Introduction to Biological Modeling Last week
* Why model biology?
* Example: E. coli chemotaxis

Lecture 2: Modeling dynamics * Typical modeling progression

Sept. 29, 2010 .
Think about
What aspects of your research are ready for modeling?

i it?
Steve Andrews What might you learn from it?

. . I Reading
Brent lab, Basic Sciences Division, FHCRC Tyson, Chen, and Novak “Sniffers, buzzers, toggles, and blinkers:

dynamics of regulatory and signaling pathways in the cell” Current
Opinion in Cell Biology 15:221-231, 2003.

ynamic cells
Tyson, 1991

« initial “good” model of eukaryotic cell cycle

All cell systems are dynamic Proc. Nail. Acad. Sci. USA

Vol. 88, pp. 7328-7332, August 1991
« cell Cyc|e Cell Biology
« circadian rhythms
« signaling
« development Jomn J. Tyson

« cell motil |ty Department of Biology, Virginia Polytechnic Institute and State University, Blacksburg, VA 24061

Modeling the cell division cycle: cdc2 and cyclin interactions
(maturation promoting factor/metaphase arrest/weel /cdc25)

. apoptOS|S ‘Communicated by David M. Prescott, May 20, 1991 (received for review January 23, 1991)

» metabolism* ABSTRACT  The proteins cdc2 and cyclin form a het- m
erodimer factor) that j %.pl
events of the cell cycle. A mathematical model for the interac- (Exctin)-p
tions of cdc2 and cyclin is constructed. Simulation and analysis _P 6~
of the model show that the control system can operate in three 77 e
modes: as a steady state with high maturation promoting factor i o1+
activity, as a spontaneous oscillator, or as an excitable switch. LR i
We associate the steady state with metaphase arrest in unfer- Yt 9
tilized eggs, the spontaneous oscillations with rapid division

cycles in early embryos, and the excitable switch with growth- GEnyP, L 3
controlled division cycles typical of nonembryonic cells. *—’T
3
Passage through the cell cycle is marked by a temporally
organized sequence of events including DNA replication, N
aq aa
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Credit: Shaffer et al., Methods in Molecular Biology, Systems Biology, (Maly, ed.) 500:81, 2009. 5 Credit: Shaffer et al., Methods in Molecular Biology, Systems Biology, (Maly, ed.) 500:81, 2009.
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Eukar

mitosis

Cycle times

M . .
gap 1 8 min. in fly embryo
DIVISION
30 min. in Xenopus early embryo
12 hours in fast growing
2 hours £ mammalian tissues
year or longer in mammalian liver
s INTERPHASE stopped in human neurons and
DNA ) skeletal muscles
synthesis
Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994. 7
Cell cycle checkpoints
DNA replication machinery
environment Is all DNA replicated?

mitosis machinery
Is environment favorable?
Are all chromosomes
Is cell big enough? aligned on spindle?

cell growth Gz CHECKPOINT METAPHASE CHECKPOINT

Question

How does the
“controller” work?

G4 CHECKPOINT cell growth
15 cell big enough?
Is environment favorable?

environment

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994. 9

Xenopus life ¢

cycling stopped
egg travels
down oviduct

1st round of

meiosis stops at .
P cell divisions

G2 checkpoint B rapid cell divisions
p and is laid P depend on
without growth h
2nd round of growt
meiosis stops at o midblastula
metaphase arrest | fertilization transition
opeyte grows without dividing / fertilized egg divides withput growing
(months) (hours)

o»@~®-®~®~® - -

sperm

adult
frog

ey

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994. "1

Cell cycle checkpoints

DNA replication machinery
environment Is all DNA replicated? Fr ¢
mitosis machinery

Is environment favorable?
Are all chromosomes

Is cell big enough? aligned on spindle?

cell growth Gz CHECKPOINT METAPHASE CHECKPOINT

G4 CHECKPOINT cell growth
15 cell big enough?
Is environment favorable?

environment

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994. 8

Cyclins and Cd

trigger mitosis machinery

M-phase-promoting factor

Cdk =
O%D cyclin dependent kinase
mitotic Ve p34, from mol. weight

cyelln Cdc28 in budding yeast
5 Cdk1 in human
2 cdc2 in fission yeast
cyclin
lots of different cyclins

“Start kinase”

