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MICROCOSME: bacterial systems biology

« MICROCOSME: systems biology group at INRIA/Universitée
Grenoble Alpes in Grenoble
Microbiologists, computer scientists, mathematicians, physicists, ...
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* Objective: analysis, engineering, and control of the growth
of bacteria

— Specific research problems shaped by biological questions
— Problems often addressed by combination of models and

experiments



Bacteria

« Bacteria were first observed by Antonie van Leeuwenhoek,
using a single-lens microscope of his own design

van Leeuwenhoek A (1684),
Philosophical Transactions
(1683—1775) 14: 568-574
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www.euronet.nl/usersiwamar/leeuwenhoek.html.
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"In the morning | used to rub my teeth with salt and rinse my mouth with water and after
eating to clean my molars with a toothpick.... | then most always saw, with great wonder,

that in the said matter there were many very little living animalcules, very prettily a-
moving. The biggest sort had a very strong and swift motion, and shot through the water

like a pike does through the water; mostly these were of small numbers."
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Bacteria are complex living systems

« Bacterial cells are complex
biochemical and biophysical
machines
— Wide range of shapes, typically

0.5-5 um in length
— 106 bacterial cells in 1 ml of fresh
water

— About as much bacterial cells as
human cells in human body

Goodsell (2010), The Machinery of
Life, Springer, 2nd ed.

Grenoble Alpes



Bacteria are complex living systems

« Bacterial cells are complex
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Madigan et al. (2003), Brock Biology of
Microorganisms, Prentice Hall, 10th ed.
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Bacterial growth and metabolism

 Bacteria are unicellular organisms geared towards
growth and division
Escherichia coli cells have doubling times up to 20 min

Stewart et al. (2005), PLoS Biol., 3(2): e45

 Metabolism fuels growth by production of energy and building
blocks for macromolecules, using nutriments from environment

ATP, amino acids, nucleotides, ...




Bacterial growth and metabolism
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Fischer et al. (2004), Anal. Biochem., 325(2):308-16
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Bacterial growth and metabolism
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Bacterial growth and metabolism

e Central carbon metabolism breaks
down carbon sources for energy
production and macromolecular
synthesis

Glucose, acetate, lactose, ...

 Enzymes produced from information
encoded in genes

— pYKF is gene encoding pyruvate kinase
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Bacterial growth and metabolism

e Central carbon metabolism breaks
down carbon sources for energy
production and macromolecular
synthesis

Glucose, acetate, lactose, ...

 Enzymes produced from information
encoded in genes

— pYKF is gene encoding pyruvate kinase

— Expression of pykF regulated by
transcription factor Cra
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Bacterial growth and metabolism

e Bacterial metabolism is flexible, allowing cells to grow on
different carbon sources

Preferential utilisation: diauxic growth on glucose and lactose
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Bettenbrock et al. (2006), J. Biol. Chem., 281(5):2578-84

« Adaptation of bacterial physiology to different carbon sources




Growth transition and metabolism

« Adaptation to different carbon source involves changes in

metabolic fluxes

Flux distributions in central metabolism of E. coli during growth on
different carbon sources

A B Glucose Gluconate  Galactose Pyruvate Succinate Acetate Fructose
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Gerosa et al. (2015), Cell Syst., 1:270-82
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Growth transition and metabolism

« Adaptation to different carbon source involves changes in
metabolite concentrations

Fluxes and concentrations in central metabolism of E. coli during
growth on different carbon sources
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Growth transition and metabolism

« Adaptation to different carbon source involves changes in
gene expression

Transcript levels of genes encoding enzymes in central metabolism
of E. coli during growth on different carbon sources

O

transcription factors of
carbon metabolism

u%umfw%*lfjﬁw *TM" e

EMP pathway | 2‘; t?"\‘:agg

TCA cycle, and |

glyoxylate shunt uptake and secretion pathways |

brhoamw s

transcript levels
(log2 fold change)

