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Compenents andiinteractions
Itheregulateny network
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Topological property of protein network in yeast

Budding yeast
S. cerevisiae
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H. Jeong, S. Mason, A.-L. Barabasi and Z. N. Oltvai “Lethality and
centrality in protein networks ” Nature 411, 41-42 (2001).

R. Albert and A.-L. Barabasi “Statistical mechanics of complex
networks ” Rev. Mod. Phys. 74, 47-97 (2002).
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Modeling Celll Cycle

2001 Nobel Prize winner for identified, cloned and characterized CDK
(Cyclin dependent Kinase)

Paul Nurse

A long twentiethicentury. ofi the cell eycle and beyond CELL, Vol. 100, 7178,
January 7, 2000. “Into the Next Century”
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Cell Cycle Modeling and Experiments

Chen KC, Csikasz-Nagy A, Gyorffy B, Val J, Novak B, Tyson JJ. Kinetic
analysis of a molecular model of the budding yeast cell cycle.

Mol Biol Cell. 2000 Jan;11(1):369-91.

, Archambault V, Miller M, Klovstad M. Testing a mathematical
model of the yeast cell cycle. Mol Biol Cell. 2002 Jan;13(1):52-70.

Chen KC, Calzone L, Csikasz-Nagy A, Novak B, Tyson JJ.
Integrative analysis of cell cycle control in budding yeast.

Mol Biol Cell. 2004 Aug;15(8):3841-62. Epub 2004 May 28.

, Schroeder L, Kruse M, Chen KC. Quantitative
characterization of a mitotic cyclin threshold regulating exit from mitosis.

Mol Biol Cell. 2005 May;16(5):2129-38.

Pomerening JR, Kim SY, . Systems-level dissection of the
cell-cycle oscillator: bypassing positive feedback produces damped

oscillations. Cell. 2005 Aug 26;122(4):565-78.




Modeling celltlar dynamical processes

gene sequence
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protein sequence
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protein structure
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protein function

\ 4

protein network
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cell physiology

event order, cell p

DNA . LACCCGATGGCGAAATGC..

!

mMBENA LAUGGGCUACCGCUUUACG..

}

Protein ..Met-Gly-Tyr-Arg-Phe-Thr..
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Enzyme
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Reaction network
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Cell physiology
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Less s more in medeling large genetic network
Science (2005) 310:449

Small genetic circuit Mid-size genetic network Large genetic network
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Great detail ¢m—————  Computer modeling

Discrete dynamics
(connected switches)

Single gene

Pseudodynamics

Differential equations
(flows across a network)

Stochastic molecular
simulations
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Modelingicellular precess

Stochastic simulations Transitions given by master equation

—P(\z‘) ZﬂP(\—1 A —a,P(X.1))

ot

Nonlinear ordinary differential equations
d[R];
dt

= sythesis + transformation — degradation.

Parameter setting & vast space and parameter space!!

Boolean networks

Assumptions:
-- Protein is in active and inactive states
—- Boolean function Di determines state change in time

x,(1+1) = b,(x(7))
Properties

-- State space has 2" elements
-- Limit cycles or fixed points




ROPUSINESS OF cellular functions
- Computational & Systems Biology.

» Hiroaki Kitano 2002 Systems hiology: a brief
overview Science 295:1662

Robustness Is an essential property of biological systems:

the adaptation parameters insensitivity graceful degradation

» Stelling J, Sauer U, Szallasi Z, Doyle FJ 3rd, Doyle
J. 2004 Rebustness of cellular functions. Cell
118(6):675-85. Review.




TThe Cell'Cycle i budding yeast

800 Genes involved in Yeast Cell Cycle

The Cell Cycle
Cell with chromosomes in the nucleus
\Thromosome duplication
Q I |‘ Error ~ Cancer

Cell with duplicated chromosomes Spel I man y et al . (1998)

A vital process that is highly conserved in eukaryotes



Regulators of the Yeast Cell Cycle

TFs & H T
Inhibitors - SBF, MBF, Mcm1, Swi5
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Regulatory Network of Yeast Cell Cycle

Cell Size

Breeden 2003 Current Biology
13: R31-R38
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Modes
@ Unknown
Siress response
Transcripton
@ Metsbolsm
@ Transpert
@ Protein transport
Cel growth andlor maintenancs
Protein degradation
@ Cel organization and biogenesis
Budding
Signal transduction
DMA& replication
DMA metabelism
@ Cell oycle
9 Protein aming acid phosphoryiation
RMA& processng
DIMA& repair
DMA& damage response
Protein bosynthesis
Protein aming acid dephosphorylation
@ Carbohydratz metabolism
DOMA recombination
@ 2utophagy
@ BNA locafzation
Sporulation

Extant physical and genetic interaction network assembled around ' core cell
cycle components, comprising , as
derived from sources, including high throughput datasets.

