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- Metabolic network (fX&H=RY kD —2) :

reactions producing energy, constructing cell
components

node: metabolic molecules, edge: reactions

-Each reaction is catalyzed by specific enzyme

(BER(C K> THRER).
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N
e

enzyme

product
ov

/
= & = e

- How each enzyme influences the system?



Introduction

Experimental approach: #E&L35% (knockdown experiments)
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We want to construct theoretical frameworks for these
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experiments.
perturbed

enzyme However, precise kinetics are unknown.
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Ishii et al. Science (2007)



We found ---

5

%@1 5 (1) Network structure determines qualitative
RASE responses to perturbations.

> C—3>(D

y4* 6 /y\5 » (2) Pattet.’ns.in responses.
. E< (A1)~ - localization and hierarchy

L7 8

‘é* 4 (3) A theorem connecting network topology
e "\ﬂ@ and system behaviors.

? (4) Prediction of missing reactions in network



OUTLINE

1. Method
2. Example

3. Law of localization

4. Toward elucidating a true network




Dynamics of Chemical Reactions

dx.,,

W — Zsz‘ Wz(k’mx)

L m, :concentration of molecule m
WZ' :flux of reaction i (fn. of substrates)

ki : parameter such as enzyme amount

Smi . Stoichiometric matrix

example
1 2 4
—> A B —>
z 1s

g (%A 1 -1 0 0 Wi (k1)
Dlapl={o 1 1 )| Welkea)
i\ 2o 01 -1 0 ks, £0)

Wi (
Wy(ks,xp)

stoichiometric matrix

E.q.
mass action type Michaelis-Menten type
ko x
Wy = ko x = 24
2 2T A Wa AT K

However, we do not assume specific
kinetics




Q. How do concentrations (at steady state) change
under enzyme knockdown ( of reaction j)?

A. This can be answered from network structure alone !

« Steady state condition

0

> SmiWi(ks,z)=0  (before)

Z Smi Wz(kz — 5ij(5k, xr -+ (Sfl?) =0 (after)

ker.S

I

/

(mesubstrate)

(otherwise)

=) 0Ty, = (A_l)mj m) flux 5JWZ

non-zero distribution of A matrix.



A= OWi | —kerS
0T,
A B C kerl
1 0 0 0o -1
2 JQA 0 0 —1
A =3 0 Jsp 0 -1
4 0 0 Juco O
5\ 0 0 Jy5e -1

ker2

Example of a small network

N

—> A—> B —> C —>
1 2 3 5

perturbed AA AB AC  Akerl Aker2

reaction _Jactdse _Jactdse 1 1 _Jac
. 1 J2,14J5c JspJsc Jsc Jsc

invert T 0 0 0 0

|:> 0 L 0o 0 0

1 A 0o 0 -1

: Ton J3B

7. _ oW 5 Jic Jac 1 9 e

im — o JaaJdsc JzeJsc Jsc Jsc



Responses to enzyme perturbation are localized
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General features in response patterns

- Responses to enzymes perturbation are /ocalized in some
regions of networks.

- Responses form a hierarchy. = © © Why?

Relation to network
structure?

P st n ot P S o mne - -




FRB8I (the law of localization)

Okada T., Mochizuki A.

- Take a subnetwork I' = (metabolites M , reactions J]R ) such that
R includes all reaction edges emanating fromM.

- “Character” defined as

X(F) = |M| o |R| =+ #Cyde in I’ (generally nonpositive)

-if x(I') =0,
any enzyme perturbation in I' does not influence the outside of I
([ : buffering structure, [REEE).




&8 x DETEHI (previous example) PO

x(I') = M| —|R|+ #cyclein' = (

# metabolite
# reaction
#cycle=0

]
)

_ _k//\‘\ # metabolite = 2
' : T # reaction =3
—>IA L% B> | C —>
1 ~o 5 o 3 5 # cycle = 1
# metabolite = 3
# reaction =4

# cycle = 1




Response patterns revisited

. Why localized ?
R
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230 < Existence of buffering strs.
iy X(T) =0
sﬁ;i Why hierarchy appears?
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Biological meanings

- “Firewalls” against enzyme fluctuations

— biological advantage?

- Units of biological functions (PPP, TCA cycle)

& buffering structures




= collaboration with
Ara b i d O pSiS *IE !I:% 0) 1’t E%:J % A!i Ferjani (Gakugei U.niv),
Hirokazu Tsukaya (Univ Tokyo),
Masami Y. Hirai (RIKEN)

fugu5 mutant: defect of H*-PPase (EOV Vi PPiZz 09 DR Z —ERIB UT=ZRIE)

Experimental observation

Defect of H*-Ppase = [Sucrose]J,
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Sucrose-6-P
A  Fructose-1,6-P2

v
Sucrose l ’?

H :No change
I :Decrease
M :Increase
v




Why do all networks predict insensitive [sucrose]?

/ * ‘\
LS
ubP %

—A—>_<—>T
Buffering structure
N v

- >
Pi
Sucrose-6-P
T /

: | o

Pi 4/

v

Sucrose

Input
v #.metabolite - #.reaction + #.cycle
=6-11+5
Output -0
:No change #.metabolite - #.reaction + #.cycle

=6—-12+6
- : Decrease

=0
B : Increase

Additional internal reactions cannot break x (M) =0



Does defect of PPi degradation decreases [sucrose] ?
Modification 2: add outflow pathways

:No change
Output B :Decrease

B :Increase

We can predict necessary reactions. <Thm. depends on /ocal network info.



Summary

v Theoretical framework which predicts the responses to enzyme

perturbations form network structures.
v A theorem governing response patterns (localization, hierarchy)

v Collaborations
Nakayama Lab @ Kyushu Univ. (cancer metabolism)
Kuroda Lab @ Univ. Tokyo (insulin action)
Tsukaya Lab @Univ. Tokyo (plant metabolism)
Sako Lab @ Riken (ErbB receptor network)
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