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* Reconstruction of Biological Network
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* ODE & FBA
Pt ol
* Synthetic Biology
* Bioinformatics Engineering
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1 Systems Biology Overview

@zZJu

¥ Bioinformatics: Systems Biology BiS56e

HEJIANG UNIVERSITY Bloinformatics Server

The study of the mechanisms underlying complex biological processes as integrated systems of many interacting
components. Systems biology involves:

(1) collection of large sets of experimental data %(#&

(2) proposal of mathematical models that might account for at least some significant aspects of this data set %!

(3) accurate computer solution of the mathemecatical equations to obtain numerical predictions, 14

(4) assessment of the quality of the model by comparing numberical simulations with the experimental data. Z&1iiF

I
c Different levels of systems biology models and analysis
!
= .
S evolutionary D0 0 0 0 0 6 0 0
= mOdeIS 1 -1 1 0 0 0 0 -1 0 0
8 0Lt el sl
© topology © 0 0 1 -1 0 0 o -1 0
models SR N R R
stoichiometry
models
flux = e[S
models K+ [3]
kinetic
models
Leroy Hood, 1999 mechanistic
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Systems Theory

Early work
General Systems suffered from
> Theory Biochemical Metabolic 2000 .
A Karl Ludwig von Cybernetics systems theory control Hypercycles Human In ad e q u ate d ata

Bertalanffy Norbert Wiener Michael Savageau analysis Manfred Eigen genome
1930s 1948 1960s 1970s 1979 sequence

1869 1953 1980s )

Isolation of DNA Double-helix Transgenic

structure of DNA & knockout
mice

Molecular biology Further advances require data integration & analysis

Systems biology &

> Represents integration of the systems & molecular approaches R M i

° Motivated by need to relate genotype = phenotype \/ A R A

° Enabled by high throughput measurement technologies & 2) (4 (@VJ@\(—/’-@
advances in computer hardware & algorithms 5 A RifhiEss

(-
V/a\"/sN"/\\ VA VAVAN %
DNA mRNA Eam Kiftdh

i B — ML — AT

) # ;5§ Systems Biology Definitions BiSsoe
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 Data Integration
As global a view as possible * Gene, mRNA, protein, small
Fundamentally quantitative biological molecules, etc.

. . * Different levels: from gene to cell,
« Different scales integrated tissue, individual -

* Different methods or approaches
* Interdisciplinary work

" pAImS at s iﬁtgef\,\s;hlﬁ;\ﬁl « Modeling and Simulation
requires a set of principles
?ﬁdbmﬁthqdolo les tlhat ||InkS
e behaviors of molecules . . -
to Systems Characteristics i DynamIC BehaVIOF Pl’edICtIOI’]

and functions®

iA

Hiroaki Kitano
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#j:2. 2 Model Classification/types of models BiS55e
1. Conceptual or verbal - descriptions in Models

a natural language.

. . . .material/ \immaterial

2. Diagrammatic - graphical ’V%

representations of the objects and / A-’ informa formal

relations (e.g., physiological diagrams % \

of metabolic pathways such as the verbal  graphical/ mathe- graphical/

Krebs cycle). discriptive matical mathematical

3. Physical - a real, physical mock-up of
a real system or object (a "tinker-toy"
model of DNA or 3D structure of
protein).

SlE S dx

—:b-X-L'Z—d-X'}'
= ar v

—=ex-z-a

dt

E:c»y»:-(l—z-k»y)

4. Formal - mathematical (usually using
algebraic or differential equations).

Wolfgang Prange, 2004
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2 Network Representation
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#4727 2 Network Representation BiS56e
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:-Gene-disease (PNAS 2007)
o .‘;{ miRNA-disease (PLoS One 2008)
5% & Metabolic-disease (PNAS 2008)
* % pathway-disease (PLoS One 2009)
9" ,*" Drug-disease (PLoS One 2009)
c, . EMR-disease (PLoS Comput Biol 2009)
IncRNA-dis

12014

|
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Genome
Coding RNAs  Non-coding RNAs

Enzyme coding genes Other genes  MicroRNA

Enzyme Other proteins

Reactions

Metabolic Network
T 3

Ecqu-d ACompound 2
oun ¥ ;

Compound

Profpim2 t
Retainl 1 2" Protein 71

gyote'ﬂa i ‘!leeh\sr E#/lw
ind : Protein 6

Mitochondri Network Pexaxisome Network

[ Cytosol Network I |Go!gi Network

4 ;24 2 Pathway presentation/graphical notations BiS56e
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Kohn K.W. (1999). Kitano H. (2003). A graphical notation for
Molecular Interaction biochemical networks. BIOSILICO Vol. 1. No. 5.

N etWO rk Map of the Mammalian

Cell Cycle Control and B) Possoryaen

= A linked list of interconnected nodes. : ® o e s
DNA Repair Systems. © v @ -
= Node Mol. Biol.Cell. 10, oL
o Gene, protein, peptide, other biomolecules. ~ 2703-2734. g e EmE,
" Edges

" Biological relationships, etc., interactions,
regulations, reactions, transformations,
activation, inhibitions.

R. Maimon and S. Browning (2001).

Diagrammatic Notation and
Computational Grammar for Gene

T e Networks. Proceedings of the International

Conference on Systems Biology. 2001.

Graph = (Vertices, Edges)

Some common atoms

@core Formuinctshonodi e sight

Filld
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ding e represens the horodiner AiA.
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©
St sy fox st inbitiion reversible reaction b (A B Cleontrol GI pat transcripeion
W, Degradation produsts Thre
P
fbebearieime
Protein Folding/Transport
Processes
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Cook D.L. et al. (2001). A basis for a visual language for * Database specific notations.

describing, archiving and analyzing functional models of H . .
complex biological systems. Genome Biol. 2. KEGG/Metabolic pathways' GeneNet,

RESEARCH 0012. TRANSPATH -

Otjact cons Aetion amows * Nicolas Le Novere (2009). The Systems
s —» EmpEEs Biology Graphical Notation. Nature
o \ncrases or actvats & sogagitmic Nass 0n
E lon — Decrease
—0 Inhibit
Malecule (3 G N
— flow_lof — flow_from
T 2?:::’"” (s E) Reacton flow
_O Biomolecule A @~ B ) Bind_accupy
Funetional site 0 I Dimerize
Occupancy sies
Binding
Seq-binding
lon-binding Compariment
() Phesphoeylation Membrane
- compartment

#® Producer

[E] Enzyme l:l Process or model
[ K] Kinase
ﬂ Phosphalase o

“ Transporter :l

len channel

Exchange and storage format SBGN-ML and software library

BiS=25«

Bioinformatics Server

- Figd.nucleus.
o cyclin D1
] =]

MEKK2 & MEKK1

aspase-:

MKK7? MKK4

JNK1

_Gus transition

degradation
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%24 ¢ Integrated Networks
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# ;2 2 ¥ Network Visualization Tools and Layouts BiS=5«
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* Cytoscape
* plugins

* GraphViz

* Systrip

* Vanted

* Jdesigner

* CellDesigner
* Cell lllustrator
* iPATH2

Overview of Systrip a
visual environment for the
analysis of time-series data
in the context of biological
networks.

Bioinformatics Server

Network layout (M4&%/E) :
1. Basic Structural (E#E4544)
& — Circular

$15 [ — Force-Directed

% — Cluster

2 — Star

— 4K — Bipartite

2. Hierarchical & Radial (BX51Zm)
&>k — Hierarchical

Subtype: #Ik — Tree

{215 — Radial

3. Matrix & Tabular (46 5%1§)

45 [% — Matrix

4. Flow & Volume (R E SR E)
wE (S EEELHE) — Flow
(DAG-Specific)

| ZEE (RE) — Sankey Diagram

(Flow Volume)
ZE (M@K E) — Chord Diagram

5. Spatial & Geographic (23 ja] 5 HbIE)
T8 — Geographic
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* BioPAX: Biological Pathways Exchange
* Tools: Cytoscape, VisANT, BioUML, -

* PSI-MI: Proteomics Standards Initiative-Molecualr Interactior
* Databases: BIND, DIP, HPRD, IntAct, MINT

* SBML: Systems Biology Markup Language
* CellML: language for specifying and exchanging biological processes
* SBGN: http://www.sbgn.org/ g

\,BMI_:E:J:E !gogyg Docs Downloads Faciities Community A bout €

I for the Systems Bialogy Markup Langusge (SBML
f people word

SBML-compatible software packages
300

200

100

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013

) # ;2 4 ¥ SBML: Systems Biology Markup Language

ZHEJIANG UNIVERSITY

QML Systems Biology
‘ Markup Language
TIEAEAS [F AN 3 B LR 2 () 3 i Ay, AR JRAE T Gk = F R AR A (10 368 F 4% =

IR LA 0 A e R — PRI B FxmIfE 5, TSI TR Z AR
A HAET: R G W) FRid 18 5 (SBML).

AT HE LR FRRAA, SBMLIFF &A2E5rZ 0. SBMLIEZRARFR Alevel, 1L
LT IES AR SR 24k . SBML AR ILAE/H . #ltn, SBML level3 A4 {#
level 230, JF HABSR 4k S48 F 240 3 25 1 B 5 A i T AL


http://www.biopax.org/
http://cytoscape.org/
http://visant.bu.edu/
http://www.biouml.org/
http://www.bind.ca/
http://dip.doe-mbi.ucla.edu/
http://www.hprd.org/
http://www.ebi.ac.uk/intact
http://cbm.bio.uniroma2.it/mint/
http://sbml.org/Main_Page
http://www.cellml.org/
http://www.sbgn.org/

24 % SBML
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What Kind of Models Can You Express in SBML?

* Focus: systems of biochemical reactions
* Models can also include:

Compartment

* Compartments
* Rules/constraints
* Discrete events

Molecular species

;1% $ SBML

ZHEJIANG UNIVERSITY

SBMLIRIG S

SBMLI s K&
MIZHAE: reactants
species,product
species,reactions,rate
laws, LA & 7Erate lawst
HIZ$. TR
BCE L L 4, i
BRI — S B i A5,
. speciesf
compartments & fif &
funits. SBMLIGZ
2H A F X e H A 2H o

Reaction

Bioinformatics Server

beginning of model definition
list of function definitions (optional)
list of unit definitions (optional)
list of compartments (optional)
list of species (optional)
list of parameters (optional)
list of initial assignments (optional)
list of rules (optional)
list of constraints (optional)
list of reactions (optional)
list of events (optional)
end of model definition

@zZJu
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Systems Biology Markup Language (SBM

* Biochemical network models

kz* S
Ki %o

ky* Sy

* A model is described using a list of components:

- Beginning

» List
» List
» List
» List
» List
» List

- End of model

of
of
of
of
of
of

of model definition

unit definitions {optional)
compartments

species

parameters (optional)
rules (optional)

reactions

definition

4

Example (cont.)

