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Mathematical Concepts
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- eedback Vertex Set ™
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FVS
Theorem target Xy 5(t)
Xpys(t) — xpys(t) t_>_o>o 0 By controlling behaviors of
FVS only to converge to a
U / target trajectory,
\_ xX(t) — x(t) 00 0 ) control xpy¢(t)

Xpys(t), xpys(t) : FVS _

two trajectories of FVS non target X(¢)
he whol tem i

%), x(0) the whole system is

spontaneously close to
converge to the target
attractor.

two trajectories of whole system

spontaneous
convergence of x(t)

Fiedler, B., Mochizuki, A. et al. J. Dyn. Differ. Eqns. (2013) 25, 563-604.
Mochizuki, A., Fiedler, B. et al. J. Theor. Biol. (2013) 335, 130-146
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Controlling a dynamical system

- A mathematical model for
mammalian circadian rhythms
- 7 FVs among 21 variables
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4 solutions

2 stable oscillations (P1. P2)
1 unstable oscillation (UP)
1 unstable stationary point (USS)
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Controlling a dynamical system

- 7 FVs among 21 variables Whole system can be controlled

by controlling FVS.
7in FVS <= prescribe

P1—P2
A A

0.7 lﬁ
: o
| 2| £
A 04 -
........ 3r - 0.{I:'9_ Pert D
Other 14 <= ODE

Per2

P

015
Pert
(1) Prepare time series of FVS on the solution, P1, P2, UP, USS
(2-1) Prescribe FVS, to follow the value on the solution

(2-2) The remaining variables, nonFVS, are calculated by remaining ODEs

0.3



Controlling a dynamical system

- 7 FVs among 21 variables

FVS <= prescribe
Others <= ODE

Whole system can be controlled
by controlling FVS.

P1oP2 P2—P1
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UP, USS; unstable in original system with 21 variable,
but globally stable in reduced system with 14 variables.



Structural Theory (1): Linkage Logic

Structure < Dynamics

Feedback vertex set (RYRT—IDEEMNLRESD)
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Fiedler, B., Mochizuki, A. et al. J. Dyn. Differ. Eqns. (2013) 25, 563-604.
Mochizuki, A., Fiedler, B. et al. J. Theor. Biol. (2013) 335, 130-146
Kobayashi, Maeda, Tokuoka, Mochizuki, Satou. (2018) iScience 4, 281-293.
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Structural Theories

s SO
*ﬁJEI::E .
Linkage Logic Network
HlE Ry~ —2 information
FYNT—UEE > EEGTF <:|
Structural Sensitivity analysis
(A= Ae SN R ——
FohD—OHiE > BBICHTpE | Predioton
wIithou

Structural Bifurcation Analysis
IEEZRERINT—2
FURD—U1EE > DIEROEEIEE

Experiment
-Network analysis
-Measuring
- Perturbation

assuming details
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Chemical Reaction Network

 galM

a-Glucose — B-Glucose

PEP

glk | ptsG ptsH ptsl crr
PYR

G1Pp-g—mGGP W Gluconolactone-6P e 6PG
Pgi -
F6P T | g
pfkA pfkB

edd
Hfbp U PR, ¥ 4
Figp | @A 14is  xsp | piA miB

fad | |\ 87P R5P 2-KDPG
fbaB P
DHAP — . G3P ———

tktA
: tkiB ‘ Bda
tpiA
gapA
PGP
lpgk
3PG
lgpmA gpmB
2PG Lactate
h
] eno pykE pykA ) [.fd A B _‘E‘ET(B
PEP PYR
ppsA \PﬁB tdcE
aceF aceF!pdAl ~—— Forma e
ppc | |pckA AcCoApr—a» AcP 7 Acetate
gitA adhE ackB
sfeA m%‘B{ _+ OAA " Pfﬁc / Acetaldehyde
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FUM ICT
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sdhAsdhBsdhCsahD \ / icdA
frdA frdB frdC frdD ~ SUC +——— 2KG

sucC SUOD ™~ g, oo - %A sucB IpdA

Ex.
Carbon metabolism

- Glycolysis
- TCAcycle
. produces energy from glucose.

- The network is a summary of

knowledge of reactions and
catalyzing enzymes.

-Dynamics is not understood yet.

- The network may be incomplete.



rturbatlon experiments
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Chemical reaction

317233 w,  ERE
A i REEE

_2 O m—
duy ki RIGINGA—5
E =1 —1 ~+ r—» 1 (kl)
dug 12 (K25 Ug) e.g. Hill function
o ST r_p(k_5; up) .
u
dt ~ '3 4 (ks uc)
2 k;: BEREMOrE
(RISREIZHEEEZ5
Uy 1 -1 1 0 0 T, =
%<u3> _ (0 S0 ) - 3ok 5185 A—4)
Uc 0O O 0 1 -1 r3
Ty

