segment attachment initials the weak conformation then
establishes to power crossbridge conformation

CAMps Post-power stroke Myosin head structure changes from rest to rigor
conformation

CAM7 Post-rigor ATP binds to S1 segment in the place of ADP and relaxing
the rigor state through the temporal dissociation of
crossbridge

cMpp (cMr) Post-recovery stroke The hydrolysis of ATP to ADP and Pi changes conformation
of myosin lever arm from rigor to recovery stroke

AMps Rigor Ca?* molecules release from troponin-tropomyosin unit

(tropomyosin closes) and crossbridge forms rigor state
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Figure 2-1 Eight-state transition model of new Hybrid model. Q: - Q13 define the flux of state transition.

Rate f and g indicate attachment and detachment steps, respectively. Rate Y and Z indicate forward and

reverse steps, respectively. The description of each state was described in Table 2-2. We noted that the

‘Ca?* tropomyosin gates’ were located at Q1-Q2 and Q10-Q11.and the ‘ATP gates’ were locate at Q7 and Q12.

The notation Ao to Az indicates corresponding to lumped 4-state model (Mansson 2010, Mansson et al.

2015) illustrated in green square. The symbol of each state was located under each state.

[A = actin (green sphere), M = myosin (blue-gray ovoid), ¢ =

Ca®* (blue-gray sphere), T = ATP (orange

sphere), D = ADP (gray sphere), P = Pi (gold sphere), w = weak CB conformation, s = strong CB

conformation].

16



The lumped 4-state biochemical model developed by Mansson (2010) well represents the four
essential steps of the ATP-hydrolysis. These four states are represented by symbols of cAMppw, CAMps,
cAMr, and cMpp (CMr), respectively, in the new state-transition scheme demonstrated in Figure 2-1, where
letters A, M, T, D, P, c indicate actin, myosin, ATP, ADP, Pi and Ca?*, respectively. Letters w and s
indicate weakly- and strongly-bound conformations of CB, respectively. The correspondence of each state
with the original Ao, A1, A2 and A; states defined in Mansson model is indicated in the green square at each
state in the scheme.

More schematic composition of each state is indicated in the blue square with supplemental
troponin system (TS) having a variable number of Ca?*-binding sites (three sites in the NL model). Note
that the Ca?* binding sites are occupied in all of these four states in contrast to the three unoccupied states,
AMps, AM1, Mpp (M7) aligned on the left side relaxation pathway and connected with the same rate
constants, Zg, and Zn, respectively, for simplicity. The angle of lever arm in connection to the S1 segment
shows the conformation of myosin lever arm in the power stroke at cCAMps and the recovery stroke at cMpp
and Mpp. Thus, the Ca?*-binding steps of Q:-Q, and Q10-Qu1 as well as the CB attachment steps Qz-Q4
were adopted from the NL model, while the other steps of right part of the scheme (Figure 2-1) were all
based on the Mansson model.

The new rate constants for these four Ca?*-bound states of ATP hydrolysis were adjusted in this
study to approximate overall rate of ATP hydrolysis in situ at the physiological temperature (Gibbs 1978,
Suga 1990) referring to the theoretical ones determined as a function of AG of each conformation in the
original Mansson model. The NL model is also well adapted to the kinetics in ventricular myocardium at
37°C. The time courses of the Ca?* transient followed by the CB association and dissociation are quite
similar to those observed in experimental finding (Lab et al. 1984). Under the systolic intracellular Ca?*
concentration ([Ca?*]i) of 0.5-1 uM at the physiological temperature, the rise of [Ca?*]; and the Ca?*-
induced troponin-switch, corresponding step of Mppto cMpp, takes places within ~20 ms (Yue et al. 1986,
Janssen et al. 2002).

The attachment (f) and detachment (g) rates of CB in the NL model are described by the following
equations in the NL model (Huxley 1957, Negroni & Lascano 1996, 2008, Negroni et al. 2015) equations
1 and 2, respectively, as a function of the half sarcomere length (halfSL) or the eCB elongation at weak
state (hw) to reconstruct the transient kinetics evoked by applying rapid changes in length or external

mechanical load.
foY .e—Ra-(haIfSL—La)z
T a Eq. 1
g=F,-Y, -(;— g7 (tuhu )+ z

. {0.1 ;h,>h,,
h = .
Lohe<hy, Eq.3

a Eq. 2
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Rate f depends on halfSL where La refers to the optimal overlap length at maximum level of CB

attachment and Ra establishes the kurtosis of the curve. Ya is maximum of rate f when halfSL equals to La.

The function of (1—e™” (-t )2) in equation 2 represents the symmetrical detachment, while Fr provides
asymmetry in equation 3 postulated by Huxley (1957). Y, amplifies the detachment effect. The y defines
the kurtosis of curve and Z, is an involved parameter. The hy and hy, indicate mean and steady elongation
of attached CBs in weak state, respectively.

In the original NL model (2008), the state transition from Mpp to cMpp represents the lumped step
of Ca?* binding to troponin and the subsequent conformation change in the tropomyosin complex.
Therefore, this step was conserved as in the original model to make the merit of the NL model. In the
original model, virtually simultaneous binding of three Ca?* to sequential Ca?*-binding sites on actin
filament (due to nearest neighbor influence) was assumed in accordance with the Hill criterion for
cooperativity in the NL model, and a functional TS was assumed to consist of three sequential actin
molecules. However, the resultant Hill coefficient was < 4 (close to 4) and still lower than the
experimental value of 4-7 in the overall Ca?*-Fy, relationship in the experiments (Stehle & lorga 2010). For
those reasons, we newly readjusted the number of Ca?* (nCa) bound to TS. We found that an assumption
of simultaneous binding of five Ca?* (nCa = 5) gave an overall Hill coefficient of 6-7 in the experimental
Ca?*-Fy relation (Chapter 2.2). Thus, the binding rate of Ca?* to the TS is calculated as in equations 4 and 5.

Q =Y, [Mpp(M;)]-[Ca* ]™ Eq. 4

Q11 = Zr '[AM Ds]'[Caz+]nca Eq.5

A competitive interaction between ADP and ATP at the substrate binding site of myosin head is
assumed with a limiting magnitude Zy for both transition rates between Q- and between Qa2 described in
equation 6. The ATP consumption rate (Varease) is calculated from two state transitions from cAMps to
cAM7 (Q7) and from AMp;s to AMy (Q12) (equations 7 to 9). All parameter rates are described in Table 2-3.

Z,*= Z Eq. 6
Kg,are 1+ [ADP] i1
[ATP] Ky, aop
Q =2, *{cAM ] Eq. 7
Q12 = Zd *[AM Ds] Eq 8
Vrpase = NCA- (Q7 + le) Eq. 9
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Table 2-3 Parameters for the CB state transitions in Hybrid model.

Parameter Numerical value Units

ADP 0.02 mM

ATP 6.67 mM

y 28000 pum-2
Kd,apP 0.001 mM
Ka,atp 0.001 mM

La 115 pum

[mS1] 120 uM

Ra 20 pum-2

Ya 0.00161 mst

Yo 0.07264 UM mst
Yr 0.05588 mst

Yo 1.04775 ms

Yy 15 mst

Za 0.00069 ms?t

Zy 0.07264 ms?t

Zg 0.36 mst

Zn 1.8 ms!

Z 0.9 ms?t

Zy 0.83800 mst

Z 39.9443 UM ms?t
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2.1.1 Magnitude of contraction and dynamics of equilibrium crossbridge elongation

In the NL model (2008), the converting factor (stiffness of elastic CB structure) of Ap and Aw were
used to calculate the magnitude of developed tension for a unitary cross-section area of mm? of cardiac
muscle for uM of the powered and weak CB concentrations, respectively. Fy is given by the pool of attach
CB (the sum of weak CB force (Fww) and powered CB force (Fup)) as the following equations with a

dimension of mMN/mm?2,

R =Fu+Fy Eq. 10
F,.=nCa-A,-[cAMy,1-h, Eq. 11
R, =nCa- A, - ([cAM ]+ [AM,])- h, Eq. 12

Here, the hp, and hy represent the elongation of elastic component of strong-bound CB states
(cAMps and AMps) and weak bound CB state (cCAMpew), respectively. Note that the variable CB elongations
within the whole population of CB within a cell are represented by a single eCB having an ‘average’ CB
elongation, hp and hy, for the powered and weak eCBs, respectively in the NL model. The rate of change in
the eCB elongation, the amount of Ca?* bound to the TS is calculated in the same way as in the original

NL model. The force of the parallel elastic element (Fp) is given by equation 13.

