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Outline

 Metabolomics to study food contaminants

 Identifying biomarkers with high resolution mass
spectrometry

 Metabolic network analysis

e Metabolic network reconstruction for cell lines

e Metabolomics in France
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Metabolomics to study food contaminants
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From genes to metabolites |
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~1500 ~15000 ~5000

J. Nicholson phenotypic marker

Using the metabolome shift as a
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Food contaminants M,::;y‘
AW
J I\,
Develop novel and efficient strategies to address modern MeX team (D Zalko),
toxicological challenges linked with food contaminants

- Chronic & low dose exposures issues
- Exposure during critical periods of the development

4
HO OH

""""" o Bisphenol A o

Polycarbonates Prod. ca. 3 Million T/year Epoxy Resins

Free monomer = model Xeno-estrogen

!

Effects / human health ?
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Fingerprinting

Data acquisition

Numerical data

Variable 1 v1,v2...
Variable 2 v1,v2...

B 20 7% 20 1s o

Spectrum bucketing

/ Multivariate statistics

Liver Brain

/ Biomarkers
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Discrimiation of adult mice exposed in utero to low doses of
xenobiotics
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From Biomarkers to System Biology
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Given a list of
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...find the processes involved

Present in all species
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ldentifying biomarkers with high resolution
mass spectrometry
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High Resolution Mass Spectrometry
( O

High resolution MS :
 FTICR

* Orbitrap

Mass spectrometry
 LC-MS

* GC-MS
e CE- MS
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1%L, Going from raw data to a metabolite list
LC-HRMS metatoul

~ Challenge : tenth of thousands of peaks
N among which only few hundreds are relevant

HepaRG
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of LC-HRMS data
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MetMS: implementation of LC-HRMS data treatment

metMs 0.3.1 =
flgorthn  Tooks  Plugns  About %

| IE@ | Contraller : 8 x
w2V O

Tsoam haspectrs | peakstist | O clusters |

TICS mo oo B

' 141.0676/120.2738 l:l
W 141.2661/775.095

' 141,2688/981.1098
20—t ! - @ 141,2801/1072.7963

= ) 141.3653]1644.9869
kS - @ 142.9915/54.6705
& W 143.0462/120.5362

= 5430 - ) 143.1074/1487.6571
g () 146.0454 /34,6164
B H ) 146045501 245018

= " | | ot iy - () 147.0073(1296,3531

| P Irwfw () 148.0534/1495.9709

| - @ 148.087911372.7577

!L/‘M"" ' @ 145.0942/1369.9307

=} isckopic cluster:
| @ 150.0972/1369.9307
| S - ) 151.0004/1369.9307

1 ) 150.0175/121.9697

o 1000 ) 150.0419/312.1357

RIG) ) 150.0422/367.6008
£ () 150.8677/78.9559

() 153.0669/121.4033 |

| 155.0705/1294.6547
) 155.0627/121 4033

) 155.9902/1425.9592

pesk@149.0942/1369.9307 - 158.9252/97.6349
) 159.0456/1223,343
1e+06— - T L 3 &} 160.0071/121.4033

' 161,013/1296.3531
W 161.013/1905.3359

i “ 1) 161.0431/85.7475
S ! L ) 162.0404]100.4627

- ) 164.0713/279.8751
| 0 164.06821/1370,4944
! 165.056{1178.6318
| - @ 165.0882/1369,362
‘ ) 166.0966/120.6362
! 168.028(62.9177
400000 + |unu;z <0 169.061/121.9697
) 168.6199/11.1076
- @ 169.6283/1811,5572
\ 0 171.,0053/86,6794
) 171.0772/121.4039
) 171.1015/1067.7023
) 171,1024/1157.1274
!  —— ) 173.0217/1295.7869
600 B0 1000 1200 1400 1600 1800 ) ) 173118/ FRR ey
@ 174.026/89.7095
RT(s) “ ) 175.0042/1295, 7869
W 176.094/1498.4024 -

B00000 -+

INTEMSITY

13340776

200000

B

Marc Dubois

ALIMENTATION ‘
AGRICULTURE
ENVIRONNEMENT




Computational Challenge

~

18 samples for a condition

q: Scripps Center For Metabolomics X( : I\/I S

4

METLIN: Metabolite and Tandem MS Database
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B

exactmass
307 053427809286

403 138561743954

447 0RE37 5627694
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[retention time

1014.87168102335

994 002293383755

171 612766016008
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1289.31181975929