_IIIJIIII
}f
£
=
£
?
SR
".-1,'_
.
u %
-=
I
4
ps
é:
I
:”:
E
';!-
E.—
;E

uxuRE | | | =] ] | |

| | L1l | | | 111 | | | | 11 | | | | | L1 | | | L1 LIl | |
0 25U TTOTCELO ML T E5HR QL0D -umLuu.g 'g NOQLQIWU -t: Mwmm%wa_xl-qu b-xxsq: a<® mg»aggwmmmﬂ:ﬂ:nﬂuﬂmzmm
S R R e o s B A B T R T R R S R e S S D B B e S S e N AR D H e B S SR S R S B S R e oS S St 00X %
SRS N SRR e TR SN S AR S S e S A 1 S e S D

Gerosa et al. (2015), Cell Syst., 1:270-82

Grenoble Alpes




Adaptation on multiple levels

* Adaptation to different carbon source
involves adjustments on multiple w%";«
levels at the same time! oy W
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Adaptation on multiple levels

» Adaptation to different carbon source E =

involves adjustments on multiple J e
levels at the same time! g o ias
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General question on cellular adaptation

« Cells are capable of responding to a variety of changes In
their environment by adapting their physiology
Change in carbon source, starvation, population density, ...
* On the molecular level, these responses involve adjustment
of metabolism and gene expression
Cellular concentrations of metabolites, enzymes, transcription factors,

* Question: how does cell coordinate these adaptive
responses?




Coordination of adaptative responses

« Coordination of adaptative responses of bacterial cell
achieved by large and complex regulatory networks

— Variety of molecular mechanisms... o
— ... operating on different time- g Metabolic master regulation
scales... / —=

— ... Involving numerous feedback
loops across levels
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No global view on network functioning

« Coordination of adaptative responses of bacterial cell achieved
by large and complex regulatory networks

« Abundant knowledge on biochemical mechanisms underlying
Interactions between network components

« Accumulation of data on multi-level response of network to
external perturbations

Metabolic fluxes and cellular concentrations of metabolites, enzymes,
transcription factors, signalling molecules, ...

 However, global view on functioning of entire network is
difficult to achieve and largely absent today




Mathematical models and systems biology

* Regulatory networks are complex nonlinear dynamical
systems, evolving on different time-scales

 Challenge: can mathematical models and computer tools
help us understand how these systems function?

— Integration of interaction structure and heterogenous data sources
Into mathematical models
— Use of models to analyse and predict dynamical behaviour of system

— Emergence of new discipline: systems biology...

Alon (2007), An Introduction to Systems Biology, Chapman & Hall/CRC Press




Historical note

e Systems biology, and more particularly the mathematical
modeling and computer simulation of biochemical reaction
networks, have a long history

Westerhoff and Palsson (2004), Nat. Biotechnol.,22(10):1249-52

« Simulation of metabolic pathways (glycolysis)

Garfinkel et al. (1970), Ann. Rev. Biochem., 39:473-98

* Modeling of gene regulatory networks ‘©
|

Goodwin (1963), Temporal Organization in Cells, London
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Mathematical modeling of biochemical
reaction networks

* Well-established framework for modeling of biochemical

reaction networks using ordinary differential equation
(ODE) models

« General form of ODE models of biochemical reaction

networks
" = N v(x)

— Concentration variables z € R}
— Reactionrates v : R} — R?
— Stoichiometry matrix N &€ Z™*¢

 Various forms of kinetic rate laws: mass-action, Michaelis-
Menten, Hill, Monod-Wyman-Changeux, ...