F, =K, -(halfSL —hSL, )’ + L, - (halfSL —hSL,) £q. 13

Ke and L. represent titin and cellular element elasticities for Fp normalized by cross-sectional area,
respectively, and hSLo is slack length (halfSL when F, equals to zero). The rate of change in the eCB
elongation (hw and hp), the amount of Ca?* bound to the TS is calculated with the correction factor nCa,
essentially in the same way as in the original NL model.

halfSL is composed of two components; 1) a non-elastic component (X) and 2) an elastic
component (h) which both compartments represent the weak (w) and the power (p) conformation. The sum
of half sarcomere thick filament and the parts of the thin filament not overlapping either with thick
filament indicated halfSL are given in equation 14 for power conformation and equation 15 for weak

conformation that show the same halfSL.

X, =halfSL —h, Eq. 14
X, =halfSL —h, Eq. 15

The X length represents the movement of the eCB head along the actin filament. The rate of

change in X (dX/dt) is given by equations 16 and 17 for power and weak conformations, respectively. The
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Bw and By describe the equivalent CB Kinetics in the weak and power states, respectively. The hy indicates
steady elongation of attached CBs in the power work state. The parameter values are described in Table 2-
4.

dX
-=-B, (h,~h,,) Eq. 16
dX

w__B,-(h,—h Eq. 17

Table 2-4 Parameters for eCB.

Parameters Numerical values Units

Ap 2700 mN mm-2umtuM-1t
Aw 540 mN mm-2umtuM-1t
Bp 0.5 ms?t

Bw 0.2 mst

Nor 0.006 um

Nar 0.0001 pum

hSLo 0.97 um

Ke 105000 mN mm-2um-

Le 10 mN mm-2um-t

aB,, decreases 40% from original NL model

2.1.2 Concentration of myosin S1 segment and magnitude of contraction
The concentrations of all states in the scheme of state transition (Figure 2-1) are given in the terms
of the TS. Thus, it is assumed that a single TS controls simultaneously a number nCa of CBs. The

concentration of total myosin S1 segment ([mS1]) are given as,
[mS1]=[TS]-nCa Eq. 18

In the cell models so far published (Hunter et al. 1998, Jafri et al. 1998, Matsuoka et al. 2003,
2004, Coutu & Metzger 2005, Okada et al. 2005, Shim et al. 2007, 2008, Soltis & Saucerman 2010),
variable troponin concentrations of ~70 uM were assumed. For the [mS1], a molar ratio of actin/troponin
concentration of 7:1 (Potter 1974) and a ratio of myosin S1 segment/actin of 1:4.1 (Murakami & Uchida
1985) were reported in cardiac muscle. These findings give a ratio of myosin S1 segment/troponin of 1.71,
or 119.7 uM [mS1] in the previous cell models. This value is well within the range of direct biochemical

measurements of myosin head in ventricular tissue in various species, which are 200 (in pig, Kuhn et al.
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1990), 157 (in guinea pig, Barsotti & Ferenczi 1988), and 144 umole/kg wet weight (in rabbit, Hooijman
et al. 2011). Here, we tentatively adopt the [mS1] = 120 pM.

2.1.3 Ca?* transient for twitch contraction

The management of Ca?* in mammalian cardiac cell is affected through the sarcoplasmic
reticulum (Brutsaert et al. 1978) and the 7% of the sarcoplasmic reticulum is exchanged via Ca?* channel
(Sipido & Wier 1991). The idealized Ca?* transient is produced by the release (Qri) of Ca?* from the
sarcoplasmic reticulum (SR) using the imposed time function and the uptake (Qupump) Of Ca?* by the
sarcoplasmic reticulum Ca?*-varpase 0N SR membrane (Carafoli 1985, Peterson et al. 1991, Sipido & Wier
1991, Negroni & Lascano 1996, 2008, Campbell et al. 2001, Rice et al. 2003). Both of release and uptake

are functions of time (t). The equations are described as following equations.

Ca

rest

(o) onle-2)) %
Qu=Qu:|—| &[4 |1-— ||+ —2—; Eq. 19
7'-I’ Tr K

1+( ]

Kp
qump = Eq. 20

ey
[Ca*]

The Qm, @, Km, Kp, and Carest are related parameter described in Table 2-5. The free Ca?*

concentration ([Ca?*]) is calculated by equation 21, which includes Qrei and Qpump, and the binding and
releasing by troponin (Q1, Q2, Q10, Q11).

% = Qrel - qump + (03 nCa- (QZ - Ql + QlO - Qll)) Eq. 21

Table 2-5 Parameters for Ca%* dynamics.

Parameter Numerical value Units
Cavrest 0.1 uM
K 0.2 uM
Kp 0.15 uM ms?t
Qm 3.2 um
It 8 ms
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2.1.4 Implementation in the multi-scale of cardiovascular system

We implemented our Hybrid model with Laplace’s left ventricular hemispherical model (Moriarty
1980) and a lumped blood circulation parameter model illustrated in the diagram (Figure 2-2).
Mathematically, the cell tension or force generation (F»; CB force, Fp; parallel force) from hybrid model is
used for the calculation of the ventricular pressure using the simplified half-hemispheric ventricle based on
Laplace’s law. The Law describes the relation of left ventricular between pressure (pLv), wall thickness
(hoy), wall tension (Fex:), and radius (rv) given by equations 22 and 23. The pvv is given by the
relationship of the left ventricular wall thickness at end systolic point (h.ves) and at end diastolic point
(hwvep) and the tension in wall subsequently defined at end systolic (Foes) and at end diastolic (Fuep) using
the value of force from our hybrid model (equation 24). The change in left ventricular volume (vpv) is
calculated from the flow parameter of the lumped parameter model of cardiovascular hemodynamics
(equations 25-28). The value of viv is used to calculate halfSL using the simplified ventricle model
represented as the left ventricular radius (rov) (equations 29 and 30). The halfSL provided from ventricle
model sends the new value back to Hybrid model, to generate force. All parameter values were modified to

fit this new simple model of cardiovascular system (Table 2-6).

. Ventricular pressure
Cell tension P

Hybrid — je——  Simplified e———— Cardiovascular
model | [ G— yentricle |Ce——hemodynamics

Half sarcomere length Ventricular volume

Figure 2-2 The integration of hybrid model with simple model of cardiovascular system.

h — 2 Fext
hLv fv Eq. 22
Foo =K, - (K- R+ F) Eq. 23
F-F
hLV =_—b _DbED_. (hLVES - hLVED) + hLVED
FbES - FbED Eq. 24
Pe — Py
_— ; <P
Rov - Krp Py El
Qo =
0 s Py = Py
Eq. 25
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"Rl ;P > P,
Oin =
0 Py <P,
Eq. 26
dp, T~ Par\: B
a _ out
dt Cds Eq. 27
dv
dliv = o Eq. 28
1
v = (—VLV _V7 JKa
Ky Eq. 29
q
halfSL =r1,,, - K_+L, Eq. 30
Table 2-6 Parameters for simple model of cardiovascular system.
Parameter Value Description
Cds 15 Scale factor parameter
Fobeo 0.05 Left ventricular wall tension (or Fy) at end diastolic point
Foes 3.5 Left ventricular wall tension (or Fy) at end systolic point
hiveo 10 Left ventricular wall thickness at end diastolic point
hives 17 Left ventricular wall thickness at end systolic point
Ko 3.920469355 ruv-vov relationship parameter
Ky 2.329855402 rov-vov relationship parameter
KL 0.2173898347  Proportional constant of the relationship between halfSL & ry
Kr 0.012 Scale factor parameter
Krp 1 Scale factor parameter
Ks 25 Ratio of cardiac cell to ventricular wall tension
Ky 7.50064 Scale factor parameter
Ky 1.478467483 Scale factor parameter
Ly 0.4927578979  halfSL-intercept of the relationship between halfSL and r.y
Pe1 10 Left ventricular pressure parameter
Pe2 15 Left ventricular pressure parameter
Rlo 1 Scale factor parameter
Rout 1050 Scale factor parameter
Rpv 27 Scale factor parameter
Vv, 35 ruv-voy relationship parameter
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2.1.5 Time-integration of ordinary differential equations

The numerical integration was performed by Euler’s method. The Ca?* transient was generated by
the empirical equations given in the NL model (Negroni & Lascano 2008). The model parameters and
equations were described in Supplementary Materials. Following dimensions were applied; uM for
concentrations, ms for time, mN/mm? for force of contraction, um for length, mmHg for pressure, and ml
for volume. All codes of the simulation program were prepared using Microsoft Visual Basic on Visual
Studio Community 2013.