dr Z Vi1 (K 1) v = (V) ILFEHRITSI



*EL II_.WXﬁZE*ﬁ-

RISEFIRT—I DR OETIVERERT . NTA—R(EBER) EILITH T DICETRTE

B &ML DELL (ki - k- +

6kﬁ)0)ﬁﬁ&i§f$ﬁf£tﬂﬁ?o ar} Sin 4 M ar} aum i _1. ])
or=0 L5l = ke whet Gt =
ver Ok L 0wy Ok~ L 0
— na.n
61‘ - Z 6” ¢ 61u1 b 6]u1 aT}
. . on Tim =
i i Sky 0 Ot
1 ot Tim _611 —C:{V Siuy 6]uM O0ky St = ouy, Sk
: : : : = — JTtm = e O
T'jl T']M —le _C]N 61!"11 o 6]:“'1 0 ﬁ@k .
\ o\ ;N s ;N ok, Tim = 0: RS j (29 Fm (ZikTF
,\_/ NG W =7 ) Tim # 0 RIS j (E53Fm 2K
ex. A1THI diagonal
given from network RAEATHIS
£ what we need
v
Us O —— (1) Construct A-matrix 2) Calculate inverse of A
A Ty
7 0 0 0 0O -1 0 (rpa+150)7" —(pa+1s5)™" 0 0 —(rza+150)"" 0
y y e 00 0 -1 1 2 s e S S
_ 13 (o +754)  T3p(12a +754) Tp 735124 + T54)
uBO OuD A _ O T3B 0 O 1 1 T4_C_1 0 0 —T'4C_1 0 0
0 0 T'4C 0 _1 O S x —A_1 = 54 —T54 0 0 24 -1
I3 rsa 0 0 0 0 -1 Tep (24 + 754)  Tep (124 + T54) Tep(T24 + 754)  Tep
v r 0 0 0 rep 0 -1 1 0 0 0 0 0
UcQ <« 6 _Tsa _ 54 0 _ T4 0
cO AFTHIDIEZBER T DN T24 T T54 T24 T Ts4 b T24 + 754
74 =rybT—IEE REDE.FEFROLE. B)BNRYNT—IBENLRED
\4

Mochizuki & Fiedler J. Theor. Biol. (2015); Okada & Mochizuki Phys. Rev. Lett. (2016)



Example 1 .

U,,: concentration (by giving a function)

r;: reaction rate
71 _ y \
v Analysis A
4a O 0o 0 0 -1
(124 0 0 -1
e A= & 0 1 A
A\ 4 _
uB O 0 0 Tac 1
U T,
r3
\ 1/134 —1/124 0 0
uCO S: 1/r3B 0 —1/7‘33 0 . . .
1nec 0 0 —1/mc A
T4 1 0 0 0
A\ 4
“e /\
decrease in o
substrate only A

time t



Example 2

Increase in direct downward

0 0 0O -1 0 (Tac + Tc) /246
0 0 0O -1 -1 (rac + Tec) /T3BT6c
7’33 0 0 _1 _1 1/7‘6C
= S=
0 7 0 0 -1 Tac/TspTec
0 0 rp 0 -1 1
O r6C 0 —1 0 7"4c/r6c

Decrease in side branch
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0 —1/r35
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1/194 0
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0 0
1/rsp —1/7sp

0 0

1 0

—Tac/T24T6c
— Tuc/T3BT6c
—1/7r¢¢
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0
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Regulatory effects are Localized

Example 1 Example 2
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Nonzero responses are confined in limited regions in a network.
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#.chemical - #.reaction + #.cycle
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Okada T. & Mochizuki A. Phys. Rev. Lett (2016)
Okada T. & Mochizuki A. Phys. Rev. E (2017)




Buffering structures

Example 1 Example 2

A\
(OQ€— -1.'.:.1‘
v V.
O O S
\4 v
7 l‘
A\ \ )
#.metabolite - #.reaction + #.cycle
=1-1+0 #.metabolite - #.reaction + #.cycle = #.metabolite - #.reaction + #.cycle
=0 =3-4+1 =4-5+1
=0 =0

metabolite with single output arrow
is always “buffering structure”.
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Example 3

. . . collaboration with
Arabidopsis metabolism i Ferani Gakugei univ)
Hirokazu Tsukaya (Univ Tokyo),
Masarr_]i Y. Hirai (RIKEN) 4
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I !
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* compensation between cell- opi
1
proliferation{, and cell-expansion uor € a 6
* Decrease in Sucrose production M Pi
Sucrose-6-P
* Defect of H*-pyrophosphatase (H*- A Fructose-1,6-P2
PPase) bi €] T
v
Sucrose
StOry' Input
PPase break down v
= Sucrose| Output

= Phenotypes

Ferjani et al. (2018) Sci. Rep. 8, 14696.



E le 3 : . :
xampie Arabidopsis metabolism

Theoretical Analysis
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T 50
00
o
20 S0
0
b Y & 3
£ 2 a2

ell area (% WT) w

fugu5 mutant

* compensation between cell-

proliferation{, and cell-expansion uor €
* Decrease in Sucrose production M
Sucrose-6-P
* Defect of H*-pyrophosphatase (H*- A
PPase) bi €]
v
Sucrose Inout
Story: P
PPase break down v ‘No change
= Sucrose| Output B : Decrease
= Phenotypes I : Increase

Observation cannot be explained by the network — examine network
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Ferjani et al. (2018) Sci. Rep. 8, 14696.
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Mochizuki A. & Fiedler B. (2015) J. Theor. Biol. 367, 189-202.
Okada T. & Mochizuki A. (2016) Phys. Rev. Lett. 117, 048101
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