
Contents

1 Introduction to Living Systems.......................................................................... 1
1.1 Characteristic Behaviors of Life and Living Systems................................ 1
1.2 Chemical Reaction Systems and Reaction Networks.................................2
1.3 Gene Regulatory Systems and Regulatory Networks................................ 4
1.4 Toward Understanding Dynamics............................................................... 8
1.5 Summary......................................................................................................10
References.............................................................................................................10

2 One-Dimensional Dynamical Systems.............................................................11
2.1 Dynamics of Synthesis and Degradation of Biomolecules...................... 11
2.2 Analysis of ID Dynamical Systems.......................................................... 15
2.3 Summary......................................................................................................17
Exercise.................................................................................................................18

Exercise 2.1................................................................................................. 18
Exercise 2.2................................................................................................. 18
Exercise 2.3................................................................................................. 18
Exercise 2.4................................................................................................. 18
Exercise 2.5................................................................................................. 18

References.............................................................................................................19

3 Gene Regulatory Systems and Their Dynamics............................................21
3.1 Dynamics of the Gene Regulatory System............................................... 21
3.2 Systems for Asymmetric Gene Expression in Mammals.........................28
3.3 Critical Regulation of Left-Right Asymmetric Gene

Expression...................................................................................................31
3.4 Experimental Verification.......................................................................... 32
3.5 Summary..................................................................................................... 34
Mathematical Method 3A (Local Stability Analysis)........................................34
Mathematical Method 3B (Non-dimensionalization)........................................ 39
Exercise................................................................................................................ 42

Exercise 3.1................................................................................................ 42

ix



X Contents

Exercise 3.2................................................................................................ 42
Exercise 3.3................................................................................................ 42
Exercise 3.4................................................................................................ 42
Exercise 3.5................................................................................................ 43
Exercise 3.6................................................................................................ 43
Exercise 3.7................................................................................................ 43

References............................................................................................................43

4 Oscillation in Living System I: Circadian Rhythms
and Segmentation Clocks................................................................................. 45
4.1 Circadian Rhythms and Negative Feedback.........................45

4.2 Global Stability of the Two-Variable Negative Feedback 
Model................................................................................................ 49

4.3 Segmentation Clock................................................................................... 50
4.4 Summary.....................................................................................................54
Mathematical Method 4A (Asymptotic Behavior 
of Dynamical Systems)....................................................................................... 54
Mathematical Method 4B (Poincare-Bendixson Theorem)...............................55
Mathematical Method 4C (Differential Equations 
with Time Delay).................................................................................................56
Exercise................................................................................................................ 58

Exercise 4.1................................................................................................ 58
Exercise 4.2................................................................................................ 58
Exercise 4.3................................................................................................ 58
Exercise 4.4................................................................................................ 59
Exercise 4.5................................................................................................ 59
Exercise 4.6................................................................................................ 59
Exercise 4.7................................................................................................ 60
Exercise 4.8.......................................... 60

References............................................................................................................60

5 Oscillation in Living System II: Cyanobacteria Circadian
Rhythms..............................................................................................................61
5.1 Cyanobacteria Circadian Rhythms............................................................ 61
5.2 Mathematical Model of KaiC State Transition System............................ 63
5.3 Mathematical Analysis............................................................................... 65
5.4 Summary......................................................................................................71
Mathematical Method 5A (Routh-Hurwitz Condition).....................................71
Mathematical Method 5B (Perron-Frobenius Theorem 
and Compartment Matrix)...................................................................................72
Exercise................................................................................................................ 75

Exercise 5.1................................................................................................ 75
Exercise 5.2................................................................................................ 75
Exercise 5.3................................................................................................ 75
Exercise 5.4................................................................................................ 76

References............................................................................................................76



Contents X1

6 Gene Regulatory Systems and Cell Diversity......................................... 77
6.1 Cellular Properties and Gene Expression Patterns....................................77
6.2 Boolean Networks.......................................................................................79
6.3 Drosophila Segmentation Genes................................................................81
6.4 Exhaustive Analysis of Boolean Networks...............................................84
6.5 Network Structure and Cell States.............................................................87
6.6 Summary..................................................................................................... 88
Mathematical Method 6A (Discrete and Continuous Dynamics).............. 88
Exercise................................................................................................................90

Exercise 6.1................................................................................................ 90
Exercise 6.2................................................................................................ 90
Exercise 6.3................................................................................................ 90
Exercise 6.4................................................................................................ 90
Exercise 6.5................................................................................................ 91

References............................................................................................................91

7 Structure and Dynamics of Regulatory Networks........................................93
7.1 Regulatory Networks in Organisms.......................................................... 93
7.2 Structural Theory for Regulatory Networks: Linkage Logic..............95
7.3 Control of Network Systems Based on Structural Theory...................... 99
7.4 Control of the Ascidian Gene Regulatory Network............................... 103
7.5 Summary................................................................................................... 108
Mathematical Method 7A (Structural Theory for Regulation 
Networks)........................................................................................................... 109
Mathematical Method 7B (Controlling Theory of Linear 
Network Systems).............................................................................................. 113
Exercise.............................................................................................................. 116

Exercise 7.1...............................................................................................116
Exercise 7.2...............................................................................................116
Exercise 7.3...............................................................................................116
Exercise 7.4...............................................................................................117

References.......................................................................................................... 117

8 Chemical Reaction Systems I: Control by Enzymes...................................119
8.1 Chemical Reaction Network................................................................... 119
8.2 Dynamics of Chemical Reaction Systems..............................................122
8.3 Structural Theory for Chemical Reaction Systems—Structural 

Sensitivity Analysis.........................................................................123
8.4 Application (1): Plant Metabolic Systems..............................................129
8.5 Law of Localization in Reaction Systems.............................................. 133
8.6 Application (2): Central Metabolic Pathway ..........................................136
8.7 Perspective for Structural Sensitivity Analysis...................................... 138
8.8 Summary...................................................................................................139
Mathematical Method 8A (Structure Sensitivity Analysis).............................139
Mathematical Method 8B (Law of Localization).............................................145



xii Contents

Exercise...............................................................................................................148
Exercise 8.1............................................................................................... 148
Exercise 8.2............................................................................................... 148
Exercise 8.3............................................................................................... 148
Exercise 8.4............................................................................................... 148
Exercise 8.5............................................................................................... 149

References...........................................................................................................149

9 Chemical Reaction Systems II: Behavioral Diversity
and Bifurcation.................................................................................................151
9.1 Bifurcations in Living Systems................................................................151
9.2 Eigenvalues at Bifurcation Points.............................................................154
9.3 Structural Bifurcation Analysis of Chemical Reaction 

Systems............................................................................................ 156
9.4 Numerical Examples to Verify Structural Bifurcation 

Analysis............................................................................................162
9.5 Summary.................................................................................................. 165
References...........................................................................................................165