2.2 Characteristic of new Hybrid model

The cycle of actomyosin ATPase is maintained by Ca?* and is relevance with F,. The actomyosin
(AM) ATPase is activated indirectly by Ca?*, and repetitive cycles of hydrolysis are maintained in the
presence of [Ca?*]. The rate of ATP hydrolysis with accompanying developed tension Fy is examined by
applying various [Ca?*] to the hybrid model. Since the magnitude of Fy is dependent on halfSL, the
relationship between [Ca?'] and the rate of ATP-hydrolysis is examined at different halfSL (Figure 2-3;
Panel A and C). It seems that these dose-response relationships well conform to a Hill’s equation, although
the underlying state transitions following the Ca?* binding, including Ao-As steps are quite complicated
(Figure 2-1). To compare with the experimental [Ca?*]-Fy, relationship obtained by Kentish et al. (1986),
and Gwathmey & Hajjar (1990), the Hill coefficient is measured by modifying the Hill equation in a linear
form of relationship for Fy or ATPase activity (Vatpase) With Vmax, b OF Vimax, aTrase, respectively (equations

31 and 32). The results of those relationships were described in Figure 2-3 and Table 2-7.

v [Ca*]
In| =% _1|=—n, -In Eq. 31
[ Fb J " ( K0-5 j |
V 2+
In[ max,ATPase _1] _ _nH |n£[Ca ]j Eq. 32
VATPase K0.5

Table 2.7 The relationship of Ca?* with F, and Varpase in different halfSL.

halfSL 0.8 pum halfSL 0.9 um halfSL 1.0 pm halfSL 1.1 um

Fb at maximum 229.57 436.33 554.69 598.31
(mMN/mm?)

VaTPase at maximum 5.07 9.63 12.24 13.20
(UM/ms)

Kos (M) 1.083 0.980 0.905 0.852
NH 5.949 6.466 6.920 7.238
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Figure 2-3 (Panel B & D) shows approximately linear relationships. The slope of those
relationships is determined as a mean ny over an interval of -0.3 to 0.3 on the abscissa (red dotted lines in
Figure 2-3; Panel B & D). If the relative amplitudes are compared between these values, Vimaxatpase iS quite
proportional to Vmaxro. The slope of the relationship become slightly shallower with increasing [Ca?*],
mostly due to the limited number of TS. Note the cooperativity is assumed only for the Ca?* binding to
troponin. These results are all quite consistent with the experimental findings.

700 Fb (mN/mm2) A 16 vATPase (uM/ms) C
500 o =
WA 10
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8
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\P""in. \""’t";
9 : 2
-4 -4
6 6
8 18
-1 05 0 05 1 -1 05 0 05 1

Figure 2-3 The linear relationship of Ca?* with Fy, and vartease in different halfSL. The slope of the
relationship in red dotted line (Panel B & D) indicates a mean ny over an interval of -0.3 to 0.3. The x-axis
of Panel A & C indicates Ca?* concentration. The x-axis of Panel B & D indicates Ca?* concentration from
-1 to 1 of In([Ca?*]/Kos). The y-axis of Panel B & D indicates by In(Vmax rb/Fo-1) and IN(Vimax ATpase/VaTpase-
1), respectively. The gradient colors from green to blue dotted lines refer to halfSL 0.8, 0.9, 1.0, and 1.1,
respectively.

Panel A; Fp,-Ca?* relationship, Panel B; non-linear relationship of Fy,-Ca?*, Panel C; Varpase-Ca?*
relationship, Panel D; non-linear relationship of varpase-Ca®*

2.2.1 The ATP hydrolysis activated by [Ca?*] in the new Hybrid contraction model

The proportionality between Fy and varpase in Figure 2-3 is expected in the present Hybrid model.
Namely, both Fy and varpase are largely determined by [cCAMps] and [AMps] in both equations 12 and 33,
respectively. The first term in equation 11, representing the contribution of weak bound CB, is a minor
component of the total F, during the steady presence of Ca?* because the hy, quickly relaxes to a negligibly
small hyr (=0.0001 pm). It might be noticed that the denominator in equation 33 is constant since [ATP]
and [ADP] are both given constant during the time course in the Figure 2-3. From equations 6 to 9, the
VaTpase Can be rewritten as equation 33.
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\Y

Ca- Zd ([CAM Ds] + [AM Ds])
Koo (4, [ADPT]
[ATPT ' Ky or

ATPase — Eqg. 33

1

The ATPase activity is examined during the usual developed tension evoked by the Ca?* transient
at a halfSL = 1.05 um (Figure 2-4). The model is activated by the standard Ca?* transient given by
equations 19 and 20. The component of AMr is not included in the calculation of Fy, since this state in the
new hybrid model represents a sum of (AMr + Mr) in Mansson A, and A states. In Figure 2-4 (Panel D),
the time course of varpase IS nearly similar to that of Fy in panel B (Figure 2-4). During a single stimulus
interval of 800 ms, the amount of ATP used is 403 uM, which gives an average of ATPase turnover of
3.36 s (=403 / 120). The peak turnover rate is 14.74 s’*. The ATP consumption rate via transition step Q12
during the removal of Ca?* is much smaller if it is compared with the step Q-.

The turnover rate of the ATP hydrolysis was estimated by measuring the enthalpy output in rat
trabeculae by Widén and Barclay (2006) using the myothermic technique (Woledge 1998). On the basis of
one ATP molecule is hydrolyzed in each cycle of CB, they concluded a 0.5 turnover of the cycle during a
single twitch contraction at 27°C. If the temperature coefficient (Q10) of 3.5 is assumed, a turnover of 1.75
/ twitch is expected at 37 °C. They suggested that this data might be determined by the magnitude of Ca?
transient.

A clear dependency of turnover / twitch on the peak [Ca?*] of the Ca?* transient is observed by
varying Qmin equation 19 as indicated in the Table 2-5. The turnover rate (1.7449 / twitch), similar to the
experimental 1.75 / twitch is obtained with a peak Ca?* of 1.14 uM Ca?*, which is quite agreeable with the
usual size of the Ca?* transient in cardiac myocytes. In Hybrid model, the changes in the peak of Ca?

concentration using the adjusted values of Qm have a great impact to ATP turnover / twitch (Table 2-8).

Table 2-8 The measurement of turnover / twitch from this hybrid model.

Qnm peak Ca?* (UM) turnover / twitch (s1)
1 1.3291 3.3636
0.9 1.2259 2.5482
0.8 1.1530 1.8660
0.7 1.0924 1.3092
0.6 1.0362 0.8688
0.5 0.9799 0.5347
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2.2.2 Hydrolysis of ATP at isometric contraction modes

The result of isometric contraction with Ca?* transient was illustrated in Figure 2-4. The maximum
of Fp is 80.2 mN/mm? and the total of ATP consumption is 403.61 UM / cycle. The ATP turnover rate is
14.11 /s and 14.75 /s at 200-300 ms and at maximal value. Peak Ca?* transient was 1.3291 uM.

15 [Ca2+] (uM) 2 vATPase (uM/ms) halfSL (um)
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Figure 2-4 Hydrolysis of ATP during the isometric contraction evoked by the Ca?* transient. The x-axis
indicates the time course (ms).

Panel A; Ca?* concentration (UM), Panel B; F, (mMN/mm?), Panel C; eight-state transition scheme, Panel D;
Vatpase (MM), Panel E; the state transition (UM) from panel C, Panel F; halfSL (1.05 um), Panel G; hy / hyr,

Panel H; rate g (green) & f (blue; x 100) (ms™) and Q1 (/ 10, uM)
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Figure 2-5 The ATP hydrolysis rate during the length step experiment under the isometric contraction
mode. The notation of different phases of relaxation, Fi-F4, is indicated in Panel B. The [Ca?*] is 0.647
UM.

Panel A; halfSL (um), Panel B; Fyp (red) & Fow (chocolate) (mN/mm?), Panel C; [cAMps] (orange) &
VaTpase (green) (UM), Panel D; jump (ratio) of [cAMps] (orange) & [cAMppy] (red) and total Ca?*-unbound
state (uM) (blue), Panel E; h, (magenta) & hy (lime) (nm), Panel F; rate g (ms™?)

The measurements of relaxation time course evoked by applying a step change in halfSL during
halfSL-controlled conditions, provide essential parameters for the kinetics of the state transitions of the
eCB conformations. Thus, we test our new model by reconstructing the length step experiment and
examine the ATP-hydrolysis under this experimental condition. In the simulation in Figure 2-5, the
simulation tests the application of 6 nm shortening of halfSL at a constant [Ca?*] of 0.647 uM. At the onset
of the length step of 6 nm, hy and Fy, decrease to ~0. Thereafter, h, largely recovers within the subsequent
5 ms because of the rapid intrinsic rate of dhy/dt (from F1 to . level illustrated in Figure 2-5; Panel B).
The simultaneous negative deflection of hy, causes a rapid detachment of the eCB by 65% according to
equation 2 (Figure 2-5; Panel C) through the transient increase in g (Figure 2-5; Panel F). These rapid
transient changes (F2and Fs in Figure 2-5; Panel B) last within ~10 ms. The F4 phase of the Fy recovery
lasts ~600 ms due to the re-equilibration of state transitions as in the original NL model. The time course
of varpase Change is largely parallel to the time course of [CAMps] as shown in green and orange lines,

respectively (Figure 2-5; Panel C). This finding indicates that the ATP consumption should be transiently
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decreased at the onset of the shortening length pulses are applied. Thereafter, the ATPase activity will

largely recover during the F4 phase.

