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Por que construimos modelos?

“What | cannot create,
| do not understand”
Richard Feynman
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Por que construimos modelos?

“If you can’t model your Process, you don’t understand it. If
you don’t understand it, you can’t improve it. And, if you can’t

improve it, you won’t be competitive in the 21st century.”

Jim Trainham, DuPont, 1994




Por que construimos modelos?

All models are wrong

but some are useful




Visao Geral

Input substrate:
e.g., 1-13C glucose
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Fonte: WIECHERT, W. *C-Metabolic Flux Analysis. Metabolic
Engineering, mar. 2001.




Etapas da 13C-MFA

(1) Develop metabolic
network mode/

(2) Optimize tracers
and measurements

'(3) Perform isotope
labeling experiment

(4) Measure extracellular
exchange rates and '°C
isotopomer abundances

INST-MFA

MO M1

[l Simulated
W Measured

(5) Apply °C MFA
to estimate fluxes
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Classificacao dos métodos de MFA
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Fonte: Antoniewicz, Maciek R. “Methods and Advances in Metabolic Flux
Analysis: A Mini-Review.” Journal of Industrial Microbiology &
Biotechnology 42, no. 3 (March 2015)




13C-NMFA e 3C-DMFA

® Vantagens
» Estimagao de uma quantidade maior de fluxos metabolicos

» Estudos de estados transientes
Redugao de custos experimentais

» Crescimento em CO,

e Desafios
» NUmero maior de medidas
> Amostragem répida

» Métodos computacionais




Abordagem de cada método

Flux balance analysis Stoichiometric flux analysis Isotope-based flux analysis
(FBA) (MFA, DMFA) ("C-MFA, *C-NMFA, “C-DMFA)
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(&.0. genome-scale) (simplified) (cantral metabolism)
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Fonte: Antoniewicz, Maciek R. “Methods and Advances in Metabolic Flux
Analysis: A Mini-Review.” Journal of Industrial Microbiology &
Biotechnology 42, no. 3 (March 2015)




Conceito chave: Isotopomeros

Isotopémeros - Moléculas isomeras com atomos isc')topos

Isotopdmeros de posicao
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Conceito chave: Isotopomeros

Isotopbdmeros de massa
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Conceito chave: Isotopomeros

atomo 1 atomo 2
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Conceito chave: transicoes atomicas
nas reacoes
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Conceito chave: transicoes atomicas

nas reacoes

TABLE Al. Model used for flux calculations; the C atom transitions, which are used by the flux estimation routine, are also indicated

Measure and ssbstrate Producy(s) Measurs and substraie Product{s)
% Glucose upiake ACCOACYT ... ACCOAMIT
GLLC, P ab. ab
ahoded abedel % Threonine, serine, and glycine mezabolism
% EMP patfiwzy (all enzymes assumed 1o be crioplasmic)
GEP... .. F6P Gar SER
abedel abc
G + FGP SER.
abedel ghijkl ahe.
G3P + GIP SER + Gly + C-1
cha def abc de [
PEP OAACYT...
abc abod
PYR THE GLY + ACA
abe abod abod
GLY + ACA + THR. _THR + GLY + ACA
... OO + PSP ab cd efgh. abed of gh
2 bedel % Malic enzyme (malate decarboxylation,

STF + GIP + PSP + PSP,
fgabede hij klmno pgrst
TP + G3IP

ahede fghij klpgrst mno
FGP + E4P

TP
ahchij defg klmnopg rst
PSP + EAP ..
abode fohi
F&P + G3P + PSP + E4I
ahfghi cde mklmn opgr

% Ethanol, zcetae, and glycerol
formation
FYR ACA + CO

zhedefy hij klmrst nopyg
FGP + (3P
=highi cde

P + EAP + FGP + G3P

Psi
shede Fohi jkopgr lma

% Formation of AcCoA in the oyusol
ACE. A':_YX];\C‘I'I'
al

b

% Anzplerotic reaction |oyosolicy
PYR + CO.
ahc d

. DAACYT
zbed

% TCA cycle (considering scrambling

ACCOAMIT + €0
bca

T

dehal

AKG + OO
aheel d
FUM + CO

bede 2
OAAMIT + OAAMIT

mitochondrizl)
OAAMIT ...

