EMBL-EBI | i European Bioinformatics Institute

=
+;-l-.

British outstation of the European Molecular Biology Laboratory

= Databases

UniPrOt ‘‘‘‘‘‘‘‘‘‘‘ Iternatg
Sequences, structures thouniversal | | IF> VIR Y1006 P
protein resource TS
Transcriptomics, Proteomics 1-/ B /"g
pathways, models
Controlled vocabularies ;;:E_-*c"ﬂ“ Imerpmm cor a
and dictionaries LT 2

= Research groups

Structural Genomics (Thornton)

Molecular Evolution (Goldman)

Text-Mining (Rebholz-Schumman)

Computational Systems Biology (Le Novere)
Statistical array analysis (Huber)

Genomic analysis of requlatory systems (Luscombe)

Systems Biology of ES cells (Bertone)



EMBL-EBI i i

Modeling the intracellular dopamine
signaling network :
DARPP32 - a robust signal integrator
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The spine as a “mini-cell”
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K
K
D+CDK5 ?(1 D CDK5 3 » D-75P+CDK5
2
dID/dt = - k,[CDK5][D] + k,[D_CDK5]

d[D-75P/dt = + k,[D_CDK5]
d[CDK5]/dt = - k,[CDK5][D] + k,[D_CDK5] + k,[D_CDK5]
d[D_CDK5)/dt = + k,[CDK5][S] - k,[D CDK5] - k,[D CDK5]
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K, K
D+CDK5 ? D CDK5 2 —» D-75P+CDK5

2

d[Dl/dt = - k,[CDK5][D] + k,[D CDK5]

d[D-75P)/dt = + k,[D CDK5]
d[CDK5]/dt = -k [CDK5][D] + k,[D CDK5] + k,[D CDK5]
d[D CDK5]/dt = + k [CDK5][S] - k,[D CDK5] - k,[D CDK5]
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« D + CDK5 = D_CDK5 — D75 + CDK5 . .

+ D75 + PP2A = D75_PP2A — D + PP2A 79 species, 151 reactions
- D75 + PP2ACa = D75_PP2ACa — D + PP2ACa

« D75 + PP2AP & D75_PP2AP — D + PP2AP

- D75 + PP2APCa < D75 _PP2APCa — D + PP2APCa

- D137 + CDK5 « D137_CDK5 — D75-137 + CDK5 D + PKA < D_PKA — D34 + PKA

- D75-137 + PP2A & D75-137_PP2A — D137 + PP2A - D34 + PP2B < D34_PP2B — D + PP2B

- D75-137 + PP2ACa « D75-137_PP2ACa — D137 + PP2ACa « D75 + PKA < D75_PKA — D34-75 + PKA

« D75-137 + PP2AP < D75-137_PP2AP — D137 + PP2AP - D34-75 + PP2B « D34-75_PP2B — D75 + PP2B

. D75-137 + PP2APCa < D75-137_PP2APCa — D137 + PP2APCa D137 + PKA & D137_PKA = D34-137 + PKA

- D34 + CDK5 « D34_CDK5 — D34-75 + CDK5 - D34-137 + PP2B « D34-135_PP2B — D137 + PP2B

- D34-75 + PP2A « D34-75_PP2A — D34 + PP2A « D75-137 + PKA < D75-137_PKA — D34-75-137 + PKA
- D34-75 + PP2ACa « D34-75_PP2ACa — D34 + PP2ACa « D34-75-137 + PP2B « D34-75-135_PP2B — D75-137 + PP2B
- D34-75 + PP2AP < D34-75_PP2AP — D34 + PP2AP « PP2A + PKA < PP2A_PKA — PP2AP + PKA

- D34-75 + PP2APCa < D34-75_PP2APCa — D34 + PP2APCa - PP2ACa + PKA < PP2ACa_PKA — PP2APCa + PKA

- D34-137 + CDK5 & D34-137_CDK5 — D34-75_137 + CDK5 - @ - Ca?*

. D34-75-137 + PP2A = D34-75-137_PP2A — D34-137 + PP2A . Ca** - @

- D34-75-137 + PP2ACa « D34-75-137_PP2ACa — D34-137 + PP2ACa - PP2Bi + 2Ca <« PP2Bi _Ca2