2.2.3 Hydrolysis of ATP at isotonic contraction modes

The result of isometric contraction with Ca?* transient was illustrated in Figure 2-6. The maximum
of Fp is 56 mN/mm? and the total of ATP consumption is 289.14 uM / cycle. The ATP turnover rate is
9.91 /s and 10.39 /s at 200-300 ms and at maximal value. Peak Ca?* transient is 1.3291 uM. The isotonic
contraction is characterized by the delayed peak in the developed tension F, and the ATP flux if it is
compared with the isometric contraction. This delayed peak is caused by the shortening of h, and thereby
halfSL (Figure 2-6) in contrast to the isometric contraction. This decrease in hy, largely inverted hy at the
onset of contraction followed by gradual relaxation toward the stable length of hy (0.0001 pm) during
contraction. Thus, the CB detachment rate g, given as a function of hy, deviation from hyr (Equation 2), is
largely increased (Figure 2-6; Panel H). On the other hand, the attachment rate f is nearly constant, though
increased only slightly. Through these changes in the CB Kinetics, the development of cAMps is largely
delayed and its magnitude is smaller, if it is compared with the isometric contraction. Thereby, the peak
tension and the peak of varease are delayed according to the time course of the cAMps state. Note the AMps
becomes a significant component only during the late relaxation phase (Figure 2-6).

The [cAMps] is increased according to equation 5. Thereby, the peak tension and the peak of
VaTpase are delayed according to the time course of the state CAMps. Comparison of the falling phase of
Vatpase With that of Fy shows clearly earlier peak of the varpase than Fy and vatpase relaxes earlier than that of
Fb. This difference is explained by the larger weight (Zg = 0.36) of cAMp;s than that of AMps (Yq = 0.
04656) in equation 12. The time course of Fy, is quite similar to those in the original NL model (Negroni &
Lascano 2008). Thus, it is evident that the addition of the ATP hydrolysis cycle to the NL model does not

affect the general time course of contraction obtained in the new Hybrid model.
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Figure 2-6 Hydrolysis of ATP during the isotonic contraction evoked by the Ca?* transient. External force

is 150 mN/mm?.

Panel A; Ca?* concentration (uM), Panel B; F, (MN/mm?), Panel C; eight-state transition scheme, Panel D;

Vatpase (UM), Panel E; the state transition (uM) from panel C, Panel F; halfSL (um), Panel G; hp / hyr, Panel

H; rate g (green) & f (blue; x 100) (ms) and Q1 (/ 10, uM)
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The rapid release experiment reveals the four phases in the time course of halfSL shortening,
characterized by the initial jump (phase 1), the rapid hyperbolic shortening (phase 2) within the initial 50
ms, the subsequent slow almost linear shortening (phase 3), and steady decline (phase 4) as observed,
typically in the skeletal muscle (Figure 2-7; Panel B). This simulation results are quite comparable to the
relaxation time course to the original one in NL model (Negroni & Lascano 1996, 2008). Similar time
courses were typically observed in experiments in cardiac muscles, but obviously, at low time resolution
because of the intrinsic complexity of the trabeculae in the cardiac tissue (de Tombe & ter Keurs 1991).

The force clamp experiment is quite straightforward, namely the product of hy, multiplied by the
number of eCB is proportional to the applied load (Fex). The quick release instantaneously decreases hp
(upper line, Figure 2-7; Panel D) or negative deflection of hy (lower line, Figure 2-7; Panel D). The
deviation in hy from hy, decreases the number of attached eCB by accelerating the rate of detachment (g)
of eCB represented by equation 2 like in the length pump simulation. This decrease in the number of eCB
increases hp to balance the applied Feq. Through these two opposite influences of decreasing and
increasing hp, the magnitude of h, relaxes approximately to a new steady level during the phases 1-2. The
fraction of CAMps reaches a new equilibrium level through almost simple sigmoidal time course. Therefore,
the rate of ATP-hydrolysis is almost linearly related to the level of test external load during the phase 3, as
shown in Panel F (Figure 2-7), differently from the length clamp experiment.

It should be noted that the magnitude of h, remains nearly equal to 6 nm during the phase 4
shortening. This means that the shortening of halfSL is attributable exclusively to the movement of eCB
attachment point along the actin fiber. The rate of shortening in phase 4 is nearly an exponential function

of the mechanical load in Panel E (Figure 2-7) in rough agreement with experimental findings.
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Figure 2-7 The ATP hydrolysis rate during the step experiment under the isotonic contraction mode.

Panels A-D, the gradient color lines from green to blue are used, referring to the step size of Fex, as

obvious in Panel A, during the test pulse. The rates in Panels E and F are measured between 79-80 ms. The

notation of different phases of relaxation, Li-Ls, are indicated in Panel B (Fex from 60 = 2 mN/mm?). The

[Ca®*] is 0.647 uM.

Panel A; Fex (MN/mm?), Panel B; halfSL (um), Panel C; Vatpase (UM), Panel D; h, (upper line) & hy, (lower
line) (nm), Panel E; Fex / velocity (dhy/dt) relationship, Panel F; Load (Fex:) / Vatpase relationship
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2.2.4 Integration of present Hybrid model in the simple blood circulation model

The NL model have been used to examine the hemodynamics in the multi-scale model of
cardiovascular system using ‘Laplace’s left ventricular hemispherical model (Moriarty 1980, Okada et al.
2005, Utaki et al. 2016). We replace the presented hybrid model for the original NL model in the
hemodynamic model of Utaki et al (2016) (Figure 2-8).
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Figure 2-8 Multi-scale model of cardiovascular system.

Panel A; Ca?* concentration (UM), Panel B; Fy (red) & Fp (blue) (mMN/mm?), Panel C; the state transition
(UM) including [Mpp (M7)] (red), [cMpe] (blue), [cCAMpbpw] (green), [cAMps] (orange), [cAM1] (cyan),
[cMpp (cMT)] (chocolate), [AMps] (magenta), and [AMr] (lime), Panel D; pLyv-viv (green) and Vatpase-Viv

(blue) relationship, Panel E; r.y (mm), Panel F; rate g (green) & f (blue; x 50) (ms™), Panel I; halfSL (um),

Panel J; p.v (mmHg), Panel K; vy (ml), Panel L; hpy (mm)
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We estimate the ATP consumption during the pressure-volume trajectory. As expected from the
faithful reproduction of the developed tension described above (Figures 2-3 and 2-4), the pressure-volume
trajectory obtained by the new system model seems to be quite consistent with the previous studies (Figure
2-9). The PVA of the left ventricle, which well correlates with the myocardial oxygen consumption per
beat (Suga 1980), is varied (enlarged) by increasing the preload scale, standard Ky, x0.6, 0.8, x1.0, x1.2,
and x1.4 in Figure 2-9.
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Figure 2-9 The ATP consumption of the Hybrid contract ion model during the pressure-volume relation of
the hemisphere Laplace heart model. The preload scale factor K, is increased indicated by the arrow.

Panel A; The pressure-volume relationship (black line) and vatpase-volume (gray line) at different preload
scale factors, Panel B; the linear relationship between PVA and the amount of varrase per beat (orange cross

marks)

The ATP usage of the hybrid contraction model is simultaneously plotted in the same figure, but
at different scale (Figure 2-9; Panel A, depicted in gray). During the ejection period, the ATP hydrolysis
rate decreases because of the decrease in the number of powered CB. This is different more than the
gradual increase in the ventricular pressure, due to the decrease in the radius of the hemisphere Laplace
heart. The relationship between PVA (mmHg x ml) and the corresponding integration of ATP usage
(UM/ms) is examined in Panel B (Figure 2-9). The linear relationship between PVA and Varpase indicates

the relevance of using the hybrid model in calculating the ATP consumption.
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2.3 The summary of the present Hybrid contraction model

A new Hybrid contraction model is developed by combining the biochemical model elaborated by
Mansson (2010) with the biophysical NL model (Negroni & Lascano 2008). The former is in succession to
the foregoing dynamic CB models developed by Lombardi & Piazzesi (1990), Piazzesi et al. (1992),
Edman et al. (1997) based on the tetanus contraction in skeletal muscle. On the other hand, the latter model
of the TS reconstructs Fy in the cardiac myocytes over a wide variety of physiological experimental
findings. In the new hybrid model, the scheme of the state transition among the Ag-As states in the
Mansson model is used as it is, but the rate constants for individual state transitions are simplified. In the
original model, the rate was calculated by assuming a Gibbs free energy profile as a function of the
distance (x) between the CB head and the nearest binding site on actin fiber. In the hybrid model, a
constant rate is used for individual state transitions of eCB by referring to the rate change based on the
Gibbs free energy profile. The new model well inherits the major characteristics of either type of the two
models, such as the concentration-response relation of [Ca?*]-Fp or [Ca?*]-vatpase (Figure 2-3), the time
course of the developed tension activated by the intracellular Ca?* transient (Figures 2-4 & 2-6), the
turnover rate of the AM ATPase, the Fy responses to jumps in the halfSL (Figure 2-5) and Fex (Figure 2-7)
under the isometric and isotonic contraction modes, respectively, and the load-velocity relation (Figure 2-
7). When the new model is implemented in the hemodynamic blood circulation model, the ATP

consumption is proportional to the PVA of the hemisphere Laplace heart (Figure 2-9).