PYR + O3
abcd

% Drzin of imermediates 10 macromolecules
Gl

GEPOUT
abodel £
PSP, PSPOUT
abade. abode
Bar E4POLT
abed abod
. GIPOUT
ab. ahc

T FEPOUT

al
FYROUT

al
DAACYTOUT
al

AKGOUT
abede

:\‘ID:!)AL‘V[[)LW'
al
ACCOAMITOUT
ab
SEROUT
ab. abc
GLY. GLYOUT
ab. ab
1 clouT
a a
GLYC GLYCOUT
ab. ahc
THR. THROUT
abed abod
% Excreted products
ETH. ETHOUT
ah. al
ACE ACEQUT
ab. ab
e 002 evolution
(als COouT
a a

2 Wbt A4 mretabdehide ACT aretate ACTOV T actate et i the medim: ACCCAEVT ameid Cnd e the el ACCO AV
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nas reacoes

TABLE Al. Model used for flux calculations; the C atom transitions, which are used by the flux estimation routine, are also indicated

Conceito chave: transicoes atomicas

Measure and substrate Product(s)

Mcasure and mdstrale Presdict(s) Mecasure and substraie Product{s)
% (lucese upake ACCOACYT s ACCOAMIT
GLL. GaP ab. ab
ahoded abedel % Threonine, serine, and glycine mezabolism
% EMP patfiwzy (ll enzymes assumed wr be cywoplasmicy
L S S FaP Gar SER
abodef abedel abc. abc
F&P + GaP.. GaP + F6P SER. GLY + 1
bedef ghijkl .. abedel ghijkl abc ahc
6P, G3P + G3P SER + Gy + C-1. SER + GLY + C-1
bedef. cha def abcde [ defabc
. PEP OAACYT.. THR
abe abc abod
PEP PYR
abe abe
% PP-pashway AL, THR + GLY + ACA
P 00 + PSP ab cd efgh. abed of gh
abeoded. & hodel % Malic enzyme (malzte decarboxylaion,
mitid il
OAAMIT s PYR + OO
PSP + PSP + 8TP + G3P abod abcd
ahede fghij klpgrst mno % Pyruvaie pool
STP + @ F&P + E4P PY RO T s FYR
ahodedg hi zhchij defg abc. ahc
FGP + EAP + STP + G3P + F&F + E4P PYRMIT o FYR
ahchij delg kl zhedefy hij klmrst nopyg al abc
PSP + Edl F&P + G3P % Drzin of imermediates 10 macromolecules
abode fohi =highi cde GEP. GEPOUT
F&P + G3P + PSP + E4I PSP + E4P + FGP + Q3P abedel
ahfghi cde mklmn opgr..._. .. shede Fohi jkopgr lma PSP, PSPOUT
% Ethanol, zcetae, and glycerol abede abode
formation E4P E4POUT
FYR ACA + CO abed abod
. GIPOUT
abc. al
PEF. FEPOUT
abc. al
PYR FYROUT
abc. al
O T et DAACYTOUT
abod al
ACCOACYT ARG AKGOUT
ab abade. abede
B ACCOACYTOUT
DAACYT ah. ab
ahed :\‘IDZI)AMIT(JU']'
al
SEROUT
ACCOAMIT + CO abc. abc
bca GLY. GLYOUT
T ah. ab
dehafe Cl clouT
. AKG + OO a a
sheef d GLYC GLYCOUT
FUM + CO abc. ahc
bede 2 THR. THROUT
o DAAMIT + OAAMIT abod abod
% Excreted products
ETH. ETHOUT
ah. al
ACE ACEQUT
ab. ab
e 002 evolution
(a4} COouT
a a
abehde AFT et AT T arctate cvested i the medinm: ACCOATVT aceind Cnd in the sl &CT AV

% Glucose uptake
GLOC e e e GoP
abedef ... s ADedef
% EMP pathway
GoP... . F6P
abedef ........ SRR : 11 4 (=5 §
FOP + GOP ... sasinsninnn. OOP + FOP
bedef ghijkl ... abedef ghijkl
. G3P + G3P

....................................................................... PEP

abc.n
% PP-pathway
GOP i
abcdef .

S RR : | s |

. a bedef

PSP + P5P. STP + G3P

abede fghij..c e fgabede hij

57P + G3P + P5P + P5P. . P5P + P5P + 57P + G3P
fgabede hij Klmno pgrst ... abede fzhij klpgrst mno
STP + G3P ot s F6P + E4P

abedefg Rijoc s abchij defg
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PSP + EAP o F6P + G3P
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Conceito chave: Fluxos bidirecionais
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Conceito chave

—%  —

xcl :
AN = min(v, v)

1

: Fluxos bidirecionais




Conceito chave: Fluxos livres

Cprod

Balancos dos metabolitos: Rede metabolica:
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Conceito chave: Fluxos livres

Balancos dos metabolitos:
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Modelo Matematico
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Modelo Matematico

*  Transi¢des atomicas
*  Padrio de marcac¢ao no substrato

4

Balango de

Isotopomeros

*  Fluxos livres *

S.v=0
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*  Fragbes isotopomericas dos

metabolitos




Estimacao de fluxos

Fluxos Reais ]

Experimento

o Medicdes
in vivo

Substrato
marcado Diferenca

Dados

simulados

Ajuste de
parametros

Fluxos calculados




Ferramenta computacional

MODO ENTRADA RESULTADO
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Aplicacoes:

Metabolic engineering of isopropyl alcohol-producing Escherichia
coli strains with '>C_metabolic flux analysis