<?xml version="1.0" encoding="UTF-8"7>
<sbml level="1" version="1">
<model name="simple’>

<listOfCompartments>
<compartment name="¢c1" />
</listOfCompartments>
<listOfSpecies>
<specie name="X0" compartment="c1”
boundaryCondition="true”
initialAmount="1"/>
<specie name="S1" compartment=-c1”
boundaryCondition="false”
initialAmount="0"f>
<specie name="X1" compartment=-c1”
boundaryCondition="true"
initialAmount="0"/>
<specie name="X2" compartment=
boundar
initialAmount="0.23"/>
</listOfSpecies>

1

Example (cont.)

<7xml versi
<sbml lev
<model name="simp

<listOfCompartments>
<compartment name="c1" />
</listOfCompartments>
<listOfSpecies>
<specie name="X0" compartment="c1"
boundaryCondition="true"
initial Amount="1"/>
<specie name="51" compartment="c1”
boundaryCondition="false"
initial Amount="0"/>
<specie name="X1" compartment="c1"
boundaryCondition="true’
initialAmount="0"/>
<specie name="X2" compartment="c1
boundaryCondition="true
initialAmount="0.23"/>
</listOfSpecies>

Example (cont.) Example (cont.)

<?xml version="1.0" encoding="UTF-8"7>
<sbml level="1" version=+1">
<model name="simple">

istOfCompartments>
<compartment name=""
<llistOfCompartments>
<listOfSpecies>
<specie name="X0" compartment="c1”
boundaryCondition="true"
itial Amount="1"/>
<specie name="51" compartment="c1"
boundaryCondition="false’
initialAmount="0"/>
<specie name="X1" compartment="c1”
boundaryCondition="true”™
initialAmount="0"/>
<specie name="X2" compartment="c1"
boundaryCondition="true"™
initialAmount="0.23"/>
</listOfSpecies>

<listOfReactions>

<reaction name="reaction_1" reversible="false">
<IilefRe%ct'anls> ie="X0" stoichiometry="1"/
<specieReference specie="X0" stoichiol =1"f>
qlis%ﬂ?eactantp pee i
<IilefP_rn'{1u‘:ls> s S1
<specieReference s e
qlis%ﬂ?ruducv pec
<kineticLaw formula=*k1 * X0'>
<listOfParameters>
<parameter name="k1" value="0"/>
</listOfParameters>
</kineticLaw>
<Ireaction>

itoichiometry="1"/>

ction name="reaction_2" reversible="false">
tOfReactants>

pecieReference specie="S1" stoichiometry="
stOfReactants>




Constraint-based models

Rule-based models

+ Multistate molecules

* Genome-scale
» Wholc-cel |

« Multicomponent complexes

Spatial models

+ Renetion-diffusion
« Spatial organization

Qualitative &
logical models

« Regulatory control
« Signaling

Multi-seale &
modular modcls

« Tissue & Whole-body
* Communities

Distributions &
Uncerainty

+ Systems pharmacology
+ Populations

Reaction &
process models

el

Dynamical
mode] components

* Developmental biology
+ Agent-based models

Vectorized
model components

« Girid-based maodels

¥ Application Support for SBML

RSITY
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« DARPA BioSPICE uses SBML as the model definition
language
« Applications supporting SBML:

Grouping & Visualization
Organization
~ Data integration
« Model annotation Duta integrat
* Sub-systems

;24 ¥ Standardisation

ZHEJIANG UNIVERSITY

BASIS — UK

Bio Sketch Pad — BBN

CellDesigner — ERATO Kitano Symbiotic Systems
Project

Cellerator — NASA JPL & University of California
Irvine

Cytoscape — Institute for Systems Biology & MIT
Gepasi — Virginia Tech

Jarnac — Keck Graduate Institute

JDesigner — Keck Graduate Institute

JigCell — Virginia Tech

NetBuilder — University of Hertfordshire

SigPath — Mount Sinai

StochSim — Cambridge University

Virtual Cell — University of Connecticut Health
Center

WinSCAMP — Keck Graduate Institute

« Others coming: E-CELL, Dbsolve, GSK PWF, more

c
SBGN 2 Visualized in Annotates
k¥
T
3
2
Visualized in >
BioPAX
c
SBML Annotates S
= used by 5]
© (=]
B 151
3 =
g PSI-MI
CellML (7]
Instructs Instructs
MIASE MIMIx

Minimal requirements
BioPAX and PSI-MI are designed for data exchange to and from databases and pathway and network
data integration. SBML and CellML are designed to support mathematical simulations of biological

systems and SBGN represents pathway diagrams.

Y]
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Mi
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=
S
3
g
GO =
g
el
D
e
=
S
(&}
PATO

Nature Biotechnology 28,935-942(2010)

11
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< - {0} BRENDA home
) 1 R N A o
o login \,0 ‘ Universitit
. @ history Braunschweig
POThg Ul d € ) the & Allenzymes The Comprehensive Enzyme Information System
o e Compl D\ Quick Search EC-Number‘ Enzyme Name' QOrganism ' Protein ' Full text' Advanced Search j
Interactions PE‘"‘\Q:K Fulltext S N | toese | Borax | <o | =
Metabolic Pathways Teletea 1 B ulitext Searcl Search | Dj i
Signaling Pathways E\:":{z i ML TS
Pathway Diagrams % Advanced Search
Transcription Factors | ‘J}/:E b
Gene Regulator = Ly
Networka @ Substructure Search H i
Protein-Compound New BRENDA release online since December 2011
Interactions
E:«t‘f“c Interaction % TaxTree Explorer
or
Protein Sequence Prote EC Exp\orer - . . . .
Focused Datatase = Nomenclature Reaction & Specificity Functional Parameters
Other
?92:::2. m Sequence Search Enzyme Names Pathway Km Value
Organisms 3DID- = [ EC Mumber Catalysed Reaction kcat/Km Value
B ]| e | &5 Genome Expiorer Common/ Recommended Name| Reaction Type Ki Value
Avaibi ADAN -
2t | 2 omeny ot Mot Subsees naproducs | (G20 Vele :
Standards AlFuse ynony! p B
o :""“‘0"‘“‘ Enzyme CAS Registry Number Substrates Turnover Number !
e | arameters Natural Substrate Specific Activity [
ana-r | CBML sBML Output Products pH Optimum ‘
Stafistics m\aﬂ @ soap Natural Product pH Range 7
Baabase mractions | A1 = Isolation & Preparation Inhibitors Temperature Optimum '
Download Cofactors Temperature Range
Comments, Questions, I Il Metals”ons
e Purification Organism-related information
weicomeY ARN-T (TutorialiTraining Cloned Activating Compounds g
m Organism
asALp |BRENDA input Expression Ligands g g T
AsD-A |Propose new enzyme Renatured Biochemicals Reactions Aligned LOUN‘ZE t\SSUE
ASEdb ocalization
aspp. |INroduction/References Crystallization Protein-Specific Search
ATDB-. |Contact and Impressum = -
APID- (pows Stability Enzyme Structure Disease & References
AIPIN -
Bacteric [JODS pH Stability Sequence/ SwissProt link Disease! Diagnostics
tpipathguideorgye1 || EANA- | Copyright il Temperature Stability 3D-Structure/ PDB link References

@zZJu
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;25 F BioModels
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Examples:

BioModels

3 Login

&,Register

D Browse v | .1 Submit ©¢ Curation v/ ©Help v @ Aboutus v = Contact us ® Feedback

Dear BioModels users,
We are pleased to announce that the critical data migration process has been successfully completed, and all services are now fully operational and stable.
while our platform was in Read-Only Mode. We sincerely for any the temporary ption to
caused.

and updates may have

We app! patience and

your

We're moving to a new home at the University of Florida, and our URL will change to https://biomodels.org. Find out more

models in standard formats. Our mission is to

BioModels is a repository of mathematical models of biological and biomedical systems. It hosts a vast selection of existing literature-based and phar relevant
high-quality, freely models published in the scientific literature. More information about using BioModels such as [ El il

‘
Non-curated
1,666 models

provide the systems modelling with

can be found n the FAQ.

1

Submission / Update

e
—

BioModels Parameters
899,648 records

Auto generated
833 models

Manually Curated
1,096 models

Model of The Month

Gall2023 - Agent-based model of the intestinal epithelium

Browse by Organism

This shows models distribution based on organisms. Click on a bubble to
display models.

@ 14/12/2025: Service Fully Restored: Data Migration Complete! (G
@ 24/09/2025: Our new home at the University of Florida (&

© 24/04/2025: Talk2BioModels - an Al chatbot for BioModels

@ 13/01/2025: Model of Year 2024 Winners

© 10/03/2022: Freely create a reviewer account for your models

@ 12/04/2021: Standards for curation 4
@ 27/02/2021: Reproducibility in Systelbateard e Ll cript i

To study how the intestinal epithelium maintains homeostasis and recovers
from injury, we built a mutti-scale, agent-based model (ABM) of the mouse
intestinal epithelium. This model allows for the quantitative simulation of

12
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3 Reconstruction of Biological Network

# 24 ¢ Pipelines for biological network reconstruction BiS=5«
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OISR LA 94 JE D YR g 24 i Ak i 246 LM e
SRR (RERPRA: SRS {65 B AR ERBG (S5
Z%) ; R T4 A R A A R . HERED ; Bkt
At GEO, ENCODE, JERA5 540 T2 fRfigfefif:
STRING, IntAct. TRANSFAC KEGG. Wi ways. K [R]- B 1 0 - e S BB
BioGRID SMPDB KEGG, Reactome
l l 1 Xt A K 8
BT B
W HEAm Tate BO. SRETE (e QDR BR (e R
W R 2 RO ) il BRI =
S bl e BERSEEZEM A HTZEMRER fost o PSR
i XB AL (] MRESEIRR  p: 1
' Jita: A1 Jifl: AR
(T coTETEEEEES = GO G \
LRI A b7 AT B S BT 2 EATBRARIE ! a
1 ARG 35 19 2% o 2h g A fEtEgakiee | BB
| REN KB o 1 K 5 :
' /
(ZEUEYA

{8 Cytoscape % T HLHEAT M4 W LA
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Functional module-based methods

Linkage methods

Trait-associated linkage interval

G1 G2 G3
Chr

Functional
module

Phenologs
Organism 2
Orthologous
( ) gene pairs ( )

G @t 2 Qe e S
Gene 8 (O)=e-=======~| t=) Gene &'
Gene C (Jfmmmmmmnn ) Gene
Gene D O)er--=---=--- te-{) Gene 0

E °O --------- rbo Gene E'
/4 4

Orthologous
phenotypes

Organism 1

Causal genes
for phenotype 1

Causal genes

for phenotype 2

Candidate for
phenotype 1 == Gene

#i j2 4 ¥ Genome-scale Metabolic Network Reconstruction

ZHEJIANG UNIVERSITY

1 o o 00 0 oo GLC
4 1 0 00 0 00 GBP
P 1 1000 00 FEBP
00 0 000 0 0| Amino Acids
b0 000D 0 0 ) Nicleatides
Pr i
seence Metabolic Model
Stoichiometry

|

OK?