2.3.1 Simultaneous reconstruction of the ATP consumption as well as the developed tension

As a minimum requirement, mathematical models of cardiac contracting fibers should capture
following four essential steps of the CB cycle tightly coupled with the accompanying ATP-hydrolysis.

Step 1; The binding of ATP in place of ADP to the catalytic domain of the S1 segment rapidly
detaches myosin head from actin binding site to relax the rigor state (Siemankowski & White 1984,
Rayment et al. 1993, Spudich 1994, Yount et al. 1995).

Step 2; ATP is hydrolyzed associated with a structural change of a swing of the myosin lever arm
(a recovery stroke), leaving products of ATP-hydrolysis, ADP and Pi bound to the active site of myosin
head (Lymn & Taylor 1971, Rayment et al. 1993, Sugi et al. 2008).

Step 3; The Ca?* binding to troponin dislocates tropomyosin complex during the Ca?* transient
within the cell (Ford 1991) and thereby allows the myosin head (carrying ADP and Pi) to bind with actin
filament, forming a weakly bound state of CB (Shimizu et al. 1992, Spudich 1994).

Step 4; The attachment of the myosin head to the actin binding site causes ~100-fold increase of
the rate of P; release (Mansson et al. 2015). Dissociation of P; from the S1 segment is tightly coupled with
the power stroke of the CB, resulting in the sliding motion between the thin and thick filaments to stretch
the elastic elements in the CB (Trentham et al. 1976, Geeves et al. 1984, Goldman 1987), which is
responsible for the developed tension Fy.

The steps 1, 2 and 4 were precisely described in the biochemical models (Mansson model), while

the NL model well simulated the step 3 based on biophysical experimental findings, such as the time
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course of F, evoked by the Ca?* transient, the response of the shortening of the halfSL evoked by the rapid
release protocol in the isotonic contraction, and the time course of Fy, recovery evoked by the step
shortening of the halfSL in the isometric contraction mode. The hyperbolic increase of shortening velocity
with decreasing external load is reconstructed based on the time course of halfSL shortening reconstructed
by the numerical integration in the model by applying the quick release protocol according to the
experimental findings. In the Mansson model, this relationship was theoretically predicted indirectly from
the state transitions.

The new hybrid model successfully calculates the rate of ATP hydrolysis simultaneously with the
accompanying development of F,. Thus, the presented hybrid model largely facilitates development of
new whole cell models for analyzing the cardiac energetics, development of the force of contraction as
well as the ATP dependency of the muscle contraction. The merit of using the NL model might be largely
due to the introduction of the eCB, which represents the average behavior of the whole population of CBs
within a cell. This kind of spatial average model of whole population of CBs has been used in variety of
simplified models. In the NL model, the behavior of the eCB was thoroughly fitted to the classical
experimental findings (Huxley & Simmons 1971, Huxley 1974, Ford et al. 1977, models; Izakov et al.
1991, Peterson et al. 1991, Landesberg & Sideman 1994). The time-dependent change of eCB elongation,
hp or hy, is continuous as described in equations 16 or 17, and the rate g of detachment of CB is given as a
function of hy, (Negroni & Lascano 2008, NL model) or h, (Negroni & Lascano 1996, NL model). This g
provides the basis of explaining the halfSL-dependence of the [Ca?*]-Fy relationship (Kentish et al. 1986)
(Figure 2-3). The relationship between the Fex and dhy/dt is also explained by the eCB kinetics, and the
rate of quick recovery of Fy at the onset of the halfSL jump, and the time course of the shortening of halfSL
evoked by the release of Fex:.

In the original model of Lombardi & Piazzesi (1990), fractions of CBs in Aj, Az, and As states
were calculated by applying the numerical integration method with a discrete interval of (Ax) less than 0.5
nm at every x-points. It was also assumed that the elongation of CB was increased by an interval of the
neighboring actin binding sites for each state transition of A:-A2, and Ax-As. When calculating the force—
velocity relationship, the smooth continuous change in the velocity as well as force of CB were obtained
theoretically by averaging for whole population of CB states without reconstructing the experimental
response to quick release. Using a linear stiffness of the CB elongation, the force of contraction (for
example with a unit of mN/mm?) were calculated from the sum of A, (weak bound) + Az (strong bound)
over the range of x.

Negroni & Lascano elegantly simplified the calculation of developed tension and the CB Kinetics
by assuming the eCB, which might be roughly represent the average CB elongation h, or hy, so the unitary
developed tension (fi) is calculated with a stiffness (a) of the elastic structure (fi = axh), and the movement
rate of the CB head along the actin fiber is calculated as dh/dt. The dh/dt is defined for both h, and hy, as,

M _B.(h-n)
dt Eq. 34
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Note, equation 34 is equivalent with equation 16 provided that halfSL is constant during a time
interval concerned, like in the phase L4 in the isotonic contraction (Figure 2-7). Thus, dhy/dt is used to
calculate the movement of the CB head when attached. In the detached CB head, h relaxes quickly to the
resting elongation (h;). Note, the Xo giving the energy minima in the detached A; state of the Mansson
(2010) is about 7-8 nm apart from the corresponding position of energy minima in A; and A; state, which is
close to hy (= 6 nm) in the NL model, though Piazzesi et al. (1992) and Edman et al. (1997) assumed
slightly different xo of energy minima. The binding rate was described as a function of the velocity of the
CB head movement along the actin fiber in the Mansson model (2010). This assumption may correspond
to the h-dependent detaching rate of g in the NL model.

The sequential steps of Q7 - Qo and Q12 - Qi3 are adopted from Mansson model, in which the
weakly bound CB is separated from the powered CB according to experimental findings (Brenner et al.
1982, Geeves & Holmes 1999, Baumann et al. 2004, Ferenczi et al. 2005, Wu et al. 2010, Smith et al.
2008) and are combined with Q1 - Q4 and Q1o - Q11 steps of the 2008 version of the NL model. This
modification does not largely modify the time course of developed tension if it is compared to NL model,
because the newly implemented cycle of ATP-hydrolysis is much faster than in the entire state transition
cycle in the original NL model. In the new hybrid model, the ATP-binding to the catalytic domain is also
assumed in the Ca®*-unbound state, AMps, Which appears during the relaxing phase shown in Figure 2-1.
This assumption is justified by the recent finding that ATP-hydrolysis occurrs in the reconstructed myosin
fiber in the absence of both Ca?* and actin (Sugi et al. 2008). In our simulation (Figure 2-4), the
contribution of AMps, however, is only 3.5% of the total ATP consumption.

The ATP turnover rate of the new contraction model is 14.75 s at the peak tension in Figure 2-4.
This rate at the peak tension are roughly in the range of experimental measurements. Namely, quite
consistent rates of 2.7-3.3 s (Kentish & Stienen 1994, Ebus et al. 1994, Ebus & Stienen 1996) were
reported in rat chemically skinned trabeculae in the presence of saturating concentration of Ca?* at the
room temperature (20-21°C). If these rates are corrected for the physiological temperature using Qio of
~3.5 obtained by de Tombe & Stienen (2007), an experimental turnover rate of 20-24 s is expected,
which is slightly larger than the simulation results. In the simulation shown in Figure 2-4, however, the
development of the ATP flux is obviously interrupted by the decrease in [Ca?*], which is ~0.4 UM near the
peak of ATP flux (300 ms). Thus, it may be concluded that the turnover rate of 20-24 s obtained in the
present human ventricular cell model is roughly in good agreement with the experimental values. It should
be noted that the measurements of the turnover rate as well as Q1o showed variations. A much larger ATP
turnover rate (~10 s per myosin head at 24°C) was reported in skinned rat trabeculae (Wannenburg et al.
1997). On the other hand, a lower value was described in pig cardiac preparation, ~0.5 s at 24°C (Kuhn et
al. 1990) or in rat ~3 s at 20°C using different experimental protocol (Ebus et al. 1994, Kentish & Stienen
1994, de Tombe & Stienen 1995, Ebus & Stienen 1996). Also, the temperature coefficient Qo of ATP-
hydrolysis were variable (Siemankowski et al. 1985, Q10 = ~5; Burchfield & Rall 1986, Qi = ~4; de
Tombe & Stienen 2007, Q10 = ~3.5). Species-specific differences in the ATP-hydrolysis rate might be

attributed to differences in composition of isoforms of S1-myosin isoform (Stienen et al. 1996). While, the
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original NL model has been proved that its kinetics are well adapted to the physiological temperature when
incorporated in the whole cell models of guinea pig or human ventricular myocytes (Asakura et al. 2014,
Himeno et al. 2015, Negroni et al. 2015).