« D34-75-137 + PP2AP < D34-75-137_PP2AP — D34-137 + PP2AP «PP2Bi Ca + 2Ca < PP2B

« D34-75-137 + PP2APCa < D34-75-137_PP2APCa — D34-137 + PP2APCa . PP2A + Ca o PP2ACa

* PP2AP + Ca < PP2APCa
*D + CK1  D_CK1 - D137 + CK1

* D137 + PP2C « D137_PP2C —» D + PP2C ¢« R2 PKA2 + cAMP < cAMP R2 PKA2

* D75 + CK1 » D75_CK1 — D75-137 + CK1 « CAMP R2 PKA2 + cAMP < cAMP2 R2 PKA2
« D75-137 + PP2C < D75-137_PP2C — D75 + PP2C « CAMP2_R2_PKA2 + cAMP < cAMP3_R2_PKA?2
* D34 + CK1 < D34_CK1 — D34-137 + CK1 « CAMP3_R2 PKA2 + cAMP < cAMP4 R2_PKA2
* D34-75 + PP2C = D34-75_PP2C — D75 + PP2C « CAMP4 R2 PKA2 < cAMP4 R2 PKA + PKA

- D34-75 + CK1  D34-75_CK1 — D34-75-137 + CK1 « CAMP4 R2 PKA < cAMP4 R2 F PKA

« D34-75-137 + PP2C « D34-75-137_PP2C — D34-75 + PP2C « PKA + PDE < PKA PDE — PKA + PDEP

* CK1 + CK1 < CK1_CK1 — CK1P + CK1 * CAMP + PDE = cAMP_PDE — AMP + PDE

« CK1P + PP2B < CK1P_PP2B — CK1 + PP2B « CAMP + PDEP < cAMP_PDEP — AMP + PDEP

-n-nrﬁa":‘ _II“:
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EMBL-EBI i Dynamic simulations of DARPP-32 function
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Some parameters are sensitive
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Some parameters are robust
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Heterozygous DARPP-32 +/- do not display phenotypes
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EMBL-ER &1 DARPP-32 as a coincidence detector
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EMBL-EBI On small numbers

Substrate _
1015 litres
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Concentration (uM)
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On determinism and reproducibility
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EMBL-EBI Small numbers in the dendritic spine

= number of AMPA receptors in a PSD: 50-100

. most kinases and phosphatases « 100

m number of free calcium ions at rest state: 3-5






EVBL-EBI Combinatorial explosion

I NMDA + CaMKIl <=> NMDA-CaMKIl
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Combinatorial explosion

NMDAC + CaMKllc <=> NMDAc-CaMKIIc
II I I RS NMDAO + CaMKllc <=> NMDAc-CaMKlIc
- NMDAc + CaMKllo <=> NMDAc-CaMKllo

NMDAo + CaMKllo <=> NMDAc-CaMKllo

NMDA + CaMKIl <=> NMDA-CaMKIl



EMBL-EBI Combinatorial explosion

NMDA + CaMKIl <=> NMDA-CaMKIl

NMDAC + CaMKllc <=> NMDAc-CaMKlic
II I I RS NMDAO + CaMKllc <=> NMDAc-CaMKlIc
—

NMDAc + CaMKllo <=> NMDAc-CaMKllo
NMDAo + CaMKllo <=> NMDAc-CaMKIllo

NMDAc + CaMKllc <=> NMDAc-CaMKllc
NMDAo + CaMKllc <=> NMDAc-CaMKllc
NMDAc + CaMKllo <=> NMDAc-CaMKiIlo
e NMDAo + CaMKllo <=> NMDAc-CaMKllo
PNMDAc + CaMKllc <=> pNMDAc-CaMKllc
II I I PNMDAo + CaMKllc <=> pNMDAc-CaMKllIc
— PNMDAc + CaMKllo <=> pNMDAc-CaMKllo
pNMDAo + CaMKllo <=> pNMDAc-CaMKllo
NMDAc + pCaMKllc <=> NMDAc-pCaMKlic
I I ESSEESS P/ MDA + pCaMKiic <=> NMDAC-pCaMKilc
m NMDAc + pCaMKllo <=> NMDAc-pCaMKllo
NMDAo + pCaMKllo <=> NMDAc-pCaMKIllo
PNMDAc + pCaMKllc <=> pNMDAc-pCaMKlic
PNMDAo + pCaMKllc <=> pNMDAc-pCaMKllc