11177 84508625444
1443 68769151619

1087 42609034510
107 424266304309
11241.38126586809

TR QIR3N2G4752

Applying treatments
on each sample...but
it can take more than
a day !
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18 samples for a condition
— _

Computation is
performed on a
computer cluster and
takes less than an hour

Tt
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ol =

nfo
@l «. Scripps Center For Metabolomics XCMS

o METLIN: Matebolite and Tandem MS Databasse
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Output of raw data treatment
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mﬂ‘ sr:ompound Name mﬂ SIdentifier Eﬁ aMass mﬂ sFormula Eﬁ aPathways m?ssample

(R)-3-hydroxybutanoate CPD-335 104.047362 C4H803 0 pathway ]

S-hydrogy-isohutyrate S-HYDROXYISOBUTYRATE 104.047362 CAHE05 1 pathuvay ]
Display pathways

L-isoleucine ILE 131.094606 CEH1EN102 7 pathways .
Disglay gathways

L-leucine LEL 131.094606 CEH13M1 02 4 pathways F
Display pathways

S-adenogyl-L-homocysteine ADENOSYL-HOMO-CYS 384.120629 C14HZ0ME0E51 10 pathways ]
Display pathways

8-hydrmgypuring CPD-9017 136.03505 CEHAN4O1 [0 pathway e ]




Metabolic Network Analysis
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LC-HRMS
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883 reactions

1027 metabolites
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Bioinformatics
algorithms

Aim : given a set of metabolites, extracting a “sparser” sub-network containing

all the identified compounds.
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Not all the metabolites are
identified, it requires to fill the

gaps

Jourdan et al. Metabolomics, 2010, 6, 312-321

deoxyguanosine

deoxyribosd 1-phosphate

Tearying Hypoxanthine phogph
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Inosing kinase na
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'

ribose-1-phosphate

Cytosine deaminase

uracil

i pyrimidine dehydrogenase (NADFP+)
dihydrouracil

ydropyrimidinase
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Overview MetExplore

URL: www.metexplore.fr
Registered users:52
Metabolic networks:174
Reactions:19927

WI32-W137 Nucleic Acids Research, 2010, Vol. 38, Web Server issue

Published online 5 May 2010
doi: 10.1093 nar/ghkq312

MetExplore: a web server to link metabolomic
experiments and genome-scale metabolic networks

Ludovic Cottret"*, David Wildridgez, Florence Vinson‘, Michael P. Barretta,
Hubert Charles®*, Marie-France Sagot®® and Fabien Jourdan'

TINRA, UMR1089, Xénobiotiques, F-31000 Toulouse, France, 2Division of Infection and Immunity, Glasgow
Biomedical Research Centre, University of Glasgow, Glasgow, UK, ®Bamboo Team, INRIA Grenoble-Rhéne-Alpes,
38330 Montbonnot Saint-Martin, “UMR203 Biologie Fonctionnelle Insectes et Interactions (BF2I), INRA, INSA-Lyon,
Université de Lyon, F-69621 Villeurbanne and *Université de Lyon, F-69000, Lyon; Université Lyon 1; CNRS,
UMR5558, Laboratoire de Biométrie et Biologie Evelutive, F-69622, Villeurbanne, France
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Metabolic network reconstruction for cell
liInes
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From genome to metabolic networks

Model refinenement

Do ds difr T 150

ESMETACYC

A mernber of the BloCye database collection

2,250 1 °
* Compartmentalized reconstruction (distinct periplasm) "r
* Extensive cell wall metabolism (phospholipids, murein, LPS) s
* Reaction thermodynamics -
1,250 Ve
» Alternate carbon utilization £ =
* Quinone characterization Pl =
1,000 - = Elemental and charge balancing f -~ P ¢ Reactions
%= * Fatty acid metabolism & “g A Genes _
9 5q o * Expanded cellular transport systems # - - [T Metabolites
g * Used genome as a scaffold =
2 o
5004° Cell wall constituent biosynthesis & = =
* Cofactor biosynthesis ~ =
* Growth-dependent biomass objective function -: /, -
—_— — = i i -
250 o « Amino acid and . = = Feist, et al.. Nat Biotechnol, 2008, 26, 659-667
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Network-based prediction of human

tissue-specific metabolism

Tomer Shlomi'*, Moran N Cabili', Markus | Herrgird®, Bernhard @ Palsson® & Eytan Ruppin'”

Direct im wi stigation of tabaolism is
complicated by the distinct metabelic functions of different
tissues. We present a computational method that suocessfully
describes the tissue specificity of human metabalism on a
large scale. By integrating tissue-specific gene- and protein-
mxpression data with an existing comprehensive reconstruction
of the global human metabolic network, we predict fissue
specific metabolic activity in ten human tissues. This reveals
a central role for post-transcriptional regulation in shaping
tissue-specific metabolic activity profiles. The predicted tissue
specificity of genes ible for metabolic di and

ti pecific di in metabolite with
biofluids extend markedly beyond tissue-specific differences
manifest in enzyme-expression data, and are validated by
large-scale mining of tissue-specificity data. Dur results
establish a computational basis for the genome-wide study

of normal and abnormal human metabolism in a
tissue-specific manner.