2.3.2 Integration of the present Hybrid contraction model in ventricular cell model

We developed a human ventricular cell model that includes the detailed Ca?*-induced Ca?* release
model and the contraction model in addition to the membrane excitation supported by the regulation of the
intracellular ion concentration (Asakura et al. 2014, Himeno et al. 2015). However, the model which
provides the measurement of ATP consumption during the muscle electrical excitation and contraction is
not available.

When integrating the new hybrid model of contraction to analyze the energetics, the macroscopic
measurements of ATP consumption might be referred because of its consistency. Usually it is estimated
that the AM ATPase uses ~60% and other components including sarcoplasmic reticulum Ca?*-ATPase
(SERCA) and Na/K-ATPase use ~40% of the total ATP consumption under the physiological condition
(Gibbs 1978, Suga 1990). Schramm et al. (1994) attributed 76% to actomyosin-ATPase and 15, and 9% to
the SERCA and Na/K-ATPase, respectively. Note, the estimation of the ATP consumption from the ionic
pump activities in the whole cell cardiac cell models is now well established by the refined magnitude of
ionic fluxes underlying the membrane excitation (Grandi et al. 2010, O'Hara et al. 2011) as well as the
Ca?* fluxes underlying the cytosolic Ca?* dynamics regulated by the sarcoplasmic reticulum (Hinch 2004,
Asakura et al. 2014, Himeno et al. 2015). Thus, the magnitude of the ATP consumption by the AM
ATPase might be safely adjusted in the whole cell model by referring to the fractional ATP consumptions.
Theoretically, Han et al. (2012) compared the myocardial energetics proposed by Gibbs formalism (1978)
based on heat (or enthalpy) measurement and Suga formalism (1980) based on the pressure-volume
relationship. They assumed that the fundamental difference between Suga’s phenological isoefficiency and

Gibbs’ load-dependent efficiency cannot be reconciled.

2.3.3 Limitation of the new Hybrid model

Taken together, the simulation results of the presented hybrid model are in good accordance to the
experimental data so far published. However, the limitation of this new contraction mode is obvious, since
the ability to generate realistic response does not prove that the underlying biophysical mechanisms are

correctly represented.
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Chapter 3: Mitochondria in cardiomyocyte; Diseases & Diagnosis

3.1 Mitochondria in cardiomyocytes

Mitochondria play the important role as the energy producer for cardiomyocytes. The
mitochondria of adult cardiomyocytes produce 90% of ATP via electron transport chain (see Chapter 1).
However, heart requires rhythmic contraction of pump throughout the life. The tight coupling between
mitochondria and ATP consumption which mainly from cardiac contraction (see Chapter 2), requires the
optimized cellular organization. The malfunction of mitochondria could impair cell energetics leading to
heart failure causing reduced ATP production, increased reactive oxygen species production, and aberrant
apoptotic induction (Tuppen et al. 2010). Due to the mutations, there is the accumulation in the number of
mitochondrial DNA (mtDNA) before the symptoms occurred. In addition, mitochondrial genetics are non-
Mendelian genetics in following ways (Figure 3-1): 1) Maternal inheritance; mtDNA is strictly inherited
from mother, 2) Heteroplasmy; normally mtDNA are identical. When the mutations are occurred at the
beginning, it affects some but not all (wild type + mutant called ‘heteroplasmy’), 3) Mitotic segregation;
there is the random distribution of organelles at the time of cell division, and 4) Threshold effect; the
clinical phenotype is determined by the relative proportion between wild type and mutant mitochondrial

molecules. Threshold expression is usually 50%-100% mutant mtDNA that determines the disease stage.

Mutation-containing
Heteroplasmic mtDNA

Stem Cell/
Oogonium

Wild-type
mtDNA

Diploid nucleus

Oocytes
with
different
mtDNA
ratios Haplon d nucleus\l

Sperm

<O> S
= 'K=
- s,
- -

Mitotic segregatlon scenario 1 Mitotic segregatlon scenario 2
@CD
Zygote

Nervous System Oogonia Nervous System Oogonia
(above disease (low risk of (below disease (high risk of
threshold) transmission) threshold) transmission)

Figure 3-1 Maternal inheritance, heteroplasmy, mitotic segregation, and threshold effects distinguish
mitochondrial genetics from Mendelian genetics.

Source Swerdlow 2011
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3.2 Mitochondrial diseases

Mitochondrial diseases are the complex diseases associated to dysfunction or failures of the
mitochondria (the changes in ATP production) and they are the results of either inherited or spontaneous
mutations in mtDNA or nuclear DNA. The ~15% mitochondrial diseases are caused by mutations in
mtDNA (acquired or inherited). However, there are a variety in the symptoms and any organs can be
affected, especially in organ with high energy demands (high number of mitochondria), e.g., heart, brain,
muscles, and endocrine system.

Mitochondrial cardiomyopathy is described by abnormal heart-muscle structure and/or function,
secondary to genetic defects involving the electron transport chain, in the absent of concomitant coronary
artery disease, hypertension, valvular disease, or congenital heart disease. The typical cardiac diseases
associated to mitochondrial diseases are including hypertrophic and dilated cardiomyopathy, arrhythmias,
left ventricular myocardial noncompaction, and heart failure (Holmgren et al. 2003, Debray et al. 2007,
Meyers et al. 2013). Nevertheless, mitochondrial cardiomyopathy often shows clinically expression by
multisystemic diseases described below. (Meyers et al. 2013).

e Cardiovascular system [heart failure, arrhythmias, murmurs, sudden death, left ventricular
myocardial noncompaction, apical ballooning syndrome]

e Pulmonary system [dyspnea, orthopnea, respiratory failure, respiratory acidosis]

e Neurological system [encephalopathy, ataxia, movement disorders, seizure disorders, mental
retardation]

e Renal system [renal failure, benign renal cysts, focal segmental glomerulosclerosis, proximal
tubulopathy, nephritic syndrome, tubulointerstitial nephritis]

e Hematological system [anemia, leukopenia, thrombocytopenia, eosinophilia]

e Endocrine system [diabetes mellitus, diabetes insipidus, hypothyroidism, hypoparathyroidism,
adrenocorticotropic hormone deficiency, hypogonadism, amenorrhea, gynecomastia]

e Musculoskeletal system [muscle weakness with normal creatine kinase levels and normal
electromyographic and nerve-conduction studies, short stature, microcephaly, round face, high
forehead, low-set ears, short neck]

e Skin and soft tissue [hypertrichosis, eczema, vitiligo, multiple lipomatosis, reticular pigmentation]

e Gastrointestinal system [periodontosis, anorexia, abdominal pain, nausea, vomiting, diarrhea,
malabsorption, villous atrophy, constipation, pseudo-obstruction, pancreatitis, elevated liver
enzyme levels]

e Ophthalmic system [external ophthalmoparesis, retinitis pigmentosa]

e Auditory system [sensorineural hearing loss]
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On the other hand, some mitochondrial syndromes are associated to cardiovascular manifestation

(Meyers et al. 2013) such as;

e Dilated cardiomyopathy and left ventricular hypertrabeculation [Barth syndrome (lethal infantile

cardiomyopathy) and Mitochondrial encephalopathy, lactic acidosis, and stroke-like episodes]

e Arrhythmia [Chronic progressive external ophthalmoplegia and Kearns-Sayre syndrome]

e Cardiomyopathy [Neurogenic muscle weakness, ataxia, and retinitis pigmentosa, and Maternally

inherited Leigh syndrome]

e Cardiomyopathy and arrhythmia [Leigh syndrome (subacute necrotizing encephalomyelopathy),

and Myoclonic epilepsy and ragged red fibers]

e Left ventricular hypertrabeculation and arrhythmia [Maternally inherited diabetes and deafness]

3.2.1 DNA mutations related to mitochondrial diseases

Current knowledge reveals that mitochondrial diseases can results from mutations in either the

mtDNA or nuclear DNA (Table 3-1).

Table 3-1 The pathophysiology of mitochondrial disorders from DNA mutations.

