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Equipe BioSys de MalAGE

Objectifs de I'équipe BioSys

U Développer des méthodes et des outils permettant de modéliser, d’analyser et de
simuler des systemes biologiques, de I'échelle des processus subcellulaires a celle de
I'individu (ou des communautés) dans leurs environnements

O Développer des outils permettant de représenter, d’exploiter et d’intégrer les
connaissance, les informations et les nombreuses données, allant des nouvelles ‘omiques’
au phénotypage haut-débit et en intégrant I'imagerie spatiale et temporelle de I'échelle

subcellulaire a celle d’'une population de cellules

———)> Des modeéles prédictifs pour la simulation fine de processus biologiques

Modele de la traduction des protéines
(déterministe & stochastique)
Données utilisées (déterm.): physiologie,
quantification RNAtot, rRNA,
transcriptomique, protéomique quantitative

Modele d’allocation de ressources
entre les processus cellulaires
Données utilisées: physiologie,
métabolomique, fluxomique, protéomique
quantitative

Modéele de la transcription des ARNm
Données utilisées: DNA, RNAseq, Tiling 5
arrays, métabolomique




Resource Balance Analysis in a nutshell

( Metabolic processes Macromolecular processes

Cellular processes

Secretion
Ribosome apparatus Chaperone

Stoichiometric matrix §
is first extracted from the
genome-scale metabolic model.

Process

machineries Structure and efficiency are defined
in the same way as for an enzyme.
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For a particular growth rate, abundance of the
processing machinery needs to be sufficient to
process all of its substrates:
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k'app =C Apparent catalytic rate can

be either a constant, linear

kam) = ap, —+ b function of the growth rate,
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= unction of an externa
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Flux through a reaction is limited
by the efficiency and abundance,
of an enzyme.

Compartment
density
constraint C3

Enzyme capacity
constraint C,

Cellular description

Linear inequalities and equalities to be satisfied

o  DECISION A(p)x < b(p)
VARIABLES \ Process Additional
I:Reaction Enzyme machinery metabolite :|
fluxes  concentrations concentrations  concentrations

Mass conservation £

A(/J«) En%yrne capéC|Fy é b(/J/)

Density

CONST

For a particular value of /4, a linear constraint feasibility problem is defined. If the problem
is feasible for that particular growth rate, we increase £ until finding the highest value for
which the problem is still feasible.



Formalization into an optimization p

Resource Balance Analysis (RBA)
For fixed P > 0, u > 0,

roblem

Energy & precursors
production

Protein production

Protein folding

Cytosol occupancy
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Membrane occupancy

A. Goelzer , V. Fromion and G. Scorletti Cell design in bacteria as a convex optimization
problem. 48th IEEE Conference on Decision and Control, China, 4517 -22. 2009.

A. Goelzer , V. Fromion and G. Scorletti Cell design in bacteria as a convex optimization
problem. Automatica,47(6):1210-1218. 2011.



Physiology

Find
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Data dedicated to RBA validation (5 conditions)

Data type Group
Physiological data: length, width, volume Inra - Jouy/Grignon
Growth rate, Cell dry weight Greifswald
DNA concentration (5 conditions) Inra — Grignon
Transcriptomic data Inra — Grignon
Protein quantification (absolute) Greifswald

[quantification some key membrane proteins]

Concentration of ribosomes Greifswald
Amount of total mMRNAs Greifswald/Inra - Grignon
MmRNA half life Greifswald
Polymerase activity (chip on chip) Inra - Jouy
Metabolic data - external/internal ETH — Zurich

J. Muntel , et al. Comprehensive absolute quantification of the cytosolic proteome of Bacillus subtilis by
multiplexed LC/MS (LC/MSE). Molecular and Cellular Proteomics, 13(4):1008-1019. 2014 .




La difficulté de croiser des données quantitatives absolues
et hétérogenes

Trois groupes impliqués dans la génération des données experimentales
» Les conditions de culture doivent étre « strictement » identiques
—> Par ex. méme taux de croissance pour les cultures dans les
différents labos

» Les informations communes doivent étre identiques

— Par ex. une DO600 de 0,4 doit é&tre comparable entre les différents
labos

mmmm) Nécessité d’établir des SOP précises, et des stratégies pour
contréler que les SOP sont bien respectées

Du point de vue de la modélisation:

* Le cauchemar des conversions d'unités entre données expérimentales
et entités modeélisées

» Des informations essentielles pour les modéles quantitatifs mais souvent

absentes
—— Souvent des données « macro » a I'échelle de la cellule:
Par ex: conversion DO/poids sec, DO/nombre de cellules, volume,
quantité totale de protéines, etc.