Cofactors

Biochemistry Books Reversibility

ATGGTTCATITAGGTOCARAGAA
ACCACAGGCTAGALAGGETTCC
ATGGCTGATGTGCCCAAGGAST
TGATGGATGAAATTCATCAGTTG
GAAGATATGTTTACAGTTGACAG.

Localisation /
Biomass | No
ATP requirements /

Regulation

LYes!

Annctated Genome

Shen

Predictions

»

Recent publications
Review articles

2025/12/24
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BiS25a
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[

Diffusion-based methods

Predicted pathway

o Known trait-associated gene

° Candidate causal gene

O Unlikely candidate

@zZJu

BiS=25«
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* Reconstruction of Amino Acid
Biosynthesis Pathways from the
Complete Genome Sequence. Bono,
Genome Res. 1998

* A Framework of Automated
Reconstruction of Microbial
Metabolic Pathways. Bansal, bibe,
2000

* Reconstruction of Metabolic
Pathways by the Exploration of Gene
Expression Data with Factor Analysis.
David A. Henderson, Dissertation,
2001

* Genome-scale Reconstruction of the
S. cerevisiae Metabolic Network.
Foerster, Genome Research,
2002

* PathFinder: reconstruction and
dynamic visualization of metabolic
pathways. Goesmann,
Bioinformatics, 2002

14
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Since 2003

* Metabolic Pathway Reconstruction for Malaria Parasite Plasmodium falciparum—=>
Limviphuvadh, Genome Informatics, 2003

* Ab initio reconstruction of metabolic pathways > Boyer, Bioinformatics, 2003

* Reconstruction of metabolic networks from genome data and analysis of their global
structure for various organisms = Ma, Bioinformatics, 2003

* Automated metabolic reconstruction for Methanococcus jannaschii = Tsoka, Archaea, 2004

* Reconstruction of regulatory and metabolic pathways in metal-reducing &-proteobacteria
- Rodionov, Genome Biology, 2004

* Computational prediction of human metabolic pathways from the complete human genome
- Romero, Genome Biology, 2004

4 25 ¥ Genome-scale Metabolic Network Reconstruction PSSy

ZHEJIANG UNIVERSITY Bloinformatics Server

EEGMSS & e

mentation
rescriompathway )

Sub-desired strain

» Tmproved to some

Parent strain
P

ental method

Xu etal. 2012 d
Applied Microbiology
and Biotechnology

15



# 24 ¥ Genome-scale Metabolic Network Reconstruction
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A protocol for generating a high-quality
genome-scale metabolic reconstruction

2025/12/24

B‘ @ZJU
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Reconstruction of biochemical
networks in microorganisms

Data required End product
RS Data assembly and dissemination Genome sequence PWIT
11 Obtain genome annotation. 951 Print Matlab model content. Draft
2| Identify candidate metabolic functions. 961 Add gap information to the reconstruction output. —_—
3] Obtain candidate metabolic reactions. £OOO! YBRZW reconstruction
4| Assemble dratft reconstruction. Similarity-based b0002 YBRIBW
5| Collect experimental data. annotation boO03 YBRZMW
’ 4. Network evaluation :
43-44| Test if network is mass-and charge balanced.
o " Reacti
451 Identify metabolic dead-ends. Known metabolic Oqﬂ’i;-o
2. Refinement of reconstruction 46-48| Perform gap analysis. functions & &
6l Determine and verify substrate and cofactor usage. 491 Add missing exchange reactions to model. One _|AReactiontwo _ Thi
7| Obtain neutral formula for each metabolite: 50 Set exchange constraints for a simulation condition. Genetic data ok— o e g Curated
8| Determine the charged formula. 51-58 Test for stoichiometrically balanced cycles. o; 14 & 0; reconstruction
9| Calculate reaction stoichiometry. 59| Re-compute gap list.

10l Determine reaction directionality.
111 Add information for gene and reaction localization.
12| Add subsystems information.

31 Verify gene-protein-reaction association.

60-65| Test if biomass precursors can be produced in standard medium.
66 Test if biomass precursors can be produced in other growth media.
67-75| Test if the model can produce known secretion products.

76-78| Check for blocked reactions.

Biochemical data (O

Reaction one O

QorA Qorh

" . . B rd

141 Add metabolite identifier, 79-801 Compute single gene deletion phenotypes. Detailed [ ; substates H
15| Determine and add confidence score. 81-82| Test for known incapabilites of the organism. physiological data a5 ———

161 Add references and notes. 83| Compare predicted with known 5 Genome-scale

17| Flag informaticn from other organisms. 84-871 Test if the model can grow fast enough. metabolic model

181 Repeat Steps 6 to 17 for all genes. 88-94| Test if the model grows too fast. Deletion phenctyping  (B00000

191 Add spontaneous reactions to the reconstruction. {phenomics) tetetetetete) N hreduers
201 Add extracellular and periplasmic transport reactions e

21| Add exchange reactions. 5 "

22| Add intracellular transport reactions. 3. Gonversion of reconstruction Questions

23| Draw metabolic map (optienal). into computable format Fluxomics ng Ty 2p

24-32 Determine biomass composition 381 Initialize the COBRA t00lbox.

33| Add biomass reaction. v 201 Lo asomatretion ine Matiab. Metabolomics Ez ﬁ % ?g

34| Add ATP-maintenance reaction (ATPM). 401 Verify S matrix. h2 715 Platform for

e 411 Set objective function. Proteommics i == design and

TR e ) 421 Set simulation constraints. discovery

37| Determine growth medium requirements.

nature protocols | VOL.5 NO.1 | 2010 | 93

24 ¥ GMSS Tools

EJIANG UNIVERSITY

Transcriptomics

] |
o

Figure 1| Phases and data used to generate a metabolic reconstruction.

Feist et al. Nature Reviews Microbiology, 2009, 7:129-143

* SEED, Model SEED -> CytoSEED (Cytoscape plugin)

BI @zZJu

Bioinformatics Server

. - ~ E -
(] BIGG sgaaca e eh™e
BIGG Database a) | | b)  Giycine, Serine, and Threonine metabaliem . ao% e % 2 y re
e s . . & e i
Browse Recoastruction reactiom: 1
» . —— - o et :
! " . -
[ | [ ]
| & . pe .
L L] « n
" L B

The BiGG knowledgebase can be accessed

CytoSEED interface displaying a refined visualization of the

through a web browser.

metabolic model for Mycoplasma genitalium G-37

Jan Schellenberger et al.

Matthew DeJongh et al. Bioinformatics, 2012
BMC Bioinformatics, 2010
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Gap filling for reconstructed metabolic
model

* DEF: an automated dead-end filling approach based on quasi-endosymbiosis

External Draft

model[c]

reatctions[e] Endosymbiosis

Simulation

[ De

<> Reactions
’ Transporters
@ Metabolites
@ Dead ends

#i ;24 % DEF Web Server B:iSZe

ZHEJIANG UNIVERSITY Biolhformatics Server
a . C [ e R
i M
Dead End Filler
Input your Job I0 to retrieve results
Job 1D: 5262210611551900 e
Job Submission | Results Retrieval Tutorst
Proceseing: DONE, resuts are compressed hece
Submit your job here
Deadend - Pathway Created Time
Model fle(.xmi) © O D s e s e 23tcquinlc)-xo000a
Fa— " finding the most biological meaningul
etabaltes dictonany(xt) @ Candicats reactions in e meADOIC
Petwork reconstruction
Reaction mapping(.bx) @
pesipai It constructs an codosymbiosis
ermal reactions{.xm) optional @ 0
T o e seeched 110536012
Organism proteome sequencel,fsa) aptional @ Most probable candidate reactions
e o i selected
S | o
o Bt e bt e
@ Add Raacsons
. @ Non o Rescis
P
b Model file{xml) @ Oeoends
[SBML file{.xml) for the model of interest containing dead end metabolites. >
[Metabolites dictionary(.tx o o 8 e
Plain text File(.txt) for ites dictionary i Din g
model to ID in KEGG database or identifiers in external reaction file.
Reaction mapping(txt)
Plain text File(.tt) file for reaction mapping from target model to KEGG e ™~ s |
z ———— et T N T O |
Extrenal reactions(xmi) optional e — |
Specified external reactions(.xml) for gap filling. This file is optional and
especially useful when users want to use a relatively well-established and 1
model to fill gaps in his/her own model. ]
Organism proteome sequencel fsaj € [Homolog analysis
Organism Proteome Sequences(fasta) for the target organism. This file is Dead-end Reaction Candidate-enzyme Hit E-value identity coveragel
optional for the webserver to run, but obligatory if the user needs the 23doguln R02639 eln:NRG857_17800 E2QGI7 0 100%  100%
validation informations linnm____R00688 _gmc:GY4CM1_1502 E2QMW90_236% _ 79.6%
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A% ;24 % Methods for gene regulatory network modeling B;m

ZHEJIANG UNIVERSITY

Bk

TRGHERERENRAEXR, &

* Ruled based formalism

« ETRNRRTTE

Correlation networks

R BB RREE;
Boolean networks LDl e s EHMANG, ETHEA SENBESEk, WEEBLORS,
25 R AL R R TR AR

Bayesian networks R R R RlSeENE TETFAAENE, SitESLE
Ve NRE TRIE AR

Stochastic equations

REHLTIE

FZFEAR R B HEE NI RIRTR

BKITE RFHERANERE. BEE
R ZATNREARIR,
Dlgeinee sl TIAMESLISHRRR TS, AILASE
RESENTHEN, WEEIE
WIEE EEME

REEEEEANFRR, TEEI

Differential equations =

(DL

Petri nets syl e Bl A ERIEEE RN FE, A% TEFEK BE5/MIERLE
(xZE) Petrify FER R EEERAIIEER R IR

£

e Bl RIDREE RN F T IR S
FHE, MEEIEAN ML

THEFHER, SEMELRMEE;
EBR/NRM L

D )24 ¥ gene regulatory network modeling

ZHEJIANG UNIVERSITY

ETRAEEIREE R M
- <l

ETHFE HEFEEMER—MABERFEARN TUELRRARHEATERAHLE
MEMTTE HERPEERELARDAMNTRANE E2R4A, 2ENNHERREERX
A AIRL ERE IR,

ETRRE RFREMES—FBELRHERZE BERTERFRETHIREIRFXER,
MTE 7T A FENAREBRRRENERE FERRETEREMOTHETTERR
EMEETTE. REFBMREXRR.