, Cdk + cyclin =
MPF

G eyclin

Start kinase

trigger DNA replication machinery

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994. 10

MPF an clin in early emb

o0cyte grows without dividing fertilized ogg divides without growing
onchs) thours)

(months)

—
o000 OH®

sporm.

adult
frog

mitosis interphase mitosis. interphase
§ MPF — g

TRy g oyelin

mitotic g \

cyclin 8 b
! H
dependent kinase K

Cde2
S
MPF welina BT et Tt ] ) P ] i
—— s e b s } fotms gt
cyclin B et s o W wn—
reductase
Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994. 12
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Credit: Shaffer et al., Methods in Molecular Biology, Systems Biology, (Maly, ed.) 500:81, 2009. 13

Tyson’s model (1991)

eyelin
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P 3
N L
inactive P
bty PP
; %./ \'
aa aa
activating
aa = amino acids
cyclin
Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994; Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 15

Tyson’s model (1991)

aa
%' i Parameter Value
(exclin}-p
~ P § ky[2a)/[CT] 0.015 min~?
- ko 0
1 ot e e+ kICT] 200 min~!
A\ ' ky 10-1000 min~" (adjustable)
~ 4| ls 9|8 ks' 0.018 min~!
. P, ks[~P] 0 .
(cyelin) ke 0.1-10 min~! (adjustable)
N ks 0.6 min~!
kg[~P) >>ky
N fo 22k
aa aa * [CT] = total cdc2
Note

» Many parameters don’t matter, and so are set to 0, or >>k,

« Fewer parameters are needed by grouping multiple unknowns together,
e.g. ky[aa]/[CT]

« The model is explored with respect to the adjustable parameters.

Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 17

Cell cycle network

EF > | E2F
ﬁ - P

Credit: http://satyaprakashnayak.com/Projects.html, which says ifs from Tyson and Novak. 14

Tyson’s model (1991)

includes
« core cdc2-cyclin interactions

ignores
Egiiny-» + cdc2 phosphorylation at T167
« attributes cyclin degradation to
phosphate, not ubiquitin
* MPF enhancement of cyclin
degradation
« cell size control, wee1, and cdc25
» downstream effects

, 1 assumptions
2/ N « total amount of cdc2 is fixed
aa aa . . .
* phosphorylation in rxn 3 is much
faster than dimerization
« several parameter relations ...
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 16
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From reactions to equations

Mass action kinetics:
reaction rate ~ reactant concentrations

aa
YP
M ks
(Celin-
/ AC21/di = kelM] — kel ~PIC2] + kolCP]

Uoedle NI
A

M
’ YN

Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 19

Reaction 4: positive feedback

M No feedback
P d[M] - [ M] M production rate
7 Jea] a P
{ S
"R X . .
' I'\i With feedback positive ¢ \

s 4 - feedback 4 v
d[M] 3 [y
T:[PM]F([M]) 5 ,' .

lin}-P 4 =1 -
, ® ’ limited *
M h '
) R e B
pM L no~~~a._ '
L.’ feedback "'~.._. '
0 0.5 1
[M1/[CT]
* [CT] = total cdc2, which is constant in this model
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 21

Positive feedback can cause bistability

Add in reaction 5

>
M M
%:[pm{k;m[%j J—k5[~ Piv)
M
' P M production ..,
FaC] rate —." /% fixed points
et e c/r production rate = loss rate
N . . dM)/dt=0
~ 4[5 g '
g M loss s
s rate '
P '
\
P .
pM '
0 0.5 1
[M1/[CT]
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 23

From reactions to equations

Mass action kinetics:
reaction rate ~ reactant concentrations

M YP ﬁ,",,

1

M
’ YN

Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1

Exelin)-p

\ R | AN
\
“aals 9| |8

C2

dIC2)/dr = ke[M) — ks[~P]IC2] + ks[CP]
dICP)/dt = —k[CPI[Y] + ks[~P][CZ] — ko[CP]

dipMI]/dt = k;[CPI[Y] — [pMIF(IM]) + ks[~P][M]
dM]/dt = [pMIF(IM]) — ks[~PIIM] ~ ke[M]
dlY]/dt = ky[aa] - k[Y] - Ks[CP][Y]

dIYPl/dt = ks[M] = k;[YP]

All straight-forward,
except reaction 4

991. 20

Positive feedback can cause bistability

Add in reaction 5

%:[pm{k;m[%j J—k5[~ ]