Nobuyuki Okahashi, Fumio Matsuda, Katsunori Yoshikawa, Tomokazu Shirai, Yoshiko Matsumoto,
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Aplicacoes:

Metabolic engineering of isopropyl alcohol-producing Escherichia
coli strains with '>C_metabolic flux analysis

Nobuyuki Okahashi, Fumio Matsuda, Katsunori Yoshikawa, Tomokazu Shirai, Yoshiko Matsumoto,
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Aplicacoes:

Metabolic engineering of isopropyl alcohol-producing Escherichia

Mobuyuki Okahashi, Fumio Matsuda, Katsunori Yoshikaw

coli strains with '>C_metabolic flux analysis
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Application of BC flux analysis to identify high-productivity CHO metabolic

Aplicagoes:  pieruwe

Neil Templeton™', Kevin D. Smith”, Allison G. McAtee-Pereira®, Haimanti Dorai”, Michael
J. Betenbaugh®, Steven E. Lang™”, Jamey D. Young™®*

C — pmol
Carbon Flux P "
cell day
co2 Gle

e ceoz ¥ CHOK1SV-GS
o 'RusP |G6P

Fig 6. Comparison of flux maps for CHOK 1SV parent, CHOK 1SV-GS vector control, and
CHOK1SV-M1 IgG-producing clone. Major carbon fluxes are shown as C-pmol/cell/day. Both
width and color of directional arrows are scaled to the magnitude of carbon flux.
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Aplicac
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Intracellular characterization of aerobic glucose metabolismin
seven yeast species by *C flux analysis and metabolomics

~
[ ]
O‘ ES - Stefan Christen'? & Uwe Sauer’

"Institute of Molecular Systems Biology, ETH Zurich, Zurich, Switzerland; and “Life Science Zurich FhD Program on Systems Biclogy of Complex Diseases,
Zurich, Switzerland

(b) Flux distribution through yeast central carbon metabolism (mmol g™ h™)
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GC-MS-based 1* C metabolic flux analysis resolves
the parallel and cyclic glucose metabolism of

A I I C a 6 e S . Pseudomonas putida KT2440 and Pseudomonas
p (5: - aeruginosa PAO1
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Aplicacoes:

Functional implementation of a linear glycolysis for sugar catabolism in
Pseudomonas putida

Alberto Sanchez-Pascuala™', Lorena Ferndndez-Cabezén”, Victor de Lorenzo™ ", Pablo I. Nikel™"

* Systems and Symthetic Biology Program, Centro Nacional de Biotecnologfa (CNB-CSIC), Campus de Cantoblanco, 28049 Madrid, Spain
" The Nove Nordisk Foundation Center for Biosustninability, Technical University of Denmark, 2800 Kongens Lynghy, Denmark
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Aplicacoes:

Functional implementation of a linear glycolysis for sugar catabolism in
Pseudomonas putida

Alberto Sanchez-Pascuala™', Lorena Ferndndez-Cabezén”, Victor de Lorenzo™ ", Pablo I. Nikel™"

* Systems and Symthetic Biology Program, Centro Nacional de Biotecnologfa (CNB-CSIC), Campus de Cantoblanco, 28049 Madrid, Spain
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Functional implementation of a linear glycolysis for sugar catabolism in

A p I i Ca 96 eS : Pseudomonas putida

Alberto Sanchez-Pascuala™', Lorena Ferndndez-Cabezén”, Victor de Lorenzo™ ", Pablo I. Nikel™"

* Systems and Symthetic Biology Program, Centro Nacional de Biotecnologfa (CNB-CSIC), Campus de Cantoblanco, 28049 Madrid, Spain
" The Nove Nordisk Foundation Center for Biosustninability, Technical University of Denmark, 2800 Kongens Lynghy, Denmark
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Simplificacoes na rede
® Reacoes lineares

° Equih’brio répido

Glicose
Lo T 1_ ________________________________ -~
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h Glicose cerevisiae i
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FBA: hipoteses
® Cultivo em anaerobiose
® Baixo crescimento celular

* Alta produgao de etanol

* Composigao da biomassa desconhecida




13C-MFA: Transicoes

Phosphofructokinase
p-D-Fructose 6-phosphate (FEP) (PFK-1) B-D-Fructose 1,6-bisphosphate (F1,6BP)
a transferase
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0 ATP  H*+ADP
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13C-MFA: Transicoes
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13C-MFA: Transicoes
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13C-MFA: Dados medidos

® 75%][1-13C]-Glicose + 25%[4-13C]-Glicose

Isotopﬁmeros de posig:e'io E4P
Isotopﬁmeros de posigéo GAP

1 0.0509
1 0.1548

2 0.2326
2 0.0000

3 0.0000
3 0.0269

4 0.0490




Minimos quadrados

n
Z(predi(;éo do modelo — dado experimental) *
1
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