BETERAR ERARGERBERBEMNZEE BEETHOTEIMBIIMERE,
SN —AEZANNSEG, BEBEYR FHHAEEFIAEBIRRNNE R R

& BRRRERZ ENEEXER. S LR,
ETERR FERE—MRANEREEREXR BEETERHMEMAE MUREX
H77% 7%, BEHERRZENGES MNEEESFBMSKITEERZE

MK EMER B ML

KEk.
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FEEZMTE: WGCNA

WGCNAZ—HME LA E T HFRIA
MEMEZE, TBIERHFIAR
I 289 B AN B YRR SR IR BB R =
BMIEERXR., XN EBREER

2025/12/24

Bioinformatics Server

[ Construct a gene co-expression network
Rationale: make use of interaction patterns among genes
Tools: correlation as a measure of co-expression

-

]'Identify modules WW s
| Rationale: module (pathway) based analysis 4l \ |

| Tools: hierarchical clustering, Dynamic Tree Cut

BiS25a

I

[Relate modules to external information ' i I l
Array Information: clinical data, SNPs, proteomics | | _ﬂ i | =

XS HE @k Langfelder, P. and Ay Information:cinial data, SNPs, proteomics |
. ene Information: ontology, functional enrichement |
Horvath, S. (2008) WGCNA: an R | Rationale: find biologically interesting modules

package for weighted correlation l ‘ o

REFEXRLI.

network analysis. BMC Study module relationships { H\i
.. . Rationale: biological data reduction, systems-level view| » ™%,
BIOInformatICS, 9(1)1 559. Tools: Eigengene Networks ' =

[Find the key drivers in ihtéresllng modules
Rationale: experimental validation, biomarkers
‘Tools: intramodular connectivity, causality testing

BiS=25«

Bioinformatics Server

422 ¢ gene regulatory network modeling

ZHEJIANG UNIVERSITY

FEHZEMTE: GENIE3

g
]
Iy
H

G,‘_E N I E3 IEE * EFI%:_F %?& p_kﬁ El\] ) S Learningf; Gene ranking
B%, BUEAREITEERR LG e |8
%IJ% Z ] Ej El\] %Wﬁ% %\ o iZ. = c m;;»bl S Interaction ranking

|

i |
|

NEBEERPythoni2EFEX E]
KR

WESEXFR: Huynh-Thu, V. . e
A., Irrthum, A., Wehenkel, L. and =

Geurts, P. (2010). Inferring R

regulatory networks from e

BAREREE: SEEETHNENEEZ—#TON BRRZERNEHRER.
BEREETER: MROFEERENEENEZEET.

FELARMEE: BB MEVIRMIER (SHAIER) KRN B RERE R
WK, ZERNMAREAERERTHREEE.

FEMTS RBEVEMER, HEENRERFHFLEEERITS (Feature
Importance Score) , XRMRTIZERENBEEFHEEMN.

MEmE: B LRERE, STFENERER, £~ NEREENE, RENS
HFENBTEEETS (MERZEMIBEXR) HR

expression data using tree-
based methods. PLoS One, 5(9),
el2776.
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%24 ¢ gene regulatory network modeling

ZHEJIANG UNIVERSITY

FEEZMIA:

Lemon-Tree

i Define a biological question, e.g. influence of copy-number alterations on co-expressed
‘ gene modules in glioblastoma cancer.

Lemon-Tree—METERRZIE
PHEXL, BERIBIENEEE—
PMASHEZRRGE, BE@AHS
FRRARENERFEMNLE, XA
FEEEF Alavale FE SRS,
HFEXSZEXER: Zhang, Y. Liu, K,

Liu, Z. P., Lai, L. and Huang, J. (2011).

Lemon-Tree: a generic framework
for construction of spatiotemporal
gene regulatory networks. PLoS
One, 6(10), e27156.

y

Preprocess expression data matrix
(sample and gene selection,

v

Select candidate regulator types
(gene expression, microRNA, copy-

normalization) number profiles, epigenetic profiles,
\L SNPs, etc.). Preprocess input data.

Infer co-expressed gene clusters
from expression data matrix
ganesh

¥

Build consensus modules of

co-expressed genes.
tight_clusters

¥ \

Infer an ensemble of regulatory programs for a set of co-expressed gene clusters and
compute a consensus score (i.e. build the module network)
regulators

v Y ¥

Draw publication-ready Calculate gene ontology Biological interpretation
figures for modules (GO) enrichment for each and analysis (pathways,

) module. gene hubs, etc...)
figures go_annotation

@zZJu

422 ¢ gene regulatory network modeling BiS56e

ZHEJIANG UNIVERSITY

FEHZMTE: ARACNE

ARACNER—FETERIRHNEZX,
ﬁﬁﬁ ET;. BRENEFRZENEE

HHFXSZEEL: Margolin, AL A,
Nemenman, |, Basso, K., Wiggins,
C., Stolovitzky, G., Dalla Favera, R.
and Califano, A. (2006). ARACNE:
an algorithm for the reconstruction
of gene regulatory networks in a
mammalian cellular context. BMC
Bioinformatics, 7(Suppl 1), S7.

Bioinformatics Server

¥ @
i i |
00 . garieredail__ —
T
At 4 eoct
ALSg STEL2 K1
®. o AL a2
o P ¥
S50 B
AL ' ’
A L
ogs PChl
v 1ap4  YDROZ3
. Far Hi
ax

I cive Tove et e
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# ;2% 2 Single Cell GRNs B Sey

Bioinformatics Server

ZHEJIANG UNIVERSITY

Brleﬂ_ng sin . SCENIC workflow
BIOII'IfOI'ITIatICS Coexpression modules
Issues Advance articles Submit ¥ Purchase Alerts About ¥ Briefings in Bioinfor ™ g Cel
Lo ‘
Gz ¢
| JOURNAL ARTICLE < (g .
onmaths A comprehensive survey of regulatory network e -
inference methods using single cell RNA sequencing — —
egulons
data 3 : ) ) (gene regulatory network)
Hung Nguyen, Duc Tran, Bang Tran, Bahadir Pehlivan, Tin Nguyen & 5
Volume 22, Issue 3 Briefings in Bioinformatics, Volume 22, Issue 3, May 2021, bbaa190, %
May 2021 https://doi.org/10.1093/bib/bbaa190 ';'
Published: 16 September 2020 Article history ¥ [‘E :
. . —+ Direct target Coexpression
1.FAGENIE3 (BE#HLZR#K) 5t GRNBoost (Gradient Boosting) H Mk 5 F F SR L& CGATCr.
Rz EffRAER, BMERES— N EXEFREERR, ARETHRE, o
2 fEFRCisTarget ST st R ER AR AR A, L% Eenriched motifs; {RRE Regulon activit in the cells
TF motif & &£ tERtargets, GANTFRE B & targets genet& FR1E—MA -
¥ (regulon) 8 3
3fEFAAUCETEEN AT G M regulonBISEM, AUCeI S #UBFAEMRegulons® 2 s
MEERE, Bid AhE NreguloniR BEAUCHIME, T DUZAERF#IT B (0l1, & : "
onloff) , XI¥&HERegulonZEBRLEMRAR 40 T $T T IRES or oo

@zZJu

#;* ¢ gene regulatory network reconstruction Bi

ZHEJIANG UNIVERSITY Bloinformatics Server

S BEOKF: BESFIEGRN
Ry —— KF: BEASS
oREF RNX—seq l.hcro'arvay '
P = 2] 3] 1 RS o ® #ax7
& . Su 9. BT
X e =| / L 5
A wemr
s ChiP-seq AIAC-seq s o ==
; sils? 7 5 ABREOKTE: ‘MBS GRN
.......... 4% - Y o —— UK : RS
N , BRENSHE o e \ BE /) g u N
* Hi- E ’IL’ - %‘na 1 ] - ‘::‘:: 2 2 :
° c - i e @
__________ 4 + scRNA-seq Gana = o ¢ IRTF A B AL {RISSETIA GRN
% + SCATAC-seq ‘Cv o @8-
. oescHiC Ty 1\5 A a® &
pEPEEY « scChP-seq 1L oram s e 8
“RISTIB GRN  4ABRESTIC GRN
KR HERRELX BREAEIERSEE
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e W Different levels of systems biology models and analysis B;$25%

Bioinformatics Server

ZHEJIANG UN|

t &5
evolutionary
models

A Network structure

R‘ = Exort

B Stoichiometry

R1
4 0 o » " Import l Export
i o

Import

!

abstraction

topology
models

1

stoichiometry IRREREE “'
models - ;—; Sen iy C  Ratelaws
flux mport -l T
models "

D  Differential Equations

kinetic
models u Y

Import

%é

‘ . . as,(t) dS,(t)
®=1mechanistic 3
b v v
R,-2'R, 2'R,~R,
v v

S, S,
g . . - — .
k=20 K +5,) 2 Vow” Kim 2 5,) k"2

EYEESF E1E 27 10131k

Bioinformatics Al

4 Topological Analysis
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;2 ¥ Networks B1S<5e
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Regular, random and real-world networks

Regular Small-word Random

Increasing randomness

D.J. Watts, S.H.Strogatz, Nature 393, 440 (1998)

Real-world networks are likely to be small-world networks:

*  The separation between any two randomly chosen nodes is very short.
*  Anhigh degree of clustering.

» Distrubution of connectivity in most real-world networks follows a

power-law distribution P(K) ~ K (scale-free property).

#4242 Network Analysis/Measures BiS56e

ZHEJIANG UNIVERSITY Bloinformatics Server

+ directed network + Degree k; f%
* undirected network
« Degree distribution P(k) F£ 43 i

g
/

« Network Diameter %% E.1%

« Clustering Coefficient 25 2%
G(V.E); [V] =32, |[E| =39

/ | Cligues: protein complexes |

| Hubs: regulatory modules |

| Subgraphs: maximally weighted |
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Bioinformatics Server

Degree k; [&

Degree distribution P(k) J¥ /3 4f
Mean path length ~F33 %K
Network Diameter 4% F4%

Clustering Coefficient 2% R %

K=6
Kin:4, Kout=2

#4242 Network Analysis/Measures BiS56e

Bioinformatics Server

ZHEJIANG UNIVERSITY

Degree k; 5

Degree distribution P(k) J& 43 #i
Mean path length ~F¥ K
Network Diameter M%% H 4%

Clustering Coefficient % £

frequency
[TTTTTTTT]

1 2 3 4 5 6

2
degree connectivity
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;*+ ¥ Scale-free network B,

ZHEJIANG UNIVERSITY Bioinformatics Server

TokrEE M 24 Scale-free network

PLSIE N 28 J LT E0 ELAT /N SR 0RE, KR B I I 2% (14 45 £ TR ST P(ky ~ K7

Power Law Distribution 1a°

Number of nodes with k links
A
»
iz
S5
2 8
P
a
0
i

1o -3

P(k) ~k o
e =
. - O e e io® o
Number of links (k) F

=

Tobr B I 2 S LM 28 XS EE: () HH A BREAL I

s
. ) 2%, KB as s ARE H2B35510, 055155141
0% O FAZI AR D, T (b) HR I e R EE 4%, KR
SR, DRSS (At R KED
(a) (b)

it ¥ Scale-free networks BAERY B:iSZe

Bioinformatics Server

ZHEJIANG UNIVERSITY

Albert-L4szI6 Barabasi-5Réka AlbertfE19994F (IR 3L H i H T —AME AR MR 52 J W 4 (R AR R, BN
BARREAL . X AR T B A B

WA A IS L5 AW AWK TSR, 90 2 E 6 o) i o DL PR HE A=, R X 68 o A A
N, BRI R, RASIEE R I i

A EEEEA A B S S TE NI S0 T 545 58 85 B2 0045 UM, 31 37 I O — 2 A 310601 42 14 P 445
S HOBERE, CHOMAAE RN SR SRR R R A0 N R, RIS SO T B A T2 B RIS 443
BR, FHlH A B S KA 2 B I 5 . Rich gets richer!