« Evaluer la cohérence du jeu de données par rapport a I'existant



Minimal medium Minimal medium Medium S Complex medium Medium CH

Pyruvate Glucose, Citrate + Glutamate 18 amino acids + Glucose
(PYR) (S) (TS) (CH) (CHG)
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Before calibration —Analysis of the datasets

Metabolomics/Fluxomics/Physiology

« HPLC, LC/MS, GC/MS, 2 replicates per condition

« Computation of the uptake rates & excretion rates of nutrients +
confidence intervals

« Comparison with known fluxes in similar medium and solving
discrepancies if any... (pb of conversion OD/cell dry weight)

Quantitative proteomics (1st dataset on B. subtilis)
« 9O replicates (3 biological x 3 technical replicates), LC-MS/MS
* Per condition:

v Analysis of the variance with respect to the mean (variance
stabilization by log transformation), to the number of replicates
Computation of the 95% confidence interval
Coverage of the (active) metabolic pathways, and other macro-
molecular processes

v' Correlation analysis between known operons and regulons
« Between conditions:

v Differential analysis between two conditions including a volume

correction by a multi-test Benjamin-Hochberg procedure with a
threshold of 1%

v
v
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Analysis of protein abundance (9 replicates)

Distribution of residual (log2) (condition: S)

10

-Empirical distribution of residual (log2) (n = 7195)
—Normal distribution - ¢ = 0.71
* Normal distribution - ¢ = 0.561 (robust estimation)

~37% around mean for
9 replicates




Number of protein by cell among the core metabolism (S

Condition S - Number of proteins by cell

Pentose-phosphate-pathway | Zwf YkgB H GntZ | Rpe 100000
EMP|PtsG** | PtsH | Ptsl HprK | YvoE Pyk
Methylglyoxal-pathway YwbC | LutA | LutB
TCA ] Sdhc** | CitG: PckA | MalS | YisJ | MieA
Overflow| Pta
Fatty-Acid-synthesis| AccA | AccD | AccB | AccC | FabD | FabHB FabHA| FabF | FabG | YwpB | YcsD | Fabl FabL
Purine-synthesis| Prs PurF | PurD | PurN | PurT | PurS | PurL | PurQ | PurM | PurE | PurkK | PurC | PurB PurA | PurB | GuaB | GuaA | Adk Gmk | Ndk
Pyrimidine-synthesis| PyrAA| PyrAB| PyrB | PyrC | PyrK | PyrD | PyrE | PyrF | PyrH | Cmk | Ndk PyrG
NTP/dNTP-conversion| NrdE | NrdF
dTTP-synthesis| ThyA | ThyB | NrdE | NrdF
Cell-wall:teichoic-acid-synthesis | GpsA | TagD | MnaA | TagO** | TagA* | TagB* |TagF® | DItA |DItB** | DItC | DItD | TagG"™ TagE‘ 10000
Cell-wall:peptidoglycan-synthesis| GImS | YbcM* | GamA| GImM | GcaD | MurAB MurAA MurB | MurC | MurD | MurE | MurF | Mra¥** | MurG* | Ddl RacE | YrpC
L-Alanine-synthesis| AlaT | AlaS
D-Alanine-synthesis | Dat Alr
Glycinersynthesis- GlyQ | GlyS

Detection of most of cytosolic expressed proteins including -
those of metabolic pathways

100
Cysteine-synthesis (sulfide)| Cysk |["CysK1| CysS

Methionine-SAM-synthesis| MetA | Metl MetC | PatB MetK | MetS
ionine/Cysteine-conversion (homocysteine)| MccA | MccB
Methionine/salvage-pathway: methylation) | MetK | MtnN | LuxS
Methionine/salvage-pathway: polyamine | MetK | SpeD | SpeE MtnNEh MtnB | MtnW | MinX | MtnD | MtnE | SpeA | SpeB
L-Alanine-degradation| Ald
Threonine-degradation (glycine)| Tdh Kbl
Glycine-degradation | GevPA GevPB GevT
Isoleucine/valine/leucine-degradation| Bed BkdAA BkdAB BkdB | LpdV
Aspartate-degradation| AnsB
Asparagine-degradation| AnsA | AnsZ 10
Arginine-degradation| RocF | RocD | RocA | YegM | YegN
Proline-degradation| YcgM | YegN
Glutamate-degradation| RocG | GudB
Glutamine-degradation| GlsA
Histidine-degradation| HutH | HutU | Hutl HutG
L-serine/D-serine-degradation | SdaAA SdaAB DsdA
Pyrimidine/purine-conversion| Pdp Cdd Tdk Dck Udk HprT | Apt Xpt
Purine-degradation| AdeC | GuaD | PucA | PucB | PucC | PucD | PucE | PucL | PucM | PucH | PucF | PucG
Nucleoside-catabolism-to-carbon| DeoD | PupG | Cdd Pdp Drm Dra
and branched-chain fatty-acids degradation| LcfA LefB | YhT | FadE | AcdA | MmgC| FadN | FadN | FadB | FadB | MmgB MmgBP MmgA| YhfS 0
Aerobic-Respiration - ATPase | NdhF** | Ndh YumB| YutJ |SdhA* | SdhB | SdhC**| QoxA* |QoxB* | QoxC* | QoxD**| CydA™*| CydB**| CydC**| CydD**| YthA** | YthB™* | QerA |QerB* | QcrC** |CtaC** | CtaD** | CtaE** | CtaF** -Ath“ AtpC* -AtpE“ \Ath‘ AtpG* | AtpH" | Atpl**