Metabaolic netwark modding of lological systems mvolves the ama-
lysis and predidion of metabolic Bux distrivistions wnder diverse
physioogical arud genets firkenes. Traditiona] modeling techni
re based on mathematics] approsches thet requine detalled nlorma-
tion ot Knetics and on enzyine snd metsbolite concentrtons'=.
However, 2 lack of accurate infommation of kinetic constanms and
etrryine and mebbolie intracelhilar tooes Hmdts the curnent
appliability of swsch methods 1 smallscale systema. Constrain-hased
modeling hypasses this hurdle by analyring the function of large-
scale metsbolic networks through relving solely on simple physical-
chermical constraints’, [n recent years, constraint-based maodeling has
been frequently wsed o succesibdly predict varios phenoty pes of
milcroongaikims, sich = their growth e, rates of nutdent uplake,
bv-prrodhict seeretion o the Tethalty of gens knod:outs {56 ref 4
b eview).

Desgpite this progress in applying constrant-hesed modeling o
stisdying the metsholism of microorganisms, largescale modeling of
human metabotiim b still in s dnfancy. Nonetheles, the emerpence of

Hchoo! of Computer Sciece, Taldun Unvemsty, Tel-fun 62978, krasl.
Fenariment of Biengineermg, Unersity of Caiformiz, San Digo, La bolia,
Ealiomia TH3-0412, US4, Mchood of Medicne, Teldvmn Lnhersity, Tel.fum
G97E, mmal * Treme authom camrituted equaly to T work. Comemandence
shocid e aridressed 1o 15, (shiomitoBpos S ac ) or £ 5
ippindom tia e il

Putl =ned an e 17 Augast 004 dot:1 0 10788 Mo 1 487

NATURE BIOTECHNOLOGY  ADVANCE ONUINE PUBLICATION

metaholic ditssws quch as disheted and obesily 25 major soirces of
motridty and monalig®™ has stimuboed reseanch imo human
mmetabedism snd its regulstion, Metabolic eroy mes and their regulston
are incressingly considered visble dng targets for these and other
conditions’® However, in meconstnscting human metabolic networks,
troal of the previoes work hs Beised on characlenang distine
metabnlic p\:!.'hvap’é"m. Uil pecently, reconstrisctions of lempe-scle
Tsman metabolic netwacks had been perfrmed only for specific cell
types and organelles 2, Althaoegh fundsmental stepm forwand, recon-
structions of the gobal human metsbadic network lesed on an
extensive evahastion of genomic and bibliomic dats | that i, compre.
leensive aseisment of the Heratiore) 'S are nol tiase apecific. In
adspiing comstraini-besed modeling. mahods Fom the realm of

i st o that of mutiellular i, i
tws i hasrdles, The first fs that diferent tisues hove diferen
metsbolic oljectves that sre not well charscterired and remouin largely
unknown, This is in contras o maedeling microngnking where a
stmphe objective function (ach = mad g the biomass prodic-
ten rate] can be wed together with fuk balance snalysis! to predict
Troskegically plaussille M distibations The seasmnd major obaacle 15
the lack of infunmation on thevespecific metabolite uptake and
speretton, which is emential fr emploving Tus balane anabsi.

We present & new anstraint-besal compuistions] method for
systermtcally predictig buman Hseespeciic mesolic belavior
by imegrating & genome-scale metabolic network with thsuespecific
gete- and proteln-espresion dat, Changes i gene- and protein-
expremion lvel pley o majer mole in controlling tiasse-specific
metabolic functios®*—=, and 2 stony @relstion between gene
expresion and mesured ™ and predicted” =% metabolic fuxes is
reportal for microorgpmisma, To sccound Br metsboke D sctidty
thet i3 ot reflecied in the expresdon dat (tha b, post- inzocripti onal
regulidory effects), we thal thsus-specilic vadations in entyne
exprewion leveh not a3 the fined determinants of eneyme activity,
Trist a4 cises fior the Jkelibood that the enryime In guestion suppatts
metshedic flux in i astctal esctionis) Network imegration is
then wsed to sccimulae thess cues (nto s glohal, consisten i metabalic
belavion which refleas the outcome of pulstive pos - tarscrijt o]
regulstory effects. Our method's rellance on emyme sxpresion data
o dnfer tasuespedfic metabolic i eliminstes the need fir 2 prior
Tnvowledpe of thaue-specific objective functions and - metrbelite
exchanped by the tisse with biofluids Instesd, the metbod provde
predictions regarding thevepediic metabolite uptake and secretion.