The algorithm

»  Growth: starting with a small number of nodes mo, at every timestep
adding a new node with m (<=mo) edges to the exsiting nodes.

. Preferential attachment: when choosing the nodes to be connected,
the probability of being connected depends on the its degree
kilsum(kj).
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;*+ % Network Analysis/Measures B1S55e
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. Degree k; ¥

« Degree distribution P(k) J¥ /3 fii

« Mean path length “F¥ %K

+ Network Diameter P45 1%

« Clustering Coefficient 525 £ ¥
/ + Betweenness/| %

« Closeness'% % &

« Topology Coefficient## + £ i

Longest Shortest-Path: diameter

422 ¢ Clustering Coefficient BiS56e

ZHEJIANG UNIVERSITY Bloinformatics Server

The density of the network
surrounding node i, characterized as
the number of triangles through i.
Related to network modularity

n. 2n.
C_ — 1 — 1
" (k) k-(k-1)

2

The center node has 8 (grey) neighbors k: neighbors of i

There are 4 edges between the neighbors .
¢ ’ N;: edges between node
i's neighbors

C = 2*4 /(8*(8-1)) = 8/56 = 1/7
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A% 24 ¢ Hi hical N k B S
/ 1erarcinica etworks i dapa
ZHEJIANG UNIVERSITY Bioinformatics Server
A Random network B Scale-free network C Hierarchical network
Aa Ba
4
|
J
Ab Bb Cb '
¢ .
10
! 102
01 0%
% z% 001 T 10
105
0.001 -
106
0.0001 10-
P 1084
k 1 10 100 1,000 10 100 1,000 10,000
Ac Bc % Cc k
- - =
= < 5]
O (8] @
el
k k log k

BiS=25«

ZHEJIANG UNIVERSITY Bioinformatics Server

Attack Tolerance
* Complex systems (cell, internet,

social networks), are resilient to Complex systems maintain their basic functions even

component failure under errors and failures
(cell > mutations; Internet — router breakdowns)
* Network topology plays an Scale-Free Network, Accidental Node Failure
important role in this robustness o . S
P Hab = °
* Even if ~80% of nodes fail, the N . NLSA | | /£ S AN ) A
remaining ~20% still maintain V2 )y & :i" % " e | A o /','v %,
network connectivity WS \W 8 N R S
A2 \/ <Pk /o e
S, \ "\
¥ * “ ¥ . .
. L]
* Attack vulnerability if hubs are Zas —
Selectively ta rgeted Scale-Free Network, Attack on Hubs
& = : G g = ’ ‘A sched .
. . i“,' s 3 o7 \‘l "y L
* Inyeast, only ~20% of proteins are ATV S — 9 v
lethal when deleted, and are 5 N A AN < .| & ,' " A 2
times more likely to have degree Ve : ) } gt e [
k>15 than <5. \ .7 \¢ # < 0
» <
—4 ©
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v Small World: A small average path length Network motifs

* Mean shortest node-to-node path

v Power law degree distribution: Rich get richer fE
v Hierarchical Modularity: A large clustering coefficient
* How many of a node’'s neighbors are connected Triangle
to each other
v'Robustness: Resilient and have strong resistance to A
failure on random attacks and vulnerable to targeted
attacks Feedback loop Feed-forward loop
* Assortative: hubs tend not to interact directly with
other hubs.
* Hubs tend to be “older” proteins (so far claimed for
protein-protein interaction networks only)
. Bi-fan Biparallel
* Hubs also seem to have more evolutionary pressure—
their proEem sequences are more conserved than
average between species (shown in yeast vs. worm) The feed-forward loop, Bi-fan, Biparallel are over-
e e presented. Science 298, 2002

Triangles in human 194 times that in S. cerevisiae.
Nature Comm. 2013

MotifNet: a web-server for network motif analysis.
Bioinformatics, 2017

BiS=25«

Bioinformatics Server

Sortby name downloads voles ¥ | newestrelease

All Apps

Categories == PE PathExplorer @ ‘{g CentiScaPe @

Finds paths, filters them based on Find the most important nodes in a

network generation
node and edge attributes and network, calculating centrality

online data import
data visualization

RoeR rerren % &

EZFEE  jActiveModules
%{ Finds clusters where member
complexes connacting a protein k | nodes show significant changss in

integrated analysis Find meaningful pathways /
enrichment analysis ClusterONE @ A mcope  MCODE @
ontology analysis @ Finds overlapping protein Clusters a given network based on

pathway database complexes in a protein interaction topology to find densely connected

clustering

utility

local data import
data integration -
< w;—m";[ ReactomeFIPlugin @ CytoCopteR @
scripting :
Explore Reactome pathways and A Cytoscape plug-in for training

network analysis search for diseases related logic models, based on CellNOptR

layout

interaction database @ @
GASOLINE CytoCluster

functional analysis Qrotluster g

network comparison A Cytoscape App for multiple local a Cytoscape app for analysis and
alignment of protein-protein visualization of clusters from

GO annotation

visualization
CytoNCA *E}

Cuica &
LEEs 4 Providing calculation, evaluation

and visualization analysis for

28



2025/12/24

24 % FBA application BiSsoe

ZHEJIANG UNIVERSITY Bioinformatics Server

Problems

= Network Inference
= Microarray, Protein Chips, other high throughput assay methods, NGS--
= Function prediction
= Functional module detection
= Topological Analysis
= Dynamics Analysis
= Signal Flow Analysis
= Metabolic Flux Analysis

= Steady State, Response, Fluctuation Analysis

= Evolution Analysis

With very limited, noisy, and incomplete information, discovering underlying
network principles is very challenging.

#;*2 ¢ Systems Biology Modeling & Discussion BiS56e

ZHEJIANG UNIVERSITY Bloinformatics Server

Mathematical formulation & Debuggin;

+ Pathway inference from gene regulation
networks

« Pathway inference by integrating Y

dynamic data with protein interaction
networks

2650
—
A+B—>C

_ g i (" High quality genome- )| (™ computational analysis )
. :jr;,fr?;;r:g gztt;lNOl’k structure from sunonics I\ scale metabolic model
it -
« Uncovering organizational principles Blochemissy {B—_'?—D ) . Topology
underlying network dynamics hysology [EEES m ‘k ‘,/ i N veasd
* Relating the effect of gene knockouts to “o \, ,/‘ Essentiality
network topology " - g EA = )

+ Relating double mutant perturbations
with the physical interactome

Growth phenotypes  Fluxes X-omics
e " s

« Interpersonal genetic variation as
perturbations of cellular systems

Biotechnology Advances, 2011
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#4242 Methods for Modeling & Simulation

ZHEJIANG UNIVERSITY

* Directed graphs % A typical iteration of biological modelling
* Ruled based formalism EFHUAFRTTE 1. data gathering
* Boolean networks % /R /4§ .. ..

‘ 2. formalizing natural description
* Bayesian networks DU H7 2% ] .
* Stochastic equations FEA 2 3. applylng anaIySIS r.nethOdS
- Differential equations 457712 4. interpreting analysis results

* Petrinets (JRZ) Petri

VSRS B 7 1011tk

Bioinformatics Al

5 ODE & FBA
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A->B

* irreversible, one-molecule reaction

* any metabolic pathway can be described by a combination of processes of this type (including
reversible reactions and, in some respects, multi-molecule reactions)

various levels of description:

* homogeneous system, large numbers of molecules = ordinary differential equations, kinetics
* small numbers of molecules = probabilistic equations, stochastics

* spatial heterogeneity = partial differential equations, diffusion

* small number of heterogeneously distributed molecules = single-molecule tracking (e.g.
cytoskeleton modelling)

2% % Some (Bio)Chemical Conventions

ZHEJIANG UNIVERSITY

Concentration of Molecule A = [A], usually in units mol/litre
(molar)

Rate constant = k, with indices indicating constants for various
reactions (ky, k,...)

Therefore:
A—->B

d[A] _ d[B]_ , [A]
dt dt .

2025/12/24

@ZJU

BiS25a

Bioinformatics Server

@zZJu

BiS=25«

Bioinformatics Server
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) #)2 F Reversible, Single-Molecule Reaction
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k1
A€>BorA>B|B>Aor AT _*B
k2

Main principle: Partial reactions are independent!

* Differential equations:

forward  reverse *Equilibrium (=steady-state):

M — _kl[A] + kZ[B] d[ Alequi _ d[B]Jeaui _
dt dt i
d[B] _ k[A]-k,[B] — K [Aleqi + K2[Blequi =0
dt [A]equi _ ﬁ — K
[B]equi - kl Bee

‘w) #;*4 ¥ Irreversible, two-molecule reaction

- ZHEJIANG UNIVERSITY

A+B—>C
Differential equations:

d[A] _d[B] __d[C]

dt dt dt
%:—k[A][B] Non-linear!

Underlying idea: Reaction probability = Combined probability that both
[A] and [B] are in a “reactive mood”:

P(AB) = p(A) p(B) =k, [Alk,[B] = k[A][B]
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A>B&—>C+D

Differential equations:
d/dt decay forward |reverse
[A]= -k1[A]
[B]= +k1[A] -k2[B] +k3[C] [D]
[C]= +k2[B] -k3[C] [D]
[D]= +k2 [B] -k3[C] [D]

#;*4 § Metabolic Networks as Digraphs BiS=5«

ZHEJIANG UNIVERSITY Bloinformatics Server

A>BE>C+D /@\
ki~ Bk k3
@ I \@/

ki k2 k3 didt | decay | forward reverse
A -1 0 0 [A] -k1[A]
[B] +k1[A] -k2[B] | +k3[C][D]
B 1 -1 1
C 0 1 -1 [C] +k2[B] | -k3[C][D]
D 0 1 -1 [D] +k2[B] | -k3[C][D]
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gnuplot graph

A branched pathway with moiety conservation

e | Optiisaton Fiting Pt | plot generation

Plot Style

Giid Blotl |
Key .
Tiles B gruplot graph (-[o[x]

Multiplat
Contour

Hidden Lines Calcium model - phase space

@

Ri(Kip)

Ny y '
R4(Kmp) _,qu

PRNwAn O ws B

- Current Tine:
SHEA EC— plot example
Far Help, press F1 [ilmie | y*,*l;tu\ For Help, press Fi : | Idle y_l_l_l
time course For Help, press F1 Idle L] optimisation

@ #7222 Various modeling methods BiS56e

ZHEJIANG UNIVERSITY Bloinformatics Server

* Metabolic control analysis (MCA) (Kinetic approaches)
* can yield greater dynamic insights, but are limited by the availability of the
kinetic rate expression for various reactions in the metabolic network of a

ricroorganism. « kinetic coefficients difficult to obtain

* loss of overview with large models
* Metabolic flux analysis (MFA) (stoichiometric balance method)

* commonly used, as it requires only the stoichiometry of the reactions
present in the metabolic network

* Flux balance analysis (FBA)

* used to determine the fluxes in a metabolic network through linear
programming to evaluate the fluxes. In this method, the intracellular
metabolites are included as variables and the pseudo steady state
approximation is used in evaluating the overall fluxes. The solution
inherently does not ensure directionality of the reactions.
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A% 4. ¥ Flux balance analysis in metabolic networks BiSsoe
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1. Metabolic networks 2. Flux Balance Analysis
@N;SD N: |OX.‘\L
: = .

