Aetabolism of
Terpenoids and Polyketides

overod .

of an or

L
olism S

12/12/2022

Butancaw

Apconate s
akarwn matibolgn

*
Lugaste S
4
o
.
o
. -
.
-
i

gan

o 4 o -9 o .
| —oftet
LT Metabolism of
Cofactors itamins.
o7 o

e

A
- ' *
L BN J
o
——te
{
L 2 2 ]
*

lipome
=T Bu e T e C. Baroukh

— 1
oo . o o
< 23
"
|
4 H ’
' i s .
‘ o
! 1
) °
-- - : [
o
*
9 ?
e L 4
v
§ .
°
*
°
- - °
Metabolism of

Other Amino Acid

Metabolic modeling at the scale
ism/ecosystem

C. Baroukh - W. Liebermeister - Battle Of Methods 1



Metabolic modeling in a nutshell

| L \
SEQUenCV Genome
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Metabolic modeling in a nutshell

Reconstruction

—

Genome Using orthologies to species with
known metabolic network

Sequencing

A 2 step process:
Automatic reconstruction
2. Manual curation to fill gaps

and remove false positives

.
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Metabolic modeling in a nutshell

B i N Sy =
M= == =

: Genome ’ . ]
Sequencing Metabolic network

Experiments I
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Metabolic modeling in a nutshell

Reconstruction

—

Experiments I

Mathematical
ormulation

Sequencing Genome
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Mass balance on a metabolic system

Stoichiometric
matrix

Genome-scale Variation of
metabolic network metabolites Mass fluxes (= kinetic)
List of biochemical concentrations TO DETERMINE

reactions: ~2000 over time
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Metabolic modeling in a nutshell

Mathematical
ormulation

~ v Too many reactions to take into account (~2000) s
' =>» Postulate many kinetics : - = N.v

Large size ODE

-1 v Most metabolites are difficult to measure dynamically Dynamical system

=> Kinetics parameters estimation impossible

Ve o o o
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Quasi-steady state assumption

Stoichiometric
matrix

dSext _
) | o e
NSint' V=
Genome-scale Variation of Mass fluxes *O
metabolic network metabolites of reactions DETERMINE
List of biochemical concentrations TO DETERMINE

reactions: ~2000 over time

12/12/2022 C. Baroukh - W. Liebermeister - Battle Of Methods 8



Quasi-steady state assumption

Stoichiometric
matrix

dSext _
) | o e
NSint' V=
Genome-scale Variation of Mass fluxes *O
metabolic network metabolites of reactions DETERMINE
List of biochemical concentrations TO DETERMINE

reactions: ™ I | | -
i 2000 over time BUT indeterminate system !!!!
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Flux Balance Analysis

First hypothesis: internal metabolism are assumed at quasi-steady-state
Second hypothesis: metabolism is assumed optimal by evolution
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Flux Balance Analysis

First hypothesis: internal metabolism are assumed at quasi-steady-state
Second hypothesis: metabolism is assumed optimal by evolution

=>» Solve an optimization problem
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Flux Balance Analysis

First hypothesis: internal metabolism are assumed at quasi-steady-state
Second hypothesis: metabolism is assumed optimal by evolution

GUROBI

OPTIMIZATION

Optimization problem

Objective (maximization or minimization)
e.g. Biomass synthesis maximization

Constraints I

NSint.v = () and
e.g Limitation of substrate assimilation Fluxes of

e.g. Irreversible reactions fluxes = 0 matter (v)
e.g. Energetic cost for maintenance processes
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Metabolic modeling in a nutshell

Reconstruction

—

Experiments

Mathematical
ormulation

ik SN A = :
S 1+ A Ne=a =
S e O e

Genome .
Metabolic network

Sequencing dM

2 KB
dt v

Large size ODE
Dynamical system

—F Y

PYR=>AcCoA
AL SUCCoA . .pe .
4 % 7 e
sts in silico UM< SUC and simulation

Matter fluxes Small ODE system

Semi-dynamic system
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Flux Balance Analysis- uses

* Prediction of intracellular fluxes

* Comparison of fluxes distribution between
* Several environmental conditions
* Several strains

* Study the impact of

* The deletion of one or genes
* The inhibition or catalysis of a metabolic reaction

* Study the metabolic/genetic modifications to perform so as to, e.g.,
optimize a bioprocess
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Metabolic modeling in a nutshell

Mathematical
ormulation

Sequencing Genome Metabollc network dM
—=K.v.B
dt

Experlments ,
Large size ODE
Dynamical system
\AKG
A better PYR—>AcCoA

AL SUCCoA

understanding of 'k Simplification
metabolic behaviours sts in silico UM<Gmmm SUC and simulation
Matter fluxes Small ODE system

Semi-dynamic system
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An example of result

12/12/2022
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Xylella fastidiosa

Infection of over a 100 plant species

K / Grapevine, Olive tree, ...