Mike Tyers 2004 Current Opinion in Cell Biology 16:602-61%°




Ihe START point and
PINAreplication
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Simplified cell-cycle network and

Booleanrnetwork model

Cell Size

ICInB

11Nodes: 16 Green
lines; 13 Red lines: 5
Yellow lines

For the nodes without
negative control, we
add yellow lines to
simulate protein
decay.




Network and Its  dynamical attractors

(1815 Cl=1 (0,1,07

(0,0,13
(0,0,00 (0,1,1)

L. Jomuiy (0,1,00

3-node network has 8 states
a;; (green) =1, Fixed points — attractors: (000) and (010)
a;: (red) =-100 Attractive basin: 1 and 7




AnRother dynamical rule...

C\ 79 D B ¢ } I P ]

Figure [The network N2-1 and its dynamical trajectory under rule2]

a;; (green) =1,
ai: (red) =-1




AsSimple: Dynamic Model

0, Inactive

Protein state: Si:{

1, active

1L, > aS(t)>0
j

S,(t+1) =+ 0, Za..S.(t) <0

S, (t), Zaijsj(t)=o

211=2048 “cell states”

a; (green) =1, g;(red) =-1

t,=1




Trajectony ol CelllCyecle Sequence

Signal: CIn3 from 0 to 1.

Protein Cdc20&
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Eixed polnt el the dynamics

the distribution of attractor size of the network.

1764 of 2048 initial states (86%) evolve to G1 states. Making the
G1 state the only global attractor




Gloehalifilew: diagram

1. Pink arrows: <64; Orange arrows: 64~128; Red arrows: >128;
Blue arrows: Biological Pathway
2. Big blue node: Biological ground G1 state.



Comparenwith randoem netwoirks

The random nets are of of nodes
and green, red, yellow arrows.

Compare
(1) attractors size distributions

(2) Evolution Trajectory (using W value)

weight - of -every-ste
W 2 \Weight -of -every -step

step - length

(3) Stability against different perturbations




Attractor size distribution
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Elow: diagian efiiandoem networks




Distripbution of W

Random Aw Distribution
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Stabilitysanalysis ()

random 2 B "3 random
/ A I cell-cycle I cell-cycle

T T T T T T T
044 [ZArandom | | [ random
C B cob-oycie D I cell-cycle
0.4 J
o .
o
0.2 | /]
4 0.24 |
CIb5,6
0.04L ‘B oo
0.0 02 04 0.6 0.8 1.0 0.0 0.2 04 06 0.8 1.0

AB/B



Stabilitysanalysis (i)

Deletion, addition,
color-switching --
41.2%, 57.4%,

64.7%




TThe yeast cell-ecycle network Is robustly designed
- PNAS 2004 101: 4781-4786

* Dynamical Robustness
Global attractor

Globally attracting
trajectory

Robust against /changes/ '

perturbations/damage/para
meters

e WHY?
* The relationship between
the topological and

dynamical properties of
network




Cross FR, Schroeder L, Kruse M, Chen KC. Quantitative characterization of a mitotic
cyclin threshold regulating exit from mitosis. Mol Biol Cell. 2005 May;16(5):2129-38.
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Figure 7. Boolean network predictions. The Boolean network
model of Li et al. (2004) was implemented using Matlab software
(code available on request). Equation 1 of the I‘.l‘lﬂdt._l was modified
by adding a constant ¢ to the Z(ai*Sjith term for the ClbZ2 node (j =
101, This has the effect of adding a h\td positive input to the Clbh2

node. For the indicated values of ¢, the 2048 distinct starting con-
na,uratmn:- of the network were run untl a ':vtr_;ld\ state was
reached. The proportions of states arriving at the G, state of Lief al.
(2004, or arriving at the I‘-i-plnw state @ of Li et al. (2004), are

plotted for each value of ¢

Molecular Biology of the Cell
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