" ‘FL'M

@”

http:, .googl p://www.cs.unc.edu/~wal
>_eagle/pieces/| p://www.cs.unc.
http://bill.srnr.arizona.edu/classes/ 182/CitricAcidCycle-LowRes.jpeg edu/~walk/models/double_eagle/pieces/&h=10958w=1156&sz=307&t

bnid=1C0069trx90]:&tbnh=142&tbnw=150&hl=en&start=1&prev=/ima
ges%3Fq%3D%2Bpipes%2B%26hI%3Den%26Ir%3D

¥ Dynamic mass balance B1SS5a

Bioinformatics Server

Solution !

In order to identify invariant characteristics of the
network we assume the network is at steady state.
Problem!

Concentration  Stoichiometry Flux vector
V=V(k1, k2,k3...) is actually a function of

vector Matrix ) e
concentration as well as several kinetic parameters.
C X it is very difficult determine kinetic parameters
S experimentally.
_ = . V
Consequently there is not enough kinetic information
C t in the literature to construct the model.

dA

F_ UQ /
“1-11 0100 [V by V1 by

9Bl 4 001010 ||[vaV [ ..\. &

dt

0 1-1-10 0 1 ||b \
ac| - b
it s g B — System

boundary

Kauffman K J, Prakash P, Edwards J S. Advances in flux balance analysis. Current Opinion in Biotechnology, 2003, 14(5):491-496.
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Steady state

o g, B s,
dt

i
r ' 0 t;
dB SR L '3 _|: -1-11 0 1 0 O } v3
Sl 1 oo 1010 vV 01= 1001010 vV
0 1-1-10 0 -1 ||bs 01 -1-10 0 -1 b;
% S Ei 0 s by

# ;2 ¥ Flux cone and metabolic capabilities BiS=5«

ZHEJIANG UNIVERSITY Bloinformatics Server

Observation: the number of reactions considerably
exceeds the number of metabolites (The S matrix will

O — S -V have more columns than rows)AF &%k T 7

: e
[OJ{ 133593 Y The null space of viable solutions to our linear set of
y ° = equations contains an infinite number of solutions.

What about
the constraints?

O
. O
V3 V3 V3
Constraints Optimization oIt defines what the network can do
1)Sv=0 maximize Z and cannot do!
2)a;<vi<b;

r eEach point in this cone represents
— a flux distribution in which the
system can operate at steady state.

—_—

vy Vi

Unconstrained
solution space

Allowable
solution space

Vo Vo Vo Nature Biotechnology 28: 245-248 (2010)

Optimal solution

36



2025/12/24

¥ Flux cone — “Extreme pathways” BiS55e
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Extreme rays - “extreme rays correspond to edges of

the cone. They are said to generate the cone and cannot o
be decomposed into non-trivial combinations of any H )
other vector in the cone.”- schilling 2000 "
We use the term Extreme Pathways when referring to _ e,
Extreme rays of a convex polyhedral cone that C o,
represents metabolic fluxes. ;
Sl vy
. . . ifferences
Any steady state flux distribution can be = fun.ike  basis the s o, extreme pathways
represented by a non-negative linear 3 A
Comb/nat/on Of E’Xl'/’eme pathWays. a non negative combination of extreme rays.

S bw . B S@ZJU
#4722 2 FBA: The entire process P
ZHEJIANG UNIVERSITY Bloinformatics Server
— s [ Steady state 0 2
vy by :; -1-110 100 Vi o assumption —1-11 0 100 :a
— (05| o v — - - va
. P RIREEREER - i r-sevagl L R IR R AR H
. ® 4 —=Swv [« s o 0 s 2
R boundary dt

Constraints Optimization

1)sv=0 z
Compute steady state B o b maximize

flux Convex So— /‘ —
—— ’

+ constraints v v
Unconstrained Allowable
solution space solution space

vi v2 L3

Optimal solution

Identify Extreme pathways

?
(Schilling 2000) JAEN:
Lochiling 200, T
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#j:4. ¢ FBA application BiSsoe
Alext) B(ext) P(ext) A(ext) B(ext) P(ext) A(ext) B(ext P(ext) A(ext) B(ext) P(ext)
R1 R2 R3

R1___|R2 _ _JR3
r )

\‘

A(ext) B(ext) P(ext) A(ext) B(exl) P(ext) A(ext) B(ext) P(ext)

Crt Rz [Rs R R2 R3

| I I ] ] T T
_____________ 12| R B t} [ R4, RA 1 R4 B R8
EFM1 | R1-R5-R7-R8-R3 | RW\R | 4\‘ o @#\
P AR, L ARG P | AT O P
I I
EFM2 R1-R4-R8-R3 ‘ D\ f R
| D D b \D

EFM3 2R1-R5-R6-R9-R3 e EFM4, | EFM5, | EFME
EFM4 2R1-R4-R7-R6-R9-R3 A(ext) B(ext) P(ext) A(ext) (exl) Pext)
EFM5 R1-R6-R2-R7-R9-R3 BRI __JR2__ IR3
EFM6 R1-R2-R4

EFM7 R1-R5-R7-R2

EMF8 R2-R8-R3

BiS=25«
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Alext) B(ext) P(ext) A(ext) B(ext) P(ext) Alext) B(ext) P(ext) 1. IRFTETER
L | L | LS LA BL"}‘%” Re, W A>P, EFM1, EFM2. EFM3. EFM4,
2. RERIER
| o WHSEPHRMEE EFML EFM2
A—*CTP 3 RBEERR
: MIEMB= A PRYIRTE REZ L THY ﬁﬁﬂﬂRuAj}}E%i’é

I S G I s, WHPHEARR (EFMLEFM2) &, ReENEH.
Alext) B(ext) P(ext) A(ext) B(ext) P(ext) A(ext) B(ext) P(ext) 15 BAR8 X AT E FB1E A E%*Fip%ﬁmfﬁigﬁ’]o
. BW___IB%__ R3, BL__le__ Rs, _ BL--IBE__ R 4 DITEEKE
Lol m o N as| | A £PHRENRIRREFM2, MRKMIRZEEFM4
VRV VAT s msaamaEn AR
| A G P L AP AT omreP | 6. IRBIES TR
e T T e T 7 Gamsmeman
I T ews eme 8. FHUNME(LREMEIAEKEER
A(ext) B(ext) P(ext) A(ext) B(ext) P(ext) 9. MNEREREER

r_ fr2 s FAL,,lRE,, Ra, 10. itE &/ F &

1 11 FRE AR E F Th8E
l 12. BN TR
AHCTP 1 13. FUM &/ N AR B

A 4., 5,
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Fiik Tk 4y 2% ik
EMILiO L i it
FBAME LT 4 L5 R L N
FRAWME SRS [ﬂfl\” 4% 50 /0 2 oA B 0 60 R o) 8E40L AR P9 G 2 R 400 o A 3R
[T T D b o A AR b i 8 0 A
T3 D o I Al 2 i 1k i 4 LG R 4T 2w
FCA SR 4 il;’?ll_!.{‘i}lk__ﬁ‘lj”f(' FAE I ) ) 4 1 MU ) R 5 00 4 4 2 SR A
L e 3
FSA A Ak 85 50 F 1 1 b o BACRE SR (6 0 Al A (02 s Py o 5
FVA AL g 4 4 Tl 3 76 S 1) H bk el R A A 52 R 0 LR PR
Flux-sum e fit T 17 47 47 308 3o 0 A 4 e S LAt e A T A L
GapFind/GapFill A i ) BB K1) ek a8 R 7 A T 0 R A ) 5 N SR b i
GeneForee L i3 S A 25 3 i 7 R A O (A9 R Y -5 5 5 00 A 7
GDLS LFE i {0 MILP PR i 35k 1 2 s 41 A U ey
GrowMatch A R B A28 0 S5 17 56 2 i £ {6 TR - e Y
10MA) 124 R K R L2 RO AL 2 B 0L 0 A
* MOMA W PR/ R I e 3 T 0 e 1M 2 5 A AR 4 A

XUSZEA, XUSE, Spfh. EEEARABIRNEEEAAREIE R AN . £MINTI3E 2012, 6: 70-77.

;24 2 FBA algorithms BiS56e

ZHEJIANG UNIVERSITY Bioinformatics Server

AR B /ML (MOMA: minimization of metabolic adjustment)

T I T R R AR BN ) R G o A 1 DL, 2002 SRS K27
RGUEMF A KSegre FE NS 7 ACHM TR/ MEMOMAEAE. %
JTE BB B, AU 28 AEAT PRSI IO RE I T 20 AR Gefi i Aok 4
FRAAE, TR AT RGAE RS, AR S 5 B A R
TAREE R A A A d5 /). MOMA FIF — ORI i) 2253k 5 F
FBA 73 M5 £ 1 1E 7 B A R g 0 At o0 A1 2 T L LB PR 2 B /M)
TR, W AR APE) 5 I MZOIRES . 25 EMOMA J7 it h /&
T DR R Bk I 0 B FE UL 0 A IR DL e 3230 B T AT O

MOMA 75 V2 1y P T T K T 4 5 DR I 5 0045 T 4 35 B 23 W29 4R
R, ARl FIFBATTE S0 36 AN 1 5UB AL 25 SR B B2 A, MOMALRE 45
SCFR R L, T LA SR B 5, T MOMA J7 kS BB FO LD £ 41

MALER A 8 A RGURMTIE S KI AT B A i6 h # IR S B A R e ob
FIRBIRE . KBS REBWIMOMA 145 RILTFBA.
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OptForce TR BT UE Sk Sk L 9 7= e B A 0 T O B R I AR R
OptGene TR BT ] FH 38 A% B35 FITHI0 S LR e 3
OMNI BRI IE S SR A o O A O A I A R
J s
Y OptKnock LR S R P AR AR AR T R S R HE
OptReg TR BT LN S5k PR] B e S A o R A 4 B
K OptStrain IR LA e B A e S A B I AL
LR L ST 6 e ) ke iR A T S T B S R R
DA TR ?ﬁm+ K 2R Atk TR FH O KT S 0 o 2 A T X T 1 2 S 1 J /)
> AP "\,»;r-';—:_\_»\'ﬁ‘*‘:?‘ - 40 B ,‘;"-ﬂ'ﬁ ‘_7
PhPP T ST Lﬁé AU S 87 7L i O 2 3 ok 8 M R U B B R R
% PROM AR P ETBEE SR B R S A R (PR A (ST S
rFBA it s Hf R A 0 TR AT
% ROOM & s P ] LN Je 5 R o 0 3 (D9 5 4 A
SR-FBA A FH MILP o -4 3R A1 703 2 SR 2t () TR B LR
TMFA oy VR TIER A 3 7 25 RS 00 o 5 0T T A T