M
_ P M production , ..
7 [ede?] rate —, ,° .
i’ . A
I
[ P ’ K \
\\ 1 - 4 .
~= 4|5 2 ’ '
z , M loss s
A rate '
cyclin}-P '
4
P ’ '
pM a '
0 0.5 1
[M1/[cT]
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 22

Positive feedback can cause bistability

Add in reaction 5

>
d[M M
%:[pm{k;m[%j J—k5[~ Pim]
M
’ P M production ..,
FaC] rate —— . /0 fixed points
C P P . K \ production rate = loss rate
N . . dM)/dt=0
~ 4[5 g '
g M loss s .
5 rate ¢ 2 stable points,
P ' 1 unstable point
\
P '
pM '
0 0.5 1
M1/[cT]
——h

Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 24



The mathematical model

Parameter Value

ki[aa)/[CT] 0.015 min~?
M YP P ka 0
it KICTI 200 min™!
(Cyeliny-p 2 ky 10-1000 min~! (adjustable)
- P__6 7 |, (@a k' 0.018 min~!
R ksl~P] 0
! el ke 0.1-10 min~" (adjustable)
I e ! ky 0.6 min~!
R 9|8 ke[~P) >>ky
kg >>ke

dC2]/dt = keIM] — ks[~P][C2] + ks[CP]
d[CP)/dt = —ks[CP](Y] + ks[~P)C2] — ks[CP]

¥y N dpM/di = ky[CPI[Y] — [PMIF(IM)) + ks[~PIM]
oe aa d[M]/dt = [pM]F([M]) — ks[~P][M] — ke[M]
d[Y)/dr = ky[aa] — ka[Y] — ks[CP][Y]
dIYP]/dt = ke[M] — ks[YP]
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 25

Simulation tools

Excel - surprisingly good for very simple models, $

MatLab - excellent multi-purpose tool, lots of extensions, $$
Mathematica - also excellent; better for analytical work, $$
Copasi - designed for cell biology simulations, has GUI

SBW - Systems Biology Workbench, front end to lots
of simulators.

lots of others ...

27

Cell cycle database models
Q
SBML &ML

Models section has + Systems Biology Markup Language
* 26 cell cycle models + XML language

14 in SBML / A computer-readable standard

« 12 “simulable” modules language that many simulators use.

<reaction metaid="_000011" id="Reaction2" name="cdc2k
phosphorylation” reversible="false">
<listOfReactants>

<speciesReference species="(2"/>
</list0fReactants>

<listOfProducts>

<speciesReference species="CP"/>
</list0fProducts>

<kineticLaw>

<math xmlns="http://w.w3.0rg/1998/Math/MathML ">
<apply>

<times/>

<ci> cell </ci>

<ci> €2 </ci>

<ci> k8notP </ci>

<listOfParameters>

<parameter metaid="_840213" id="k8notP" value="1000000"/>
</1listOfParameters>

</kineticLaw>

</reaction>
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Credit: Shaffer et al., Methods in Molecular Biology, Systems Biology, (Maly, ed.) 500:81, 2009. 26

Publication

Getting the Tyson 1991 model

Cell Cycle Database: http://www.itb.cnr.it/cellcycle/

Lots of good cell cycle information

cc D B Cell Cycle Database

Welcome to Cell Cycle Database

Cell Cycle Database is a collection of genes and proteins involved in human and yeast cell
eycle

You can browse the database searching by gene name, protein name or by key-words

- Links
search by gene name: (
= Acknowledgements Homo_sapiens

= User Guide

) (Search) (Clear)

search by protein name: (Home_sapiens ) (Seaeh)  (Ciear)

search by key-word: (Search ) (Clear)

¢ Models section

¢ Parameters Estimation System

BioModels database

http://www.ebi.ac.uk/biomodels-main/
lots of published models, all written in SBML

-2 AllDaibases

[EBigrows | Taning | bousy | Avotus | Help
BioModels Home Models ‘Submit Sign in ‘Support About BioModels

BioModels Database - A Database of Annotated Published Models

BioModels Database s 2 data resource that allows biologists to store, search and retrieve published mathematical models of biological interests. Models present in BI Ts\
BioModels Database are annotated and linked to relevant data resources, such as publications, databases of compounds and controlled vocabularies.
dels Database also all ‘sub-models,

online simulation tools and e Web Services.