Example of network modeling

* Model of uptake of carbon sources (glucose, lactose,
glycerol, ...) by E. coli
— Several dozens of equations and more than a hundred parameters,
many of them unknown or unreliable

— Mostly metabolic modules | units
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Bettenbrock et al. (2005), J. Biol. Chem., 281(5): 2578-2584
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Example of network modeling

« Estimation of parameter values from time-series

measurements of metabolite concentrations on wild-type
and mutant strains

B c * Model has good
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Issues In mathematical modeling

 Mathematical models are used for explanation, prediction,
and control

* Modeler confronted with several practical problems

— Models of actual networks are large systems of nonlinear ODEs

— Parameter values are generally unknown and difficult to measure
directly

— Reaction mechanisms are often unknown

— Experimental measurements of variables are scarce, noisy, and
Indirect

* This raises issues in model reduction and approximation,
parameter estimation, network inference, data analysis, ...

« But also: issues in experimental data acquisition
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Fluorescent reporter genes

« Use of fluorescent reporter genes
allows expression from host promoter t0  rmoysewenes  seporereene

esudea " (e8 encoding &P or
be monitored in vivo and in real time T —— o
— Different colors (emission peaks): GFP, YFP, S
RFP, ... : A resorter proeln
— Reporter genes on plasmids and on ® o
chromosome .
— Transcriptional and translational
reporters

 Library of fluorescent transcrlptlonal
reporter genes in E. coli

o§§§§§§ss

Zaslaver et al. (2006), Nat. Methods, 3(8):623-8
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Single-cell microscopy

* Monitoring of gene expression in single cells using
fluorescent reporters, automated time-lapse microscopy,

and image analysis

* Monitoring onset of competence in B. subitilis
Suel et al. (2006), Nature, 440:545-50 &
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Single-cell microscopy

Monitoring of gene expression in single cells using
fluorescent reporters, automated time-lapse microscopy,
and image analysis

Monitoring onset of competence in B. subtilis
Suel et al. (2006), Nature, 440:545-50
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Single-cell microscopy and microfluidics

« Microfluidic trapping devices for long-term acquisition of

single-cell data
Bennett and Hasty (2009), Nat. Rev. Genet., 10(9):628-38

* Microfluidic devices allow tight control of environmental

perturbations
Izard, Gomez Balderas et al. (2015), Mol. Syst. Biol., 11:840




Single-cell microscopy and microfluidics

* Microfluidic trapping devices for long-term acquisition of
single-cell data
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* Microfluidic devices allow tight control of environmental
perturbations

Izard, Gomez Balderas et al. (2015), Mol. Syst. Biol., 11:840
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Objective of course "Modeling of biological
networks"

 Course objective is to learn the modelling of cellular
networks, in particular metabolic networks and gene
regulatory networks

— Both the theoretical foundations and concrete applications to diverse
systems of biological regulation

— Applications will rely on the practical use of computer tools for the
modelling, analysis and simulation of biological networks

- ' \
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Course program

« Part 1. Systems biology and kinetic modeling (courses 3 h)

— Introduction
— Kinetic modeling of biochemical reaction networks

« Part 2. Metabolic network modeling (courses and practical 9 h)

— Kinetic modeling of metabolism

— Metabolic control analysis (MCA)

— Flux balance analysis (FBA)

— Practical on flux balance analysis (COBRA)

- ' \
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Course program

« Part 3. Gene regulatory network modeling (courses and

practical 13 h)

— Quantitative modeling of gene regulatory networks

— Qualitative modeling of gene regulatory networks

— Stochastic modeling of gene regulatory networks

— Practical on integrated models of bacterial growth (Matlab)

e Questions

- ' \
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Course organisation

« Schedule: courses 4 h on Mondays/Tuesdays

e Credits: 2 units or 50 h:

— Courses: 25 h
— Self-study: 25 h

 Articles to read, associated with courses

e Contact: Hidde de Jong (Hidde.de-Jong@inria.fr)

» Slides and articles will be made available on course web site
e Malling list 5BIM and Master students?

 Exam on courses, practicals and articles (2h)
Course material allowed



mailto:Hidde.de-Jong@inria.fr
https://team.inria.fr/microcosme/course-on-modeling-of-metabolic-and-gene-regulatory-networks-insa-de-lyon-2022-2023/

team.inria.fr/microcosme
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