¥) #/:4 ¢ FBA algorithms B1S55a

HEJIANG UNIVERSITY Bloinformatics Server

W TR B /ML HTROOM(regulatory on/off minimization)

ROOM & — i g #1080 J ARBHAVIR L I 0 i 7, %07
VR34 5 I AR R A IR OO B BAT S 2R
I H s i, R EsRAE sl e AR 0 A, IX B
“RE 7 SEIR M PSS R RAT I TE SN TR T IR T e
SE I — R A RE. SEERUE S ROOMYERf I 1 Kt
PR E R R R S5 B0 J, 283 — B T e o B L ) 1 R 1)

PNAS 2005, 102(21): 7695-7000
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a

. — 2_ (a) A given flux distribution for the wild-type
_;QDV,: B fvf vesh @.b_zis intact network that can be obtained by
G\ v5=0 FBA and experimental flux data.
L %0 (b) MOMA's prediction for the knocked-out
\ b3=5 twork following the knockout of
© et
reaction v6.
b (c) ROOM's prediction for the knocked-out
network. ROOM finds changes in flux
3.1; only along a short alternative pathway
8.8 8.8 0 4.4
== ®O— through v5 and v4, preserving the
@ 131 3.1 % optimal growth rate of the wild-type
'\ : strain
4.4
@ &
gl S
&
10 10 3 ‘(— N o 0 @—i
0 \I L / Regulatory on/off minimization of metabolic
+ N\ flux changes after genetic perturbations,
5
o ®— PNAS, 2005 7695-7700

# ;2 % F FBA algorithms
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BT TIREAE R R A% BT 0 B 7 <DFBA-LQR
(dynamic flux balance analysis with linearquadratic regulator)

HT-FBA & —Fifa 4 #7772, Mahadevan 28 A& 1 31
A 341 7R (DFBA), XA 5 A AR S B ) T B4 2R 5
He—INF 18] R A 1 DL, (H R R M O IR — € R IR, tnfeEr
SRS IN 7 B B B S N KB S 245 . A Uygun A
Matthew 55 ANFEDFBA 5 fiti_E 32 HHRs die D042 i BV AN S0t i) —
IREAERRITHEM S, HIRAG TH 45 7 A AR Y 20 o 1 5 )i 1
AR 283 70 AT DL, XA 7 4Pk NDFBA-LQR. %5 % RESE I
Xt F BT ERE R AR . A Pl R AR I O, tHRE
Rt SRR ] RBO R G LA S B 5. i 22 B4
PRI T Yo I A B ) I 2 A S AL, 127 R IE St B AT AR 47 14
N E.

Ind. Eng. Chem. Res., 2006, 45 (25): 8554-8564
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Glucose In silico gene knockout simulation
i g
012
GiP =) w—p =) RL5P < 2E o
F6P a E 5 0.08
X5P  R5P 58 X
L 83 D00 udha 9dhA
S -
el & '§ B s oy
o o E4P  F6P SEEom
e 0
3 0 0.02 004 006 008 0.1 012014
23 In silico growth rate
. (/h)
Pip Engineered
i PYR =—eseeplactate PCtcp  Lactyl-CoA $ PLA homopoly
poc X 1/ m— 7 8 Y Engineered PhaC1pss.19
—_—
AcCoA 222 Acetate /3HB/,3HB-CoA P(3HB-co-LA) copolymer
\\p'-u—A-;AcetoacetyI-CoA ‘PhaBc,
Ethanol
\ adhE In silico flux response analysis
3
OAA IcT <§. ] ; <
be el M~ k- . = XD
MAL £ |- », .
sg S | e \" \ %
a-KG : 3 5 \ ' s
_aSUC T8 T o H To H

In silico growth rate

Jung et al. Biotech & Bioeng, 2010

;2% % FBA Tools B:iSZe
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* CellNetAnalyzer/ | ™" | — ’
* BioSPICE MOMA wsagmes mr
* COBRA Toolbox agcEn | 1]=loe ] i
* FluxExplorer Raiea, wgns | o1l
* MetaFluxNet mam | e )
* PathwayAnalyser - .
o bl s b e i
d FbatOO| E i V-V + =0 i i = BEEv |
T V=2 4+ =0 P } !
| i Voo =0 o e smEzg i
T i P 1» i
BUEEHRERR > REORTFERE | prpkraigeg |
FRARERAT || lmAsEs | |

83
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6 Synthetic Biology

+ ¥ Bioinformatics: Synthetic Biology

BiS=25«

Bioinformatics Server

Synthetic Biology (& &%)

is an emerging area of research that can broadly be described as the design and
construction of novel artificial biological pathways, organisms or devices, or
the redesign of existing natural biological systems.

(1) FREVEVITME (part). Bf(device) IRRRNIZITSITE;
(2) WMEH. RAFENENRROERLT INERAR S,

G T ; i
IR s,
Z)3 B wni S,
b L O

g

Poal i
C
THe .rg'e-Nﬂ!mK CDD/—X
JYRTH —

1AL 45 M) Reverse engineering:
Taking apart sequenced whole genomes
through cross-genome comparison to see

how they work.

2.4 i AEY) - Forward engineering:

Design and build engineered biological Eﬁﬁ
systems to test biological hypothesis.
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BARIZUBEDR (B)
SB1.0: $— SKRIE (42)
REMEYS RYTRPHEREDF (1)

B—1A EfF &N 3 , ATIERA ()

R %— | | RELIMBEE - k LEERATE (%) - =

SR | | RENEES | | REEBIYR BIFIBEE | | Al EITHI sa

FEGRR | | o ETE—R B RNA 3 | | EMBEENF | [eitaEz L= )

¥ IGEMFE ¥ H X SEEANE | [ BESRBE| | ATAREN

2002-2003 - o) A

BT | [ ERBETFH| [RNARKERT wRE, A | (FARENES| | :

BhRIE | | RARNAM | | RERANE | [5 @ | | WARBER | | ESEREN ATERES | [HEQItAT | | PIRREH

B 488 TR e BRI Rtk Eis | B EEK

| I 1 I I — L T T
2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 >(&)
I | | I | [
GibsonZxt | | EABITFESR SRS

BT B KB ERN E HEH ‘B
BO4H A 8] AYi HEBBIRIG )| | DNABER | | BU—EXE £ E” BHEHE
B it % B /RIZHRT) ¥ 5 Bk
s #
EIRNABIZH MAGERVERZ | | ALGHES | | | AMAS4MR | | £DNASETE
BN RE L—————J NS EESD B HEBES
s r »
e p HSHERW | [Emaitan
£, BUR| | T5%HER
DA S SHPHR | (B4
AL, D4
SEROTENL
2004—2007 S MR EIA 20082013 BRI ABEL 20145+ ER
B >
R&MEFIESN R A AN TRFEAM 2SmHigFH
R FEMEL S 4] BEMEO

Biological synthetic circuits ([B1E&. %k
)

e.g, R

OR GATE
fluorescent proteins3E I 1 |— I - gf B
light bulbs or LEDs%] an all :D_m m)
transcription factors% 3% X1 i : 1

transistors or logic gatesiZ %]
repressorsiilifillsf]

NOT gates A JNE 3 ? Buffer gates:
activators & 7 o o A out _'_ED_ An inducible promoter
OR/AND gates i
+ N i ? NOT
EX A 0 1 gates:
Polymetjas?s/qz H i A-D' Ot _._ED_ A repressible promoter
(transcriptional machinery) L
batteries? H it
AND GATE
and so on... ale
0 0
0 1
1 0
1 1
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HEE (Biobricks) MAFAEL: FRIVEMMNEDAN FEHITMNEARNENRGTEA.

System —’.-Do_}.- Assemblies of devices

make a system

DNA  atgagcaccaaa... - -

‘I 80034 C0010 II.

+:NGDC / BMDC Database Tool & Pipeline News About

= rIrs -

gﬁg;%iﬁ{*ﬁﬁﬁﬁ ol A Catalytic bioparts ¥ | Search.. Search

Regstry and database of bloparts for synthetlc biology ™ “F

& tools catalog  repositg

Featured Collection " ex: OENC102406 A0JCT6 Escherichia coli CHEBI:S7540 salutaridine synthase

2024 iGEM Distribution

The IGEM 2024 distribution builds upon o Home “ Bioparts - @ Tools ~ @ Strain Order © Submit 4 Related @ Help < Login
one. It includes expansions to the Open Yi
collection and the IGEM Engineering Com
collections!
We partnered with Asimov to manufacture  ___ H * i Eaad H H
it e Motivation Statistics of Catalytic Biopart
manufacturing practices, new automation
0k tgh quality contol chiack ptta. Synthetic biology, an engineering application science for the redesign of
N ) R R . . . Level1 Level 2 Level 3
living systems and biological processes, which can provide innovative 390,708 323331 83,088

Organism 2lle

solutions for challenging problems related to biomedicine, drug synthesis,

: 5 < 3 5 E < >
recyclable chemical industry, environment and energy, biomaterials, and s il ‘,1,*’_:, “n“ 3989 @
Collections M e - ) ) category - 8665 @
biological counter-terrorism faced during human sustainable development,
We've updated the Registry part collections & @
can discover new parts and collections and IS the main driving force for future biotech economic development. @
upon what previous iIGEM teams and labs h 6008 6008 lio3)
e Problems, such as lack of bioparts types, inaccurate characterization and Optimum @ @
o . ’ i < - —_— temperature 1)
description of bioparts, and incompatibility between bioparts in artificial @ @
The iGEM P2 Systems or inconsistency between bioparts and chassises have become @
i U . Chassis O &%
i E M devices and:  ghstacles that must be overcome in the development of synthetic biology.
As part of the
parts to IGEN

Therefore, collecting information and physical resources of bioparts to
You can learn more about IGEM Team:

establishing a bioparts library for synthetic biology is a very important and
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A synthetic oscillatory network
of transcriptional regulators FESR AR T AR 0B AR 9 2

Michael B. Elowitz & Stanislas Leibler

Departments of Molecular Biology and Physics, Princeton University, Princeton,
New Jersey 08544, USA

repressors (genes that turn off other genes)

BiS

Bioinformatics Server

The Repressilator — an engineered genetic
circuit designed to make bacteria glow in a
periodic fashion

= “repressor” + “oscillator”

green fluorescent protein (glows!)