PNMDAc + pCaMKllo <=> pNMDAc-pCaMKllo
PNMDAo + pCaMKllo <=> pNMDAc-pCaMKIlo



EMBL-EBI Combinatorial explosion

NMDA + CaMKIl <=> NMDA-CaMKIl

NMDAC + CaMKllc <=> NMDAc-CaMKlic
II I I RS NMDAO + CaMKllc <=> NMDAc-CaMKlIc
—

NMDAc + CaMKllo <=> NMDAc-CaMKllo
NMDAo + CaMKllo <=> NMDAc-CaMKIllo

NMDAc + CaMKllc <=> NMDAc-CaMKllc
NMDAo + CaMKllc <=> NMDAc-CaMKllc
NMDAc + CaMKllo <=> NMDAc-CaMKiIlo
e NMDAo + CaMKllo <=> NMDAc-CaMKllo
PNMDAc + CaMKllc <=> pNMDAc-CaMKllc
II I I PNMDAo + CaMKllc <=> pNMDAc-CaMKllIc
— PNMDAc + CaMKllo <=> pNMDAc-CaMKllo
pNMDAo + CaMKllo <=> pNMDAc-CaMKllo
NMDAc + pCaMKllc <=> NMDAc-pCaMKlic
I I ESSEESS P/ MDA + pCaMKiic <=> NMDAC-pCaMKilc
m NMDAc + pCaMKllo <=> NMDAc-pCaMKllo
NMDAo + pCaMKllo <=> NMDAc-pCaMKIllo
PNMDAc + pCaMKllc <=> pNMDAc-pCaMKlic

ATP CaM PNMDAo + pCaMKllc <=> pNMDAc-pCaMKllc
_ PNMDAc + pCaMKllo <=> pNMDAc-pCaMKllo
P @ﬁ PNMDAo + pCaMKllo <=> pNMDAc-pCaMKIlo



EMBL-EBI | i Combinatorial explosion

5x12 state variables=




EMBL-EBI | i Combinatorial explosion

5x12 state variables=

1152 900 000 000 000 00O states

(1 billion of billion)
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Complex post-synaptic machinery
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Receptors for neurotransmitters are moving

Active synapse Silent synapse

Equilibrium

LTF Induction

Equilibrium

() GuR1/2 hateromar 0 GluR2/3 hetaromer A Skot protain

Barry and Ziff. (2002)
Curr Opin Neurobiol, 12: 279-286

Choquet & Triller (2003)
Nat Rev Neurosci, 4: 251-265



EMBL-EBI © Need another paradigm of simulation

Population-based simulation Particle-based simulation

m  Continuous representation of populations ®m Discrete representation of molecules

m  Generally deterministic algorithms to m  Generally stochastic algorithms (but
simulate the evolution of populations not always: deterministic automata)

(but not always: Gillespie) _
m  Generally location of molecules (but

m  Generally no representation of space not always: StochSim v1)

(but not always: finite elements) _
m  Representation of the movements of

®  No movements (but not always: PDE or (some) molecules

reaction-diffussion) o _
m  Possibility of multistates molecules

m Molecules under different states are
represented by different pools



EMBL-EBI i StochSim: Stochastic cellular automata

m  Morton-Firth CJ, Bray D (1998) J. Theor. Biol. 192: 117-128.
m Le Novere N, Shimizu TS (2001) Bioinformatics 17: 575-576

m  Particle-based stochastic simulations
m  Possibility of multistate complexes
m  Rapid equilibria to reduce stiffness problems

m 2D lattices of various geometry
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EMBL-EBI | i StochSim algorithm
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EMBL-EBI © Multistate reactions

base

(???207?77) > (?771777)

pbase X preI(O,O)

(0?20?7??) > (0??21???)
X
(1?20?7??) Poase pre'“)i’ (1??127??)