T eamine our method’s shility 1o corectly predict metabaic
behavior buied on gene-expresmn data, we it apply it predicing
the metsholic state of the yessd Saeduromes erewane amber

1.22
% udpglcur
1.1
% glygn3 /sé Tyr_gen
dxirn L
b ¥ \l' malt
< R 2411 o
32133 "*, i
glc D T 32120

Figure 4 An example of a sub-network of
glycogen metabolism. (a,b) The predicted tissue-
specific activity of GBE1 (1,4-alpha-glucan
branching enzyme) in the liver (a) and its
inactivity in the spleen (b) are illustrated. Nodes
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in silico reconstruction

Cell lines annotation pipeline

P

iy JER ML b 5 . .
N £ A Data integration

3 g
Reconstruction KEGG
genome  softwares &)BIOCYC

Y
e B
= Database Collection

MetExplore: web server the storage, manual
annotation and analysis of metabolic
MetMS metabolome networks

http://www.metexplore.fr

Cottret, L.; Wildridge, D.; Vinson, F.; Barrett, M. P.; Charles, H.; Sagot, M.-F. & Jourdan, F.
MetExplore: a web server to link metabolomic experiments and genome-scale metabolic networks.
Nucleic Acids Res, 2010, 38, W132-W137

ALIMENTATION ‘ ‘
RICULTURE
ENVIRONNEMENT -




Annotation Project, manual curation

MetExplore - Annotation

My BioSource Hormo sapiens - HepaRG - H_Sapiens_Reconl v
" Reactions Mataholitas] Protaing  Genes

 toame S didenier : 5 v
%M% R_ACONT 4213

[] Aconitate hydratase R_ACONTm 4213

[[] ATP-Citrate lyase R_ACITL

[ Citrate lyase R_CITL 41,36

[ citrate synthase R_Z8m

[] fumarase R_FLIn 42132

[ fumarase, mitochondrial R_FUMm 42172

[] lsocitrate dehydrogenase (NAD+) R_ICCH:m 11141

[] isocifrate dehydrogenase (NADF) R_ICOHy 11.1.42

[] Isocitrate dehvdrogenase (NADP+) R_ICDHyrm 1.1.1.42

[[] Isocitrate dehydrogenase (NADF+) R_ICDHyp 11.1.42

[] malate dehydrogenase R_MDH 14437

[[] malate dehydrogenase, mitochondrial F_MOHm 1513

[] succinate dehydrogenase R_SUCD1ImM 13890

[[] Succinate--CoAligase (ADP-forming} R_SUCOASmM B.2.1.5

[] Succinate--CoAligase (GDP-forming) R_SUCOAS M 6214

[ select Al

Delet Filter

Addl Delete

Compartment
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Next step: Metabolic Flux Plasticity

Xenobiotics act on

T T R I regulation of enzymes
R R i“_Tf_ . .\ P RREEEE -~~~ leading to changes in flux
At _IE ?31“‘ = distribution.

Lo H Lon ¥ N~ ]|~ Inthe case of cancer cells,
wa b - =t. ' these fluxes are different
R P =47 from healthy cell lines

. B Lt ~ (Rupin et al.)
ilzt;ﬁiiaetliﬁﬁ% Stzigliileﬁitcscy:;}slter:fnlt?ﬁlgfif:r:ﬂg% 238:781-786 What are the flux
5&};{; 1[53211?; ll)la{zic?zsﬁ)};ifs"?ls]\fsc:)tnBl?;technol 2010, 28:245-248. d IStrI b Utl ons h Ifts Wh en
cells are exposed to
xenobiotics?

What are the long time
effects?
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Metabolomics In France
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French Metabolomics and Fluxomics network

Lilies W& .