(Search) ((Go to the model ) Advanced search ()} Model of the month
August, 2010
Browse models Bouwlinum neurotoxin

serotype A (BONTIA) causes
accid paralysis by a multi-

Curated models (249)

Browse models using GO

estmate Upper imits of e
ame during which antioxin
and oter mpermeable
Inhiotors of BONTIA can
exert an effect, is described here.
Readmore

Non-curated models (224)

Simulate in JWS Online

Submit a model 5 News

30



Get the model from either Cell Cycle Database
and simulate its “simulable” module, or get it
from BioModels and simulate it with Copasi.

31

Simulation results

stable steady-state, but excitable

k4, =180 min!, kg =2 min-!

similar to late embryo
growth-limited cell cycle;

N Ye YT 2
0@ @) .d

) o ) - ¢
U

ozommsomt Y
t, min

a large enough perturbation
triggers excitation

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994; Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 33

Simulation results

Growth-limited cycles

system behaviors cell volume increase lowers kg
sustained lower kg triggers mitosis

cycles DNA replication doubles kg

y c

\y: excitable 3 i min”!
: 2
i 1

Phase diagram for

1000r metaphase
arrest

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994; Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 35

Simulation results

stable oscillations . I
k, = 180 min, k. = 1 min- similar to early embryo oscillations

mitosis interphase mitosis interphase

total
cyclin

04

MPF — g

Tt e T e o T el
o b b —r

03

relative concentration

02

cyelin A

cyclin B

0.1

reductase

t, min P
.0 ®
UAGV(.)A(\./\:>(\H - o

s

Credit: Alberts, et al. Molecular Biology of the Cel, 3rd ed., 1994; Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 32

Simulation results

Phase diagram for
system behaviors

sustained
1000r metaphase cycles
arrest 8
5
A \ excitable

Credit: Alberts, et al. Molecular Biology of the Cell, 3rd ed., 1994; Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 34
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Credit: Shaffer et al., Methods in Molecular Biology, Systems Biology, (Maly, ed.) 500:81, 2009. 36



Summary of model results

aa Good aspects
R « biology is basically correct
(eglin-p « represents all 3 Xenopus cell cycle stages:

cded] metaphase arrest, early embryo, and growth-
el limited cycling
« MPF and cyclin curves qualitatively agree with
® experiment

Bad aspects

« roles of cdc25 and wee1 are not clear
2/ AN « positive feedback F([M]) is ad hoc
* kg oscillation in growth-limited cycling is
speculative

Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 37

A substrate-depletion oscillator

“Sniffers, buzzers, toggles, and blinkers” interpretation

@
7 3
(Etin-p

~P
P 3
N — v
P ‘_
=N EPESE
1
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991; Tyson et al. Current Opinion in Cell Biology 15:221, 2003, 39

A substrate-depletion oscillator

cyclin

v

degraded cyclin

Credit: http: asp?dept_i o : Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991. 41
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Credit: Shaffer et al., Methods in Molecular Biology, Systems Biology, (Maly, ed.) 500:81, 2009. 38

Analysis

A substrate-depletion oscillator

“Sniffers, buzzers, toggles, and blinkers” interpretation

MPF 2 |$ -
(Etin-p inactive
PG S vlr MPF  MPF
CaBL e wpe —+X—*R—>
Ssaafls 9[|8 + |
» I I
P 2 3
. N ~ T |
. . P ’ ‘*_
inactive EP —E
2 1
MPF KON Cdc25p Cdc25
Credit: Tyson, Proc. Natl. Acad. Sci. USA 88:7328, 1991; Tyson et al. Current Opinion in Cell Biology 15:221, 2003, 40

Cell cycle overview
Model development (J
Model equations from reactions

mass action kinetics
Positive feedback

can cause bistability
Parameter choices

few matter, group as possible, explore some
Databases

Cell cycle database, BioModels
Simulation tools

Copasi
Tyson’s model results

metaphase arrest, early embryo, growth-limited
Generalizing results

st
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Homework

Copasi
Download Copasi (Google for “copasi download” and explore
some of the examples that come with it.

Read

Covert, Schilling, Famili, Edwards, Goryanin, Palsson,
“Metabolic modeling of microbial strains in silico” TRENDS in
Biochemical Sciences 26:179, 2001.

43