¥ e
a Repressilator Reporter
a b c
A e P lac01
m_.m / /\ , The repressilator
® °%® i tetR-lite ) H
® P tet01 in action...
kanR \ Time (min)
pSC101 P glp-az
6,000 T origin W
= MH‘HH”
GE 4,000 °l UU { Ul‘._‘"u 'ul
o
a 00
g lacl-lite b Pl ]
EE 2,000 ColE1 m :,-“: LA |
g W cl-lite . S e S
0 500 1,000 k0 100 200 ; 'Am') l400 500 600
Time (min) P, tet0] ime (min
1€ Elowitz & Leibler, Nature (2000) 403:335-8
BH{ARLY Quorum sensing: chemical-based bacterial communication
Neighboring bacteria produce HSL also
) - if enough bacteria around, HSL builds up,
) ‘AC::::;:;::S HSL diffuses fl) activates bioluminescence
GWasRg > "\ n in/out of cells N
’#mos“ \ )| (AHL) | ﬁ / o
& .
oo | TS 'Giosﬁiﬁ‘; R ‘ LuxR protein
[#ﬁkuﬁz_‘\ A¥ . am) (transcription factor)
P \ ( . binds HSL, becomes active
(RS | swmame | .
p— R — Lux! protein makes HSL “
(homoserine lactone) o
RN (n oro
oOLO
Bacterial — Light (bioluminescence)
cell Promoter
o forLuxR
Al
13
O
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Australian pinecone fish Hawaiian bobtail squid

, p ~10!! Vibrio bacteria / ml fluid
~10% Vibrio bacteria / ml fluid S S5 . in light organ in squid mantle
- fish uses to hunt for prey AR R A - squid uses for disguise
ight shines downward, looks like moonlight
(light shines d d, looks lik light)

Nature Reviews Molecular Cell Biology 3; 685-695 (2002)

¥ I ) ° ZJU
)24 ¥ Quorum Sensing BiS=25«
ZHEJIANG UNIVERSITY Bioinformatics Server
FER RS
e EEl | The first 660nm

portrait...

inner membrane

Cph 1 chromophare biosynthesis
P4

BRIEF COMMUNICATIONS | It astili | Y il

Engineering Escherichia coli to see light

These smart bacteria " alight patts

Black output (S-gal)
ical image. (
g t
OmpR
PompC - A

How?

T
Cph8 -+ -PC

B

2er pC lac
romoter 7
. ‘ u
00

£ 0%0
8
080

1. # 3% WHK Cphl + XA HEnvZ 49 Dhp 5 CAKE 3 =
Cph8-EavZ & & & %4

2. MMHHEALRKREG, $AKESME P holiepcyA LR,
& MPCB# e &%

3. 28T, PCB5Cphl 24 —FAkih, FLIECphligh B &k

4. FINacZ AR, HOmpRifldz B 495 EompCH B HF5
Z @, A ARBARM T OmpRIF X A,

Results:

1. HRRAM, EnvZé) BB IrH, MmOmpRRALLEE 8 R E, ompCR B F XM, lacZiikkik,
2. MR, RABHREK, EnvZed AHBRA. OmpREFE FIRA 24T, ompCRF, lacZkik, AREZER T,
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Now for the edge detector...

660nm

Tnner membrane
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The edge detector circuit in more detail

C ;
. _ : A .
¢ l b4l 00
@ Mask ()
, ® ©
HSL HsL J— x Y Z
o Y- S :h 5
-, [ -7 ] Petri Dish — 1 0 1
0 1 0
Bacterial Computed Edge § 1 .
Lawn
D
Dark Sensor AN AHL®S XAND (NOTY) | Black Pigment

¥ Edge detector
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It works!

Mask in silico

in vivo

Photography

-8

B
Communication

(-8

Cc

Inverter B

D

Edge Detector 3

0O0S®

1.4cm

240 Projected Mask

ompC ¥ Tux-h. z

Tabor et al. Cell 2009

BiS=25«

Bioinformatics Server

Edge detector strain

o

Photo strain
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AHL (uM) Relative }-gal expression

Tabor et al. Cell 2009
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Minimal bacterium
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One of the smallest Genomes: Mycoplasma genitalium

AR JRA

(Small parasitic bacterium)

Total genes: 521
Coding genes: 482

Bioinformatics Server

Essential genes of a minimal bacterium

John I. Glass, Nacyra Assad-Garcia, Nina Alperovich, Shibu Yooseph, Matthew R. Lewis, Mahir Maruf,
Clyde A. Hutchison Ill, Hamilton O. Smith*, and J. Craig Venter

F Synthetic Biology Group, J. Craig Venter Institute, 9704 Medical Center Drive, Rockville, MD 20850

tRNA and rRNA: 39

Single Gene » B=Q...
Design o r;;m.

O () 22

-~
solation Construction

CRISPRRZF

Design and synthesis of a
minimal bacterial genome

Clyde A. Hutchison il et al.
Science 2016;351:aad6253

i# j2 4 ¥ O2 transport protein

Four design-build-testcycles produced JCVI-syn3.0.

eoxd0 Montague,” Li Ma,* Monzia M. Moodie,*

Gibson et al., (2010) Science, 329: 52-56
Gibson et al., (2008) Science, 319: 1215-1220

8 2008 PNAS (2006) 103: 425-430

JCVE-synLO

# N _

JCVi-sy3.0
531490 bp
000

= [rocnumane]
| Cell Controlled u@
p=—=u1d

hesized Genome
ladimir N. Noskov, Ray-Yuan Chuang,*
nar,* Nacyra Assad-Garcia,*

Lei Young, Zhi-Qing 0i,*
fhanth P. Parmar, Clyde A. Hutchison 111,

D8-mega-base pair Mycoplasma mycoides
uence information and its transplantation
oides cells that are controlled only by the
designed synthetic DNA sequence,

ene deletions and polymorphisms, and
cells have expected phenotypic properties

¥
'
RIS R R

y_,ﬁ SR VR
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Vol 45819 March 2009 doi:10.1038/ nature07841 narure

ARTICLES

Design and engineering of an O, transport
protein

Ronald L. Koder'*t, J. L. Ross Anderson'#, Lee A. Solomon', Kenda S. Reddy', Christopher C. Moser
& P. Leslie Dutton'

M= REBFENFEtEESEFS (1) (=1
FERITE, ABI—RIRERTML (LE) M
WA= (2-5) #17, XLERE=HZLN
R R Mg RN ERNER

#2-55, FrsaYRie S B R R — I ERE,
FHEANBIERPBAR

6, —PRKHIR (48) BRNHEEFS
EEER, TASUEZmINEERN

Bloinformatics Server
AIE#HEEARIT
I. Assemble appropriate size bundle

ab:

cdefg
[1] ELLKLLEELLKKLEELLKLLEELLKKL

generic 3 amino acid sequence

(B

Il. Insert cofactor binding amino acids %

[2] CGGG ELWKLHEELLKKFEELLKLHEERLKKL

constrain topology with loops; W as spectroscopic tag
bind heme with H; break heme symmetry with R

557
55

[3] CGGG EIWKLHEEFLKKFEELLKLHEERLKKL S5,
pack apo core

IIl. Improve structural resolution SS*

[4]) CGGG EIWKQHEEALKKFEEALKQFEE-LKKL

remove excess heme sites; improve holo helical register I

[5] CGGG EIWKQHEDALOKFEDALNQFEE-LKOL
NMR disperse surface residues L - f
IV. Iteratively add, refine functions

(6] G EIWKQHEDALOKFEEALNQFED-LKQL GGSGCGSG |
G EIWKQHEDALOKFEEALNQFED-LKQL

link loops, constrain dynamics/water access

49



DNA Origami

Toward Larger DNA Origami

https://pubs.acs.org/doi/10.1021/n1502626s

51,466-nt si
DNA scaffo

le-stranded
source

Reusable source of abundant
single-stranded DNA staple pools

DNA origami >7x surface area of
conventional M13 origami
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Amplification,
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Purification

dsDNA ssDNA 4
packaged in packaged in Final Staple
A phage M13 phage Pool
a ONA Brick B 13base pairs
nancetructure
100 om
ONA arigami

10,0004 DNAFRA £ B T
— M ERIEA \\ﬁ/’lkﬂljiﬂ"
L L Ong et al. Nature 552, 72—77 (2017)
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Fractal assembly of micrometre-scale DNA
origami arrays with arb|trary patterns

CratsNA  Gonarate sequences  Genarste mock
origami ties ‘and protocois AFM image

z o R RR LA
09 I RRRRRRRR
b B

& ol >

G Tikhomirov et al. Nature 552, 67-71 (2017)
doi:10.1038/nature24655
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A B 4100
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Science 2022: 639-
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2019 F, EEMM KA ATH I RDEFEIRFBAEA
THEERAOEREGERRR, BItE S RIEER
WA ZMERELRUEY, SIEFFTIZRE.
2021 9 B 24 H, REMERERXZTVAEYZAFTRA
O IEFF 3 R HERATEScience L& RIFAFZIL X Cell-free
chemoenzymatic starch synthesis from carbon dioxide,
ZRRIYHIEAEM 57| MO, BEnikid
IO A 4 DMER, WXLEAEREMEL ., £ 31 FEY)
K69 62 MEEERIFILSFE] 10 Fh, MKkt #ESS5
NFREPUATIERSENEHER. 5% Es5EE
SREATRERE_SABERME— (C1) LED.
MEHR—REE, KELFBRERNFEEHR MR
BAK= (C3) L&ad, #H—PUAEDER, B=1t
BYREHIHN (C6) hEY, REAGHMEEMIIEEN
(Cn k&Y . EEBRRBARNEIR, ZHARPAL
BREGEND T ESRREND TOERAN -, BEK
MERLH IR A& FIEMBER 85 &,

TR F SRS U

Feedstocks ivBT systems

Biodiesel waste Glycerol
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Sugars and derivatives

N o
or Cellobiose

HO—_ o,
AR }"u 7 Non %*}i
H | N U=]

oY J g: Nou
on WAL ERIL 86%
Si
ucrose F%;ZQ}E 14 g/L

Fructose

—RERE Wang Y, et al. Sci Bull (Beijing). 2025 May 9:52095-9273(25)00496-
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ARTICLES
oo ology 1) B REATR P E R EYIR R AR R R P 2R
2) ¥R A LR IR AR (1PP) B —H () AR AR (DMAPP);
Jay D Keasling/1 Nature Biotechnology 21, 796 - 802 (2003) 3) ¥IPPERFDMAPPHALRIZEIVEBIREE (FPP) ;  IPPRIDMAPPRFFE%
‘ ) ) o ) 4) FIFIADSHEHA, HFPP#E{LRAmMorphadiene. FRIBUBFR Y
Engineering a mevalonate pathway in Escherichia coli
for production of terpenoids
e S Do P St T b K &1 e % 1 AR BRI 3 NspCRR, AL ABITE RSN
incent 11 Martint=, Douglas Pitera, Sydnor T Withers!, Jsck D Newman! & Jay D Keasling DX
MKPMK 2. AR GREBA hadiene & PESIIEEADS, STREVEREEKBITE
pMevT — Ellﬁiia‘ﬁaﬂyﬁ morphadiene
atol 3 ! MevB
_-',\ FUUR SN 3. BERERE S AER R AABITE,
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== | Virtual Cell Challenge

A CHALLENGE effect prediction B TASK context generalization C MODEL performance metrics

Cell context 1
Cell C;MOKI H1 Metric 1: Metric 2: Metric 3:

2 1.2 - m cells differential perturbation mean absolute
— -
BentEation s expression discrimination error (MAE)
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5 ) predicted p,
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Introduction State B 2 Exprossivity ——
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