- M E =
i: "‘_ B ———

D ROLIN (preSidenL Bordeaux) REsean FRAMGAL OE METABOLOMEIGME ET QuE ) e~ | —_—— { Strasboury %

C JUNOT (Vice president, Saclay) Aims: animation, Rannas

C DEBORDE (Secretary, Bordeaux) formation, ne tworking, m

JC MARTIN (Treasurer, Marseille) funding young ‘\
C CANLET (Toulouse) researchers to attend

AM DELORS (Clermont-Ferrand) conferences outoss

F JOURDAN (Toulouse) National Conference

A PARIS (Paris)

Date Attendance Labs Invited Speakers

JC PORTAIS (Toulouse)

E PUJOS-Guillot (Clermont-Ferrand) 2005 86 27
2006 107 39
2008 109 44

If you want to communicate with us: = 2010 101 56 J. Nicholson
Mailing list:
rfmf@listes.inra.fr 2011 136 71 R. Breitling, M. Oresic
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MetaboHub: creating a french metabolomics
Infrastructure

Developping and providing metabolomics analysis for large
scale studies

Three scientific work packages
— Metabolomics (HT, standardisation, target metabolomics)
— Fluxomics (network, synthetic biology)
— Bioinformatics (data management)
Four facilities
— Paris (CEA)
— Bordeaux (INRA)
— Toulouse (INRA)
— Clermont Ferrand (INRA)

\
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Conclusion

* Metabolomics bioinformatics pipeline in HRMS is a
challenging computational problem

 Metabolic networks can be used for system biology
Interpretation of metabolomics data

 Genome based reconstructions have to be improved to
provide better models

* Flux analysis will help to move towards dynamic studies

* French metabolomics is animated through the RFMF
» National facility project: MetaboHub
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France Metabolomics ¥ IN% NR ‘QﬂEBfSBg
INRA Toulouse : Florence Vinson, Marc Dubois, M e T

Dussart, D Zalko (MeX team) Q
CEA Paris : C Junot TRROMRE s o s s
INSA Toulouse : Ludovic Cottret, JC Portais (Metasys

team) S i

International Metabolomics O =THE S Eoul

University of Glasgow : M.P Barrett, D Wildridge £7 metatoul ¥ bicinfo

Sanger Institute : F Logan, M Beriman

\ \ £.-

France Bioinformatics

INRIA Lyon : MF Sagot, V Lacroix, V Acuiia, P Milreu, C
Klein

University of Evry : E Birmelé

International Bioinformatics

Universita degli Studi di Firenze : P Crescenzi, A

Marino . |
Univ. La Sapienza, Rome : A Marchetti-Spaccamela And thanks for your attention !

Free Univ. Amsterdam & CWI : L Stougie
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Gene 2
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Transcnriplt 1a| Transcrip& 1|

Protein 2
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Enzyme1 : ”
Metabolite 2 —{Reaction 2
Metabolite 1}—|Reaction 1 Metabolite 4
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ﬂEnzymeﬁs:

Genome based reconstruction f . )
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+ transcriptomics
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Gene 2

Gene 1a|/Gene 1b

Transcnrﬁpit 2]

Transcriplt 1a| Transcrip& 1|

Protein 2

]?mtt@ﬁn 1Ia: ]?mtt@ﬁn 1ij

e, o ﬂEnzymezj
Enzyme1 : ”
Metabolite 2 —{Reaction 2
Metabolite 1}—|Reaction 1 Metabolite 4
Metabolite 3 —{Reaction 3
ﬂEnzymeﬁs:

Genome based reconstruction f . )
Protein 3

+ transcriptomics

+ metabolomics Transcript 3

PTENTAT| O
AL |z ..e I‘i\el C:)),

AGRICULTURE
ENVIRONNEMENT




(a) Interaction-based ' (b) Constraint-based . (c) Mechanism-based
e . : B
™ : A+B =—2=C | : A+B w=—2>=C
AY———B . . K _4
Static models : Static models : Dynamic models
No stoichiometry Stoichiometry Stoichiometry
No parameters No parameters Kinetic parameters

1

0.5

Flux 2
Concentration
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Use of metabolic network models

-~
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Symbiosis
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Generic human _ o
Tissue-specific:

Transcriptomics
Proteomics
_____ Phenotypic data

Tissue-specific
Metabolomics

Known tissue
pathways

Generic human
model------

: ] A
Tissue model
; —= -

I

bl S

ALIMENTATION

AGRICULTURE
ENVIRONNEMENT




Aim: understanding wich process
connect the metabolites which
concentrations are affected when
cells are exposed to BPA

oo N\ _, )

Network e L
analysis

CHs

CHa

\ BPA J

ghitathione synthetase

glutam