Complex* Nuclear DNA mutations

Mitochondrial DNA mutations

| Leigh syndrome
Leukodystrophy

1 Leigh syndrome

Paraganglioma
Pheochromocytoma
I Leigh syndrome
Growth retardation, aminoaciduria,
lactic acidosis, and early death

Leigh syndrome

v Cardioencephalomyopathy

Leber hereditary optic neuropathy
Mitochondrial encephalomyopathy, lactic

acidosis, and stroke-like episodes

Cardiomyopathy
Encephalomyopathy

Sporadic anemia
Myopathy
Amyotropic lateral sclerosis-like
syndrome
Neuropathy, ataxia, and retinitis
pigmentosa
Maternally inherited Leigh syndrome

Familial bilateral striatal necrosis

*see Figure 1-3

Source Meyers et al. 2013
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The mtDNA mutations are frequently found in 1 of every 200 samples of core blood (Elliott et al.
2010, Chinnery et al. 2012). In pathological state, however, mutations are commonly observed (Fabrizi et
al. 1996, Choi et al. 2008) since the mutation rates of mtDNA are 10 times higher than in nuclear DNA.
Over 50 pathogenic mtDNA based substitution mutations such as single deletions, one to several point-
mutations have been identified. The mtDNA has a very high mutation rate and described in a mixture of
wild-type and mutant mtDNA.

Mitochondrial mutations are the typical cause of left ventricular myocardial noncompaction,
which is also known as left ventricular hypertrabeculation, characterized by prominent ventricular
trabeculations and deep recesses that extend from the left ventricular cavity to subendocardial surface of
the ventricular (Stollberger et al. 2002, Jenni et al. 2001, 2007).

3.2.2 Mutations in cytochrome b gene of mtDNA

Missense mutations in mtDNA, particularly in cytochrome b gene sequences in complex Il
located at position 14,747-15,887 on the mitochondrial genome have been associated with several diseases
with cardiac and muscle involvement described in Table 3-2.

Moreover, hypertrophic cardiomyopathy have been associated with the mutations in mitochondrial
cytochrome b gene (Valnot et al. 1999, Andreu et al. 2000, Hagen et al. 2013) e.g., 14751 C>T (Hinttala et
al. 2006), 14813 A>G (Behar et al. 2008), 14927 A>G (Obayashi et al. 1992, Marin-Garcia et al. 2000,
Casademont & Miro 2002), 15024 G>A (Tang et al. 2010a), 15257 G>A (Rose et al. 2001), 15287 T>C
(Ballana et al. 2008), 15315 C>T (Fraumene et al. 2006), 15452 C>A (Marin-Garcia & Goldenthal 1997),
15482 T>C, and 15813 T>C (Behar et al. 2008).
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Table 3-2 Mutations in mitochondrial cytochrome b gene sequence associated with muscle diseases.

Position Nucleotide Amino acid Diseases References

substitution  substitution*

14846 G>A G>S Exercise intolerance Andreu et al. 1999Db,
Taivassalo et al. 2001,
2002, Filosto et al. 2003,
Pereira et al. 2011
14849 T>C S>P Exercise intolerance Schuelke et al. 2002,
Massie et al. 2010,
Pereira et al. 2011

15059 G>A G > Ter Mitochondrial myopathy Andreu et al.
1999a,1999b
15084 G>A W > Ter Exercise intolerance Andreu et al. 1999b,

Filosto et al. 2003

15150 G>A W > Ter Exercise intolerance Legros et al. 2001
15168 G>A W > Ter Exercise intolerance Andreu et al. 1999b,
Filosto et al. 2003
15170 G>A G > Ter Exercise intolerance Bruno et al. 2003
15197 T>C S>P Exercise intolerance Legros et al. 2001,
Pereira et al. 2011
15243 G>A G>E Hypertrophic cardiomyopathy Valnot et al. 1999,

Nishigaki et al. 2010,
Bannwarth et al. 2013
15497 G>A G>S Exercise intolerance Okura et al. 2003,
Tanaka et al. 2004,
Tarnopolsky et al. 2004,
Pereira et al. 2011

15498 24 base pairs GDPDNYTL Exercise intolerance Andreu et al. 1999b,
deletion deletion Taivassalo et al. 2001
15579 A>G Y>C Exercise intolerance Wibrand et al. 2001,

Pereira et al. 2011,
Ghelli et al. 2013,
Krag et al. 2013
15615 G>A G>D Exercise intolerance Bouzidi et al. 1996,
Dumoulin et al. 1996,
Pereira et al. 2011
15649 18 base pairs ILAMIP Exercise intolerance Carossa et al. 2014

deletion deletion
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Table 3-2 (continued)

Position Nucleotide Amino acid Diseases References

substitution  substitution*

15693 T>C M>T Possibly left ventricular Tang et al. 2010
noncompaction

cardiomyopathy-associated

15699 G>C R>P Muscle weakness Blakely et al. 2005,
Bannwarth et al. 2013
15723 G>A W > Ter Exercise intolerance Andreu et al. 1999b
15761 G>A G > Ter Mitochondrial myopathy Mancuso et al. 2003
15762 G>A G>E Mitochondrial myopathy Andreu et al. 1998
15800 C>T Q> Ter Exercise intolerance / Lamantea et al. 2002,
Myopathy Valente et al. 2009

*amino acid abbreviation; one letter code (below) and Ter = Termination or stop codon

A Alanine R Arginine N Asparagine

D Aspartic acid C Cysteine E Glutamic acid

Q Glutamine G Glycine H Histidine

| Isoleucine L Leucine K Lysine

M Methionine F Phenylalanine P Proline

S Serine T Threonine W Tryptophan

Y Tyrosine Vv Valine

3.3 Diagnosis of mitochondrial diseases

Routinely, the muscle biopsy is the gold standard for the diagnosis of mitochondrial diseases.
However, this technique could observe the structure changes providing the sensitivity and specificity less
than 100%. Meyers et al. (2013) summarized several proposed diagnostic criteria that including clinical,

histological, enzymological, functional, and molecular factors (Table 3-3).
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Table 3-3 Diagnosis criteria for mitochondrial disorders.

Factors

Major diagnosis criteria

Minor diagnostic criteria

Clinical

Histological

Enzymological

Functional

Molecular

Metabolic

Mitochondrial syndrome or involvement of

any 3 of the following systems:

neurologic, muscular, cardiac, renal,

nutritional, hepatic, endocrine,

hematologic, otologic, ophthalmologic,

dermatologic, or dysmorphic;
exacerbations;  family
DNA

exclusion of alternate diagnosis

history  of
mitochondrial mutations;  or

>2% ragged red fibers in skeletal muscle

>2% cytochrome ¢ oxidase-negative fibers
in a patient <50 years, >5% cytochrome ¢
oxidase-negative fibers in a patient >50
years, <20% activity of any respiratory
chain complex in a tissue, <30% activity of
any respiratory chain complex in a cell
line, or <30% activity of the same
respiratory chain complex activity in >2
tissues

Fibroblast ATP synthesis rates >3 SD units

below the mean

DNA or

mutation of

Identification of nuclear
DNA

undisputed pathogenicity

mitochondrial

Symptoms compatible with the respiratory

chain defect

1%—-2% ragged red fibers in patient 30 to

50 years, any ragged red fibers in a patient

<30 years, >2%  subsarcolemmal
mitochondrial accumulations in a patient
<16 years, or widespread electron

microscopic abnormalities in any tissue

Antibody-based demonstration of a defect
in respiratory chain complex expression,
20%-30% activity of any respiratory chain
complex in a tissue, 30%-40% activity of
any respiratory chain complex in a cell
line, or 30%-40% activity of the same
respiratory chain complex activity in >2

tissues

Fibroblast ATP synthesis rates 2 to 3 SD
units below the mean, or fibroblasts
unable to grow on media with glucose
replaced by galactose

DNA or

mitochondrial DNA mutation of probable

Identification of nuclear
pathogenicity
One or more metabolic indicators of

impaired respiratory chain function

Source Meyers et al. 2013 (reproduced from Bernier et al. 2002)
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3.3.1 Mutations diagnosis using PCR based sequencing
Diagnosis of the mutations using molecular techniques could provide the health monitoring and

disease investigating at early stage. Molecular techniques, especially polymerase chain reaction (PCR) and
sequencing, are high sensitivity and specificity and useful for early stage detection.

Up to date, the new generation sequencing shows the capability to sequence whole mitochondrial
genomes at high coverage of over 1000-fold, which provides sufficient depth to identify the mutation at
even low levels (Zaragoza et al. 2010, Goto et al. 2011). Although the advantages of using such

technology are clear, and can detect the mutations which are interpreted as being true mutations but are

erroneous (Loman et al. 2012).
We designed the universal primers for detecting the mutations located at the conserved sequence

of mitochondrial cytochrome b gene (Table 3-4). These novel primers could be the merit for human and
wide range of experimental animals to observe the mutations in cytochrome b gene of mtDNA. The
mutation results will notice by observing the double peak on sanger sequence chromatograms (Figure 3-2).