= '?' Flags do not affect the reaction

m only 4 species are needed instead of 128
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# of CaMKIl molecules
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Stochastic simulation of multistate complexes
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EMBL-EBI i i} Meredys: Particles, Objects and Clusters

wgan”

l

Particles carry binding surfaces

Cluster and object classes allows recording of Center Of Mass, radius, RMS
displacement, state

Clusters are dynamically created and destroyed - transient

Tolle D, Le Novere N (2006)
Particle-based stochastic simulation in systems biology
Current Bioinformatics 1 (3): 315-320




EMBL-EBI © Molecule diffusion

» Different diffusion spaces:

Static; Free diffusion; Membrane diffusion; Above membrane; Below membrane
= Two types of motion:

Translational r_2=2DTt=2kat

Rotational é2:2DRt=2kbRt
= random walk algorithm

| X

P(XJ): CXp——— aussian with o'=2Dt
J4zDt 4Dt 9
Translational A(x,y,z)=\/2DTt><gaussRand
V2D, ¢
Rotational Af= X gaussRand

r

m Two types of diffusion equations:

unrestricted brownian motion — Low Trans/Rot

intra-membrane diffusion (Saffman and Delbrick 1975) - High Trans/Rot



EMBL-EBI © Molecule diffusion

= Unrestricted brownian motion — Low Translation/Rotational

bT:L bR: 1 bT 42
67y 8 aur’ b, 3

m |Intra-membrane diffusion (Saffman and Delbruck 1975)
High Translational/Rotational




EVBL-EBI Reactions and complex formation
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EVBL-EBI Reactions and complex formation




EMBL-EBI i i} Mesoscopic simulations of receptor diffusion




EMBL-EBI i i} Mesoscopic simulations of receptor diffusion

wgan”
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Schizophrenia as a model disease

Dopamine hypothesis

Glutamate hypothesis
Neuro-developmental hypothesis
Cytoskeleton hypothesis

Molecular, cellular and circuit levels

for Systems Biology



CvBLER Schizophrenia as a model disease
e

for Systems Biology

= Dopamine hypothesis

= Glutamate hypothesis

= Neuro-developmental hypothesis
m Cytoskeleton hypothesis

m Molecular, cellular and circuit levels

= Complex problem: numerous participants
= Multi-scale problem: spatial, temporal

= Multi-approach problem: biochemistry, physiology,
behaviour etc.



EMBL-EBI Single-particle model




EMBL-EBI Whole-cell model
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EMBL-EBI :g: The model as an integrator of knowledge
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g(X'y O h(xly)
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Integration
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g(X'y O h(xly)

\/—

Integration

f(x,y) u(x,y)
Q>0 @ @

g(x.;% 4\(x.y)
e L~

Encapsulation

(i)




EMBL-EBI i Technical bottlenecks

o' 285 781
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Community activities of compneur

Systems Biology Markup Language (SBML) and associated tools

(e.g. SBMLeditor)

Hucka et al. (2003). The Systems Biology Markup Language (SBML): A Medium for
Representation and Exchange of Biochemical Network Models. Bioinformatics, 19: 524-531.
Rodriguez et al. (2007) SBMLeditor: effective creation of models in the Systems Biology
Markup Language (SBML). BMC Bioinformatics, 8:79

Systems Biology Graphical Notation (SBGN)

Ontologies: the Systems Biology Ontology (SBO), the
TErminology to Describe Dynamics (TEDDY)

Le Novere N. (2006) Model storage, exchange and integration BMC Neuroscience, 7: S11.

Minimal Information Requested In the Annotation of Models
Le Novere et al (2005) Nature Biotechnology,

Le Novere et al. (2005) Minimum Information Requested In the Annotation of biochemical
Models (MIRIAM) Nature Biotechnology, 23: 1509-1515.

BioModels Database

Le Novere et al. (2006) BioModels Database: A Free, Centralized Database of Curated,
Published, Quantitative Kinetic Models of Biochemical and Cellular Systems Nucleic Acids
Research, 34: D689-D691.
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