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Systems  Engineering:
“Retrofitting  (and  troubleshooting)
chemical  plants”



Metabolic Systems  Engineering:
“Retrofitting  (and  troubleshooting)
ancient  chemical  plants”

Complexity:
“Absence  of  a  flowchart”
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THE  ENGINEERING  VIEW  OF  A  LIVING  CELL
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UNDERSTANDING  vs INFORMATION
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The  Metabolic  Maze





HIERARCHY  OF  MATHEMATICAL  STRUCTURES  FOR
UTILIZING  EXPERIMENTAL  INFORMATION : METABOLISM

EXTERNAL  METABOLITE  MEASUREMENTS

FLUXES  IN/OUT  OF  CELLSISOTOPIC  TRACER
EXPERIMENTS
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METABOLIC  CONTROL  ANALYSIS OPTIMIZATION DYNAMICS
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ROBUSTNESS)EXTENSIVE 
MEASUREMMENTS

NONLINEAR  KINETIC  MODELS
OF  CELLULAR  PROCESSES

KINETIC  
PARAMETERS

Adapted  from  J.E. Bailey, Biotechnol. Prog., 14(1), 8-20 (1998)

PARAMETRIC  STUDIES & OPTIMIZATION,  GLOBAL  STABILITY  ANALYSIS
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METABOLIC  FLUX  ANALYSIS

• There  exist  many  methods  for  the  
estimation

of  metabolic  fluxes  in  metabolic  
pathways:

• 13C-NMR
• GS/MS
• 1H-NMR
• Metabolic  optimization  criteria
• Constraints-based  framework

“Knowledge  of  the  flux  distribution  can  provide
guidance  for  metabolic  engineering”



• Can  we  use  metabolic  flux  measurements
to  obtain  guidance  for  metabolic  engineering ?

Guidance :

• which  is  the  best  candidate  enzyme/reaction  step
for  engineering  in  order  to  achieve
a  specific  objective ?

• which  metabolic  fluxes  and  metabolites
respond  in  a  similar manner  to  genetic  and
environmental  changes ?

METABOLIC  FLUX  ANALYSIS  AND  METABOLIC  ENGINEERING



• There  exist  many  methods  for  the  
estimation

of  metabolic  fluxes  in  metabolic  
pathways:

• 13C-NMR
• GS/MS
• 1H-NMR
• Metabolic  optimization  criteria
• Constraints-based  framework

“Knowledge  of  the  flux  distribution  can  provide
guidance  for  metabolic  engineering”

METABOLIC  FLUX  ANALYSIS

• Metabolic  flux  analysis
does  not  consider  kinetic  constraints,
whereas  metabolic  engineering
deals  with  manipulation  of
pathway  kinetics
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METABOLIC  ENGINEERING

How  can  we  increase  flux
through  enzyme  2 ?

METABOLIC  ENGINEERING
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Which  kinetic  parameter  we  should  change
and  how  in  order  to  increase  flux  through  enzyme  2 ?

METABOLIC  FLUX  ANALYSIS
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METABOLIC  ENGINEERING
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• Even  if  we  know  the  kinetic  mechanism
we  still  face  uncertainties  in:
Vmax,2 , Vmax,3 , K2 , K3 , and X

•Quantitative  estimation  of  the  kinetic  parameters  and
the  metabolite  concentrations  are:

• Expensive
• Time  consuming
• Infeasible  for  every  metabolite  within  a  cell

•Proposed  approach:

•Monte  Carlo  Metabolic  Control  Analysis



Metabolic  Engineering:  Quantitative  guidance  through
Metabolic  Control  Analysis  (MCA)











⋅=











o1,

1v
v

o2,

2

e
elnC

v
vln 2

1

2

2v
e dlne

dlnvC 2 =
2

:  %  change  in  the  metabolic  flux  2
for  a  unit  %  change  in  activity  of  enzyme  2
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A  SIMPLIFIED  MATHEMATICAL  FORMALISM
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Metabolic  Engineering:  Quantitative  guidance  through
Metabolic  Control  Analysis  (MCA)
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Depends  only  on:
• steady  state  fluxes   (accessible  through  Metabolic  Flux  Analysis)
• (well-defined  bounds)iε

Our  computational  and  statistical  approach:
Monte  Carlo  Metabolic  Control  Analysis

• generate  random  values  for
• calculate  populations  of  control  coefficients
• perform  statistical  analysis  

iε



Monte  Carlo  Metabolic  Control  Analysis:
Branched Pathway  (w/o  regulation)
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Monte  Carlo  Metabolic  Control  Analysis:
Branched Pathway  (w/o  regulation)
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Monte  Carlo  Metabolic  Control  Analysis:
Branched Pathway:  Effects  of  regulation
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Regulation  in  the  branched  pathway  reduces
the  sensitivity  of  the  pathway  to  perturbations
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Monte Carlo  Metabolic  Control  Analysis

• Requires  knowledge  of  stoichiometry

and  metabolic  fluxes  alone

• Relