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Infrastructure Systems Biology Europe (ISBE)

EYSiue 1) The Make Me My Model (M4) pillar consists of a software infrastructure that helps customers to make their
'i.;%! * Model various types of data (genome sequence, transcriptome, proteome, metabolome, physiological, kinetic, etc.)

L o Yo predictive and understood via modeling (www.isbe.nl).
2) The Do Me an Experiment pillar is a distributed hardware-plus-service infrastructure that performs systems-

biology quality assays as a service (M5; Make Me My Mass Spectra Measurements, enzyme kinetics,
metabolomics, and epigenetics will be soon available. For the time being, there is a Systems Metabolomics
service at ISBE.IT (www.sysbio.it/isbe): a complete metabolomic platform to perform ad hoc experiments,
coupled with constraint-based modeling approach.

3) The Live Model Repository (LMR) of ISBE is a software infrastructure of interconnectable, systems-biology-
quality kinetic models through JWS Online (https://jjj.bio.vu.nl/) and COSYS (sysbio.it/cosys/), where users
can perform construction, modification, and simulation of kinetic models, and storage of curated ones (JWS),
or define mathematical models of biological systems and perform constraint-based (e.g., Flux Balance Anal-
ysis) and mechanism-based dynamic simulations (either deterministic or stochastic), drastically accelerated
by GPUs (COSYS).

4) The Data and Model Stewardship of ISBE called FAIRDOM (http://fair-dom.org). The FAIRDOM Project was
started under the auspices of the ERA-NET programme ERASysAPP and ISBE, jointly funded by CH, DE,
NL and UK. FAIRDOM assists researchers to be in control of collecting, managing, storing, and publishing
data, models, and operating procedures. FAIRDOM takes responsibility for the Stewardship of research
assets services of ISBE.

5) Help Me to Model (HMTM) provides training to customers wishing to make models themselves, in online or
workshop tutorials (www.isb.nl ).
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ISBE.NL at EOSC-Life (European
Open Science Cloud)

EOSC-Life

VAR

ISBE models at JWS Transcription data Kinetic constants data
online (linked with (through ELIXIR) (through SABIO-RK)
FAIRDOM)




CORBEL supported services:
Integration of Systems Biological Infrastructures
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Reductionism (one gene —> one disease)

Inferred from the central dogma of
molecular biology
DNA (cause)=>RNA=>Protein (effect)
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Circular causality in biology

The cell manages both storage and reading DNA information as a
whole; metabolites and proteins regulate transcription

CbNa

H

CRN A B general

B special

!

protein

Circular causality




An example of circular causality

BIOLOGY OF REPRODUCTION 72, 510-515 (2005)
Published online before print 6 October 2004.
DOI 10.1095/biolreprod.104.031302

Cytoplasmic Impact on Cross-Genus Cloned Fish Derived from Transgenic Common
Carp (Cyprinus carpio) Nuclei and Goldfish (Carassius auratus) Enucleated Eggs'

Yong-Hua Sun, Shang-Ping Chen, Ya-Ping Wang, Wei Hu, and Zuo-Yan Zhu?

State Key Laboratory of Freshwater Ecology and Biotechnology, Institute of Hydrobiology, Chinese Academy
of Sciences, Wuhan 430072, China

carp \ .
nuclei

goldfish

Cell as a whole decides which
goldfish information to read




Emergentism in biology

By Broad, C.D. (1925). The Mind and Its Place in Nature, London: Routledge & Kegan Paul, first edition

* thesis of systemic property: Property of the

system is absent when A and B are in isolation Biological emergent behavior

e thesis of synchronous determinism: There can be
no differences in the systemic properties without
there being some differences in the properties of the
system’s parts and their arrangement

Properties of components

e thesis of physical monism:
A and B are physical entities

. Elements A and B interacting in the -
~ system S(A,B b
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Problem, unsolved by C.D. Broad

"erkenne dich selbst”

Carbon atoms in the diamond
VS Gnothi Seauton (YvwOL ceautov)

Weak emergence Strong emergence

Broad, C.D. (1925). The Mind and Its Place in Nature, London: Routledge & Kegan Paul, first
edition

@ Nt HYPOTHESIS AND THEORY ARTICLE
published: 22 July 2014

rontiers in
MICROBIOLOGY doi: 10.3389/micb. 201400379

Macromolecular networks and intelligence in
microorganisms

Hans V. Westerhoff'??!, Aaron N. Brooks*®', Evangelos Simeonidis*®', Rodolfo Garcia-Contreras’’,
Fei He?, Fred C. Boogerd', Victoria J. Jackson?, Valeri Goncharuk'""? and Alexey Kolodkin*®*




The more information about state dependency is

required to reconstruct
is the emergence

the emergence - the stronger

European Journal of Pharmaceutical Sciences 46 (2012) 190

197

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/ejps .

European Journal of Pharmaceutical Sciences
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Emergence of the silicon human and network targeting drugs

Jeantine Lunshof *", Rafael Moreno-Sanchez', Nilgun Yilmaz *, Barbara M. Bakker ¥, Jacky L. Snoep“'l'“.

Rudi Balling™, Hans V. Westerhoff *"*

Alexey Kolodkin?, Fred C. Boogerd?, Nick Plant®, Frank J. Bruggeman 9, Valeri Goncharuk ®"#,
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High state-dependency of component
properties e.g. interactions between proteins A
and B depends on

e Other components (C,D,E,F...)

* Hysteresis

* Flow of mass and energy through the system
 Initial and boundary conditions, etc.



The information about state

dependency might be described in

the form of mathematical

equations

d(Asss)

dt

d(Aso00)_

dtsss =kfsss x [Asas] » [Asagl

d(Asss)

=Kfss5 x [Asae] x [Asagl

_kf1 000 * [A999] X [A998]

—— =Kf 001 x[A1000] x [A1001]

Systems Biology — holism and
reductionism at the same time



“All science Is
elther physics

or stamp
collecting.”

Ernest Rutherford, physicist,
born August 30, 1871

Dobson's Improbable Quote of the Day



Stamp collecting

Physics

How emergent properties of system relate to
each other:

Ideal gas law

Prassiire Temperature a = —_
¢ Number of moles i i = E—

PV=hRT

b

Volume Gas constant @, "0 o | a :
Pl e YR SRS S
Ideal gas law _— S LE DT
volumeg 1 volumg 2

How properties of system emerge:

E=3/2k*T
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interacting biomolecules List of genes associated with 6000 genetic diseases:

X R

Disease Type of Inheritance Gene Responsible

Phenylketonuria (PKU) Autosomal recessive Phenylalanine hydroxylase (PAH)

Cystic fibrosis Autosomal recessive Cystic fibrosis conductance transmembrane regulator
(CFTR)

Sickle-cell anemia Autosomal recessive Beta hemoglobin (HBB)

Progress in Biophysics and Molecular Biology 111 (2013) 69-74

Albinism, oculocutaneous, type Il Autosor

Contents lists available at SciVerse ScienceDirect

PROGRINS N
Blophysics &

Molecular Biology

Huntington's disease Autosor

Progress in Biophysics and Molecular Biology

Myotonic dystrophy type 1 Autosor| ©

ELSEVIER journal homepage: www.elsevier.com/locate/pbiomolbio

Hypercholesterolemia, autosomal dominant, Autosor Orginal research

type B Computing life: Add logos to biology and bios to physics

T S A S Ao Alexey Kolodkin *P*, Evangelos Simeonidis *®, Hans V. Westerhoff ¢9-¢



Systems Biology: Virtual Human instead of a single
equation

How to explain biological behavior in terms of interactions
between components

How to compute Life \

Virtual Human

, lycogen
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g Occam’s razor

William of Occam (1285-1349):
“One should not postulate (pose) more things without
necessity” (Pluralitas non est ponenda sine necessitate)

Which model is more likely to be correct?

Y

more complicated model simpler model




Systems Biology

Hans V. Westerhoff (at the beginning of the XXI century):
- One should not remove things without necessity
A /&* (Pluralitas non est eliminanda sine necessitate)

/

.f/

More likely to be correct

N\

more complicated model
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Orginal research

Computing life: Add logos to biology and bios to physics

Alexey Kolodkin **, Evangelos Simeonidis ", Hans V. Westerhoff ©%¢




Virtual Human is a model (a projection of one
system to another system)

But all our “Data” are also “Models”;
it is what is “taken” rather than what is “given”

H20




Digital/Virtual/Silicon Human

Data-driven Emergent property
(Digital Human)

Middle-out
(Virtual Human)

Mechanism-driven
(Silicon Human)

Interacting components



Universal building blocks for all biological systems

Abbreviation Name Side-chain pKa
A ala Alanine hydrophobic
NH-, G cys Cysteine hydrophobic 8.5
| £ D asp Aspartic acid  negative 4.4
0 0 0 M : E glu Glutamic acid  negative 44
| | | | | | </ \‘(%N F phe Phenylalanine  hydrophobic
HO—P—0—P—0—P—0 ke //[ G gly Glycine hydrophobic
| | | 0 N ™ H his Histidine positive 6.5
OH OH OH \J 1 ile Isoleucine hydrophobic
; . K lys Lysine positive 10.0
L leu Leucine hydrophobic
M met Methionine hydrophobic
OH OH N asn Asparagine polar
P ro Proline hydrophobic
ATP g I Ucose Q l;ln Glutamine pilar P
R arg Arginine positive 12.0
N ser Serine polar
T thr Threonine polar
w trp Tryptophan hydrophobic
Y tyr Tyrosine polar 10.0
1% val Valine hydrophobic



“Domino” approach & “Blue-print” modelling

Design principles study
( )

emergent behavior

—> design feature «—p»




AK1

“Blue-print” modelling

0 T Bacteria Archaea Eukarya
MUSCLE CELL @ p—

Filamentous

FAT CELL sSpirochetes bacteria Entamoebae :,':;es Animals
— Fungi
e \ Gram Methanosarcina 9
£ \ - positives Methanobacterium Halophiles
| ) Proteobacteria Plants
\ N Methanococcus ;
N J Cyanobacteria Ciliates
N
STEM CELL e il Planctomyces Thermoproteus Flagellates

Trichomonads

Bacteroides
. Cytophaga

Microsporidia
1

EPITHELIAL CELL

NERVOUS CELL BLOOD CELL

) Diplomonads
Aquifex

Cell differentiation Organisms differentiation

model

Blue-print



Slide 25

AK1 Alexey KOLODKIN, 7/15/2014



Hourglass principle in blue-print modelling

Diverse information for building the model (al lot of Data)

Blueprint modelling

Model instantiations specific for: species, diseases, persons



We model “ideal” behavior of homeostatic systems

Robustness through networking Disease as a network
perturbation

SR Current Opinion in Biotechnology
& r‘v; - Volume 21, Issue 4, August 2010, Pages 566-571

Diseases as network perturbations

Antonio del Sol !, Rudi Balling ! &, Lee Hood ?, David Galas ?

Show more

https://doi.org/10.1016/j.copbio.2010.07.010 Get rights and content

; STRETCHING,
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WIND —n
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160 m), Moscow, 1920-1922 | (compreSsioN)




Reconstruction of emergent behavior and
state-dependency of components properties.
Example.

- | Systems Biology
P) and Applications

www.nature.com/npjsba
ARTICLE OPEN "] Check for updates
ROS networks: designs, aging, Parkinson’s disease and

precision therapies

Alexey N. Kolodkin (3'***'°® Raju Prasad Sharma®*'?, Anna Maria Colangelo®”®'®, Andrew Ignatenko®, Francesca Martorana
Danyel Jennen'®, Jacco J. Briedé'?, Nathan Brady(®'', Matteo Barberis (:*'*'3, Thierry D. G. A. Mondeel*'?'3, Michele Papa (2/'*'?,
Vikas Kumar (57'%, Bernhard Peters'’, Alexander Skupin (37, Lilia Alberghina (:°’, Rudi Balling (37 and Hans V. Westerhoff'>#1819%
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Complexity and state-dependency in
Parkinson's disease

Symptomatic ~ motor  disorders;
sleeping disorders....

M easu red - Perturhation of ROS
l o e T v Lack of dopamine
emergent : )t Gop
behaviour: secretion 1in
) B dopaminergic neurons
A
Molecules: : mutations (DJ1)
25,000 genes :
1014 cells e o 4/‘ oxidative stress pesticides

10° interactions :
lack of substrate (in PK)

oooooo
......

[
eeccee
eeLCSB
. ......
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I Insight and Reproducibility are compromised if
we take fragments

123 publications
Two independent experimental data
sets:

University of Milano Bicocca

University of Maastricht

M easure d - Perturbation of ROS -

. i concentration /
e NN U OO N | " /M ey S | /

emergent g go| :

- _ g o 20 S

behaviour: : 2%

0 0.2 04 06 08 ) 1 2
Time (days) Time (days)
— —No de esign 1 —No desi

Molecules: o & e :
1074 cells ] - :

10° interactions
|:| wni.ln | G



A system should be taken as a whole

Computer and Al will do it
better than human brain

M e as u re d 100 Perturbation of ROS
se] cccccccc tration
emerqent - 2| gy
2 £ et .
behaviour: %
Tieways 0 o ! TmeI(d }5 4
—les ===No design

Robot-scientist is working
in Manchester

Molecules: SR A R e

25,000 genes -
1014 cells nci}3 _ |

105 interactions - =~

' SCIENTIST




We start with ROS (Reactive Oxygen Species)

Measured
emergent
behaviour: behavior

Molecules:
25,000 genes
104 cells

Systems Biolo
npj Y Yy

and Applications www.nature.com/npjsba

ARTICLE  OPEN ) ek or upat
ROS networks: designs, aging, Parkinson’s disecase and
precision therapies

Alexey N. Kolodkin (/%419 Raju Prasad Sharma®*'®, Anna Maria Colangelo®”®'%, Andrew Ignatenko®, Francesca Martorana®”®,

Danyel Jennen'?, Jacco ). Briedé'®, Nathan BradyD", Matteo Harberis{j’f"z'B, Thierry D. G. A. Mondeel*'2'?, Michele Papa (7'*'%,
Vikas Kumar(3™'®, Bernhard Peters'”, Alexander Skupin (7, Lilia Alberghina (:#7, Rudi Balling ;7 and Hans V. Westerhoff'-3 18195

Cytosolic
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I Step by step, we add new network features and observe
new emergent properties (design principles study)

Measured
emergent
behaviour:

New emergent behavior

Molecules:
25,000 genes

1014 cells
105 interactions




I Step by step, we add new network features and observe
new emergent properties (design principles study)

Measured
emergent
behaviour:

Another emergent behavior

Molecules:
25,000 genes

104 cells
105 interactions \




I Initial module: Mitochondrial damage and ROS form
positive feedback

<—Iealthy Mitochondria>ﬂ?-><mpaired Mitochondria> A
+ =

o 1000 -
(5 oros
re2
— 600
=
=
%)
3
© 400 -
200
0_
T T T T T T
0.00 0.02 0.04 0.06 0.08 0.10
Time(day)
—— ROS- - - Damaged Mitochondria

12/17/2021 35 "“i.I“ ‘ saose:
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Design 1: Adding mitophagy and ROS removal

<—|ealthy Mitochondria >—&

<mpaired Mitochondria >——0

L Steady state emerged J

re5 |

100
80
— 60
E %
£ 40
Q
& 20
0
0 0.2 04 0.6 0.8
Time (days)
e==design 1 —=No design

12/17/2021 36 "“i.I“ ‘ saose:
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I Design 1: With mitophagy and ROS removal

<-|ealthy Mitochondria>LT—><mpaired Mitochondria » —
re4

=@

[E]ﬁé’@ [ Antiox | | pe2 |

re5 |

Perturbation of ROS

synthesis
100
= 80 , ,
% 60
~ 40
8 20
x O
0 0.5 1 1.5 2
Time (days)
e==design 1 —=NO design

Wral robustness ]

Perturbation of ROS

100 concentration
80 e0eccccsccccce
=60 ! :
540 eccecoes’ °
(7)) Cececee
020
X o
0 1 2 3 4
Time (days)
e o o design 1 —=No design

[ No dynamic roﬁstnﬁ

37
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I Design 1: summary

[ Steady state emerged

No structural robustness }

No dynamic robustness

I X T

robustness

Feature . Mitophagy and
ROS removal
Steady state +
o3
‘5 o Structural .
g- GE, robustness
a @ Dynamic -

12/17/2021
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I Design 2: Healthy mitochondria is variable

ealthy Mitochondria >E?<|mpaired Mitochondria >§F->@
|

red

o . [
D ()5 e for®
@@ (s Jer{ paren Joom @)

12/17/2021 39 l"li.'“ I saose:
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I Design 2: Healthy mitochondria is variable

Perturbation of ROS synthesis Perturbation of ROS
100 100 concentration
80 80 eccccccccccce
—~ 60 —~60 !
3 G M.J\ =
@ Q fooeeon
14 14
0 0
0 0.5 1 1.5 2 0 1 2 3 4
Time (days) Time (days)
e==design 1 —design 2 —=No design eee design1 e=——design2  =No design

12/17/2021 40 l"li.'“ ‘ saases



I Design 2: Healthy mitochondria is variable

w 1 _ (IROS N No homeostasis |
H=1-Cgpg influx rate — 0 R/

Homeostasis

0 1

2 3 4 5
ROS synt fold change

-===(design 2

12/17/2021 41 l"li.l“ I raee:

oooooo



Design 2: summary

[ Both structural and dynamic
robustness emerged

12/17/2021

.-

No homeostasis

Feature : Mitophagy | Healthy
and ROS mitochondria
removal is variable

k: Steady state + +
>

] Structural = +
GE, robustness

m [

-% Homeostasis - -
O :

8‘ Dynamical - -
a robustness

42



I Design 3: Adding Nrf2-keap1 and p62 feedback

rel 2 3
Z]——G—»( Healthy Mitochondria >513F—><|mpaired Mitochondria >— @
e5

J re4

r
ref
TP 2 oD
re

re4 d

[ Keap1Act

re14

Nrf2Act

re6 reg

12/17/2021 43 l"li.l“ I raee:

oooooo



I Design 3: Nrf2-keap1 and p62 feedback

[ Homeostasis emerged |

Homeostasis

def [ROS] J—
H=1-Cpros influxrate — 0.37

H ¢ 0.37

0 1 - 5

2 3
ROS synt fold change

-===design 2 design 3



Design 3: summary

[

Homeostasis emerged

no

4

Feature - Mitophagy | Healthy Nrf2-Keap1
and ROS mitochondri | and p62
removal a is variable | feedback

k: Steady state + + +
(@)

| .

)

= Structural - W aF
3 robustness

20

)=

()

o :

o Homeostasis - - +
2

12/17/2021 45



We continue design principle studdies

[ Robustness with respect to the second pulse of ROS ]

no design 4
design

Feature - Mitophagy | Healthy Nrf2-Keap1 | NFkB DJ1
and ROS mitochondri | and p62 signaling for | balancing
removal a is variable | feedback mitochondri | responses
al repair
Steady state - + + + + +
g Structural : - + + + N
déa robustness
ag’ Homeostasis - - : F + -+
)
) Dynamical - - + - + +
)
£ robustness
m [J
= R_‘;E“St”esi 70 pages of Supplementary Material,
= with respec
% | o the second | | 108 plots, 138 COPASI models
pulse of ROS

oooooo
......

- wi.ln |
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Detailed ROS model

red4d

i retd s
S } = »| Healthy Mitochondria I&?:@gﬂ Impaired Mitochondria s
redt !

e8 |red1 Jres51

24 [ ®
= UncouplProtProt =

re24
ncouplProtRNA =

re22

re22

’ UncouplProtActGene |<—¢?HUncouplProtlnactGene‘

nucleus

Modules notation

ROS generation

[ IKK ]LBEZP[NFkBsignaI }Eﬂ—bgﬁ

relg

= Uncoupling proteins

red?
BRI L NFkB signalling
rehied

E

[EX N KNI
(X R N KX
[ NN X N
(X No K KX
sen®oe
coem@ e
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Validation of ROS model in terms of response to
menadione and hydrogen peroxide

A

Menadione addition 100 pM Menadione addition 0.1 mM
100
s A 3.5 )
= P ® 62 experiment
= 80 m 3.0 o i IR i :
E g e ®  AQ experiment
2 5o 8 2.5 - == [T ®  Bolxd experiment
= - %) - N e
E o B experiment 1 = 2.0 Pk N | === Tl e - = = pB2 mRNA madel
B 40 A experiment 2 o 1.5 PE e e S
. : o P P S - = = AQ mRNA model
S 38 ® experiment 3 = 10 e 8= g L S L NS S ) N | R -
= model H L ) - * — — — Bclxl mRNA maodel
2w - 0.5
[¢] 3 & 9 12 15 18 21 24 0 200 400 600 800 1000 1200 1400
Time, h Time, min
ATP after one pulse of H202 treatment ATP after periodic H202 treatment
140% 100%
120% o
= 20%
100% (e - - - . =
E T b - w R 0% = -
E sox | 1M L 4 = -
< PR PN T, ———— p——— < 40% “'._..-—--"\___,..--—\_ — ——
40% .. i - -
20% ® H [y Trana S e L S S ——— A
0% hd 0% hd - L]
50 100 150 200 250 300 a 50 100 150 200 250 300
Time, min Time, min
model 50 nh — = paodel 150 Ak ssssess model 300 Al — model 50 Nt = = model 150 nM sesse=es model 300 nM
u experiment 50 nk A experimeant 150 nk L experiment 300 nh - experiment 50 niv 4 experiment 150 nivl L] experiment 300 nM

12/17/2021

Design principles were checked again
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I Emergent behavior reconstructed in silico

Preconditioning to

oxidative stress (memory) Aging

4

5 ROS 5
s

5 E.,
=

| = ATP
0 é 1ID 1‘5 1
Time (hours)
0
0 25 50 75 100 125 150 175 200

Time (years)

Data are “live”

12/17/2021 49 “lli.l“ ‘ saose:



Sensitivity analysis of the dependence of steady
state ROS levels on various parameters

-0,6000

12/17/2021
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