11




Protein allocation among all the cell processes (PYR vs. CHG)

Repartition of the protein mass by pathways/functions
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Enzyme activities (1/s)

e
Y

A dedicated procedure for parameter estimation
from fluxome and absolute protein quantification

Measured

datasets

Growthrate
Uptake /excretion flux

X

HPLC, LCMS, TOF-MS
(2 replicates, 12 time points)
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Identification of apparent catalytic rate of *600 enzymes
for each growth condition
(Consistency with the expected distribution)

A = All enzymes
Prokaryotic
0.35 enzymes
03 RUBISCO Eukaryotic
ol c enzymes
S N
0.25T -05
©
0.2 Y
)
>
0.15f =
L
i )
0.1 o’ FUM
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0.05f | SOD
0 P " Median CAN
le-6 1led  0.01 1 100  led  1e6 Ly 13.7
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A. Bar-Even, et al. The Moderately Efficient Enzyme: Evolutionary and Physicochemical Trends Shaping Enzyme Parameters, Biochemistry, 2011, 50 (21), pp.
4402-4410
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Evolution of the apparent catalytic rates

Growth rate dependency of EalaS
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Also possible for another organism

Use of RBApy workflow to build a RBA model for Escherichia coli [1]

— By applying the same rationale for data analysis/ parameter estimation

Source of information:
O The iJO1366 metabolic model [2]
ad Quantitative proteomics [3] and fluxomics [4]
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. . f ® Amino acids metabolism
Estimation of pa o Respiration o
15 - g . .
c . Membrane biosynthesis @
D Ap pa re nt Cat _ 5 o 10% 5 Cofactor Biosynthesis o ..0
< c b i ®
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minimal medg exeretion S Y e
% o 7 V¥ Secretion apparatus .k’ o
. = X _% @103 - ™ f L 2
3] S O i L ] ‘
O Total protein|: .. of 8 5 o ST .
E Ea P A/
= X Pl 1 oo P o
s B ¢ D ’
3 = X >3 e o®
b 3 8102 - ® 8
o 0 X M 5 s} v
5 Glucose £ oBb °
° uptake o so
g 9]
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S 10! E
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o
| L ] @® Boundary flux
-10 X Central carbon metabolism flux
| | ' I | ' ' 1001 T et e — v L |
I -10 -5 0 5 10 15 20 10° 10! 102 103 104 10°
Experimental flux [mmol/gCDW/h] Experimental molecular machine abundance
Institut de Modélisation des Systémes Vivants (copies per cell)




What we need & what is missing
In data acquisition/treatments

For some data (from our experience in microbiology), lack of a clear consensus on

Data units especially between different scientific communities
|dentifiers (e.g. metabolomics, fluxomics) ?

And also

Missing information on the mathematical treatment between the raw and the
treated data

Missing physiological data

Alternative splicing: multi-mRNAs, multi-proteins?

17



What we need & what is missing
In the cell description

The active molecular machine at the basis of the cell description

« Badly and rarely described by itself: ex. Uniprot, TAIR, etc.

+ Some promising attempts for pathway-centered repository (Reactome,
ChloroKB, etc) ... But still ambiguous

v e.g. The mitochondrial protein IDH3A of S. cerevisiae in Reactome is
linked to the protein P28241 (that still contains the signal peptide)

—— A problem of cell description and in fine of cross-references between repositories.

—>  Which lead to a problem of data identification during acquisition

—— The problem of cell description is even more difficult for multicellular organism
v In genome-scale metabolic models of plants, the gene encodes the reaction

New omics technologies allow the large-scale identification of new types
of « data » (a few examples):

» Molecular machine efficiencies (including apparent catalytic rates )

« Half-lifes of mMRNAs, proteins

» (Gene-specific translation efficiencies,

+ etc.

— How to store the information ? 18
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