The alignment of human mtDNA with novel primers from Muangkram et al. (2016) was illustrated in

Figure 3-3.
Table 3-4 Universal primers for mutations diagnosis.
Primers Sequences Position* Annealing
temperature
15572-15594 55°C

5-TTY GCATAC GCAATC YTACGATC-3

Reverse primer  5.GTT GKC CTC CRA TTC ATG TRA G-3'
*The position on mitochondrial DNA based on human mitochondrial genome (GenBank number

Forward primer
15749-15770

V00662.1; Anderson et al. 1981).
Source Muangkram et al. 2016
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Figure 3-2 Double peak of missense mutations from sanger sequence chromatograms.

Source Izumi et al. 2015
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Five mutations in cytochrome b gene of mtDNA located at position 15595-15749 of human

mitochondrial genome could be diagnosed by using the novel primers (Figure 3-3).

10 20 30 40 50 60 70 80 90 100
PPN (LAY BOAPRN POl Pl [ T [Pl O DAeurs e OO IR PR DAY [l Prar )il sl mn
J01415 Homo sapiens ATGACCCCAATACGCAAAACTAACCCCCTAATAAAATTAATTAACCACTCATTCATCGACCTCCCCACCCCATCCAACATCTCCGCATGATGAAACTTCG

J01415 Homo sapiens GCTCACTCCTTGGCGCCTGCCTGATCCTCCAAATCACCACAGGACTATTCCTAGCCATGCACTACTCACCAGACGCCTCAACCGCCTTTTCATCAATCGC

J01415 Homo sapiens CCACATCACTCGAGACGTAMTTATGGCTGMTCATCCGCTACCK‘TCACGCCAATGG(X;OC'I‘CAATA'K'I‘CTTT}\TCTGCCTCTTCCTACACATCGGGCGA
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J01415 Homo sapiens GGCCTATATTACGGATCATTTCTCTACTCAGAAACCTGAAACATCGGCATTATCCTCCTGCTTGCAACTATAGCAACAGCCTTCATAGGCTATGTCCTCC

410 420 430 440 450 460 470 480 490 ,uo
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J01415 Homo sapiens CGTGAGGCCAAATATCATTCTGAGGGGCCACAGTAATTACAAACTTACTATCCGCCATCCCATACATTGGGACAGACCTAGTTCAATGAATCTGAGGAGG
510 520 53 54 55 560 57 5 590 €0

J01415 Homo sapiens CTACTCAGTAGACAGTCCCACCCTCACACGATTCTTTACCTTTCACTTCATCTTGCCCTTCATTATTGCAGCCCTAGCAACACTCCACCTCCTATTCTTG
J01415 Homo sapiens CACGAAACGGGATCAAACAACCCCCTAGGAATCACCTCCCATTCCGATAAAATCACCTTCCACCCTTACTACACAATCAAAGACGCCCTCGGCTTACTTC

J01415 Homo sapiens TCTTCCTTCTCTCCTTAATGACATTAACACTATTCTCACCAGACCTCCTAGGCGACCCAGACAATTATACCCTAGCCAACCCCTTAAACACCCCTCCCCA

810 820 830 840 850 860 870 880 890 900
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910 920 930 940 950 960 970 980 990
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J01415 Homo sapiens AACTATCTCCCTAATTGAAAACAAAATACTCAAATGGGCC

Figure 3-3 The alignment of human mitochondrial cytochrome b gene sequence with new primers.
Primers could amplify the fragment of mitochondrial cytochrome b gene sequence sized 154 base pairs in
length (PCR product sized 199 base pairs in length) with the ability to investigate the mutations 5 positions
(25%). The ‘H’ refers to the mutation position related with muscle diseases from Table 3-2 and the letter in
square refer to the nucleotide changes. The Iﬂ indicates the first base of deletion mutations. The baseline
of these sequences corresponds to position number 14747 of complete human mitochondrial genome
(JO1415.2; Anderson et al. 1981).
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3.3.2 The application in high resolution melt analysis

High resolution melt (HRM) analysis is the useful tool for investigating the single nucleotide
polymorphism. This technique could eliminate the errors which may come from the sequencing reactions
or long PCR amplification (Elliott et al. 2012, Lloyd et al. 2012). HRM technique provides the high
sensitivity level as reported in wide studies (Figure 3-4). However, the limitation of HRM technique is the
DNA fragment should less than 200 base pairs. The implication of novel primers with HRM could serve as

useful tool to detect the mutations at early stage.
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Figure 3-4 Application of high resolution melt analysis.
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Conclusion

In this doctor dissertation, two novel methods have been proposed:

1. We have established the new crossbridge (CB) model based on the molecular mechanisms
of ATP-hydrolysis by S1 segment of myosin with the biophysical contraction model and
implemented in the simple blood circulation model of cardiovascular system. The new
Hybrid model well describes the behavior of CB kinetics with the estimating the energy
consumption. The linear relationship between pressure-volume area and the amount of
VaTpase Per beat are clearly described.

2. The specific technique for diagnosing the mutations in cytochrome b gene sequence of
mitochondrial DNA that leading to the changes of energy production which is necessary for
cardiomyocyte has been developed. This technique provides the high sensitivity and
specificity to investigate the mutations at the early stage. Moreover, the development of our
study with high resolution melt analysis could provide the fast, reliable, and inexpensive

technique to diagnosis the mutations.
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Appendix: Model equations

Model equations

o Dynamics of equivalent crossbridge

X, =halfSL —h, Eq. S1
X, =halfSL —h, Eq. S2
dXx
dtp =-B, '(hp - hpr) Eqg. S3
dXx
w__B .(h —h Eq. 54
dt w ( W WI’) q
@:_B'(h_hr)
dt Eq. S5
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e Calculation of state transitions

Q1 :Yb M DP(MT)] : [Caﬂ]nca

Q, = Zb [eM DP]

Q3 = f '[CMDP]

Q4 =g '[CAM DPW]

Q5 = Yp '[CAM DP\N]

Q =Z, [cAM ;]

Q7 = Zd *'[CAM Ds]

Q =2, -[cAM, ]

Qy=Z; -[cM 5 (cM;)]

QlO = Yr '[CAM Ds]

Q11 = Zr '[AM Ds]'|:Ca2+]nCa

Q12 = Zd *'[AM Ds]

Q13 :Zh '[AMT]
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Differential equations

%:Ql—Qg_Qg'FQA

%:Qs_QA_Q5+QG+Q9

Aol 0 -0 - Qo+
t

Ao -q

d[cM Dgt(cMT)] ~Q,-Q,

dA(Ij\f > -0, -Q,-Q,

%:QM—QB

WZQB—QﬁQz
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Rate functions

_ ~Ra(halfSl-La
f=Y,-e

g=F,-Y,-[l—e7®0 ) 7

a

0.1 ;h,>h,,
F, =
1 5h,<h,

Z,

K
oo (1, [ADPI)
[ATPT 7 Ky on

Z,*=

ATP rate by contraction

Vatpase = nCa- (Q7 + le)

Z, - ([cAM 5, ]+ [AM ,])

Koo (1, [ADPI)
[ATP] Kd,ADP

VATPase = nca

Concentration of myosin S1 segment

[mS1]=[TS]-nCa
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Magnitude of contraction

Fy = Fou + Fop

R =nCa- A, -[cAM DPw]'hw

F,=nCa- A '([CAM os] +[AM Ds])' h,

F, =K,

p

-(halfSL —hsL, )’ + L, - (halfSL —hsSL,)

[Ca2+] 'Fb'VATPase relationshi ps

V 2+
In[M—lj =-n, -In([Ca ]j
Fb K0.5
V 2+
In[ max,ATPase _1] _ _nH |n[[Ca ]j
VATPase K0.5

Ca?" dynamics

Qrel :Qm [lj .exp(4.£1—iJj+ Kp 2
7 T, K
1+ =
(Carestj
K
Quump =~z
1+[ K, J
[Ca2+]
d[c(;? ] - Qrel - qump + (03 nCa- (Q2 B Ql * Qlo B Qll))

65

Eq.

Eq.

Eq.

Eq.

Eq.

Eq.

m

g.

S34

S35

S36

S37

. S38

. S39

5S40

S41

S42



Multi-scale of cardiovascular model

h — 2 Fext
hLV rLV

Fext = Ku ’ (Ks ) Fb + Fp)

F,-F
hLV =_—b DD . (hLVES - hLVED) + hLVED
FbES - FbED
PEl — Puv
—ELT ;P <P
va_ Krp Py E1
0o =
0 s Py 2 Py
_ |:>a _
pLFuo ;P > P,
Qi, =
0 ;P <P,
N Pa — PEz
dPa — " ROU'[
dt Cds
dv,,
dt - qO qln
1
K

halfSL =r,,, - K_+L,
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