———l> | @2 f NecCrosis, leaf drying

Fastidious bacteria :
isolation and in vitro cultures difficult

=» Objective : a better understanding of its metabolism and its fastidious growth
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Metabolic reconstruction process

Automatic by Intensive manual

Séquences orthology « Draft curation Réseau
protéiques model » métabolique
>Q2VINS
MRNTLVSHYQHIIEYRRKSLMGVVFVNYARSFLAGTMALSAVCLN
LNPSYSRVQNFKLKDAGNDPAGILAYHSGIGTVPERFDWNTLDAN O

LGIGREAFPVKIDEAGSSRTFLLIRNLARAVAQHDSDTIESELFQ
SVEQRFVDIMQSIQKDPKAEFPRSAVKHLVAGYGAEKYKYSPKLV
ATVARISGITSTSVILNVCRDVPTYIPNARLIPYACAGVGWGFIG
HLIAGAFLQGVFGSVKHQDIDTDVVAGNISKAASHISSTFRLKNL
>083055

MGACISVYARFALGCGVFFLHGAVLDGVSRAFSSSAAFSGSAELS
KSSWKLAFPLLPKKGATYISFSGEDPIWVELSLKGLKVDFESALG

ATLHLYDVSFSVGKDPVFPSNFAQLWIPFITTISYESRSVKYAPGF
SFSSNGIWKSAPSVISKVKGKGTNSRRMPADPHSKYGLGTEFTLV [ ) ®
GPDOTHHONKDTVI.WNVGART.TL.SPGAGFRIVCAFDAGTPYRKGA

Reference metabolic networks
used
1. E. coli

2. R. solanacearum Gerlin L.
3. P. aeruginosa
4. R. eutropha
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A complete network, but minimal

12/12/2022

Q00 0®®®® Exopolysaccharide

Pathway
% reconstructed
succesfully
Incomplete pathway

ipopolysaccharide
.............. ) or with
uncertainties

embrane

carbohydrate polymer

Peptidoglycan

Nucleic acid

pentose
phosphate

o Glutamine

Lipids

carbohydrate
unit Citric
Acid
Cycle

gluconeogenesis

Protein

Organic g N lSnE
acid Energy

Vitamin
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A network lacking robustness

Gene deletion study (in silico) = numerous FBA

Organism Total number of genes in /' Proportion of essential Total number of

the network genes genes
Xylella fastidiosa

Ralstonia solanacearum 1474
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Where is the fructose-1,6-bisphosphatase?

Glucose
[

Glucose-6-®

!

Fructose-G-@
{FBP |

Fructose-1 ,6—bis—®

/

Glyceraldehyde-3-®
A

L
—> ®-enolpyruvate

|

Pyruvate <——
\ .

Glycolysis / Gluconeogenesis

\/
&8

MISSING| FBP

%

o Akey enzyme of the gluconeogenesis pathway

Fructose-1,6-bisphosphatase
EC3.1.3.11

o Anenzyme conserved in «all » living organisms:
« Same » enzyme for animals/plants/bacteria/etc

o Lossin all Xylella strains sequenced



Where is the fructose-1,6-bisphosphatase?

Glucose
[
G

lucose-6-®
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Fructose-ﬁ-@
{FBP |

Fructose-1 ,6-bis-®

/

Glyceraldehyde-3-(P)
A1
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EE—— ®-enolpyruvate
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Pyruvate <——
.

Glycolysis / Gluconeogenesis

\/
&8

%

o Akey enzyme of the gluconeogenesis pathway

MISSING| FBP

Fructose-1,6-bisphosphatase
EC3.1.3.11

o Anenzyme conserved in «all » living organisms:
« Same » enzyme for animals/plants/bacteria/etc

o Lossin all Xylella strains sequenced

FBA prediction: FBP activity needs to be 3.37 times lower to make
the strain fastidious (generation time from 1.45h! to 103h1)



Efficiency study:
exopolysaccharides (EPS) production

Glutamine

(Gouran et al., 2016)

1 - priA”

1 2 3 456 7 8
=>» Inefficient EPS production in Xylella Growth period (days)
= Evolution drove XerIIa to slow growth: prtA-: reduced biofilm (EPS)/protein secretion
. . =» Enhanced growth
strategy of virulence ? (low population level

to remain undetected by the host)

Colony forming units/mL
[6)}
o
8
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In conclusion

* We can perform metabolic modeling at the scale of the organism

BUT with additional assumptions : quasi-steady-state and optimality
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In conclusion

* We can perform metabolic modeling at the scale of the organism

BUT with additional assumptions : quasi-steady-state and optimality

* The main methodology used is Flux Balance Analysis (FBA), and allows to better
understand the biology of an organisms. Predictions will be then verified
experimentally
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In conclusion

* We can perform metabolic modeling at the scale of the organism

BUT with additional assumptions : quasi-steady-state and optimality

* The main methodology used is Flux Balance Analysis (FBA), and allows to better
understand the biology of an organisms. Predictions will be then verified
experimentally

=> A virtuous cycle between modeling and experimental work
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In conclusion

* We can perform metabolic modeling at the scale of the organism

BUT with additional assumptions : quasi-steady-state and optimality

* The main methodology used is Flux Balance Analysis (FBA), and allows to better
understand the biology of an organisms. Predictions will be then verified

experimentally

=> A virtuous cycle between modeling and experimental work

* Many extensions of Flux Balance Analysis exists : dynamic modeling, requlation,
exploration of alternate solutions, taking into account enzyme efficiency, etc.
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In conclusion

* We can perform metabolic modeling at the scale of the organism

BUT with additional assumptions : quasi-steady-state and optimality

* The main methodology used is Flux Balance Analysis (FBA), and allows to better
understand the biology of an organisms. Predictions will be then verified
experimentally

=> A virtuous cycle between modeling and experimental work

* Many extensions of Flux Balance Analysis exists : dynamic modeling, requlation,
exploration of alternate solutions, taking into account enzyme efficiency, etc.

=> A complementary approach to conventional biological approaches, which gives
a different view of the biological system
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Extra slides



Optimisation problems

1. Formulation 2. Solve using solver

Optimization problem

C PR GUROBI
Objective (maximization or minimization) CPLEX OPTIMIZATION
min f(v)
1%
_ 3. Explore result
Constraints
Av=>D f(v):fopt
Aineq-v = bineq UV = Vopt

lb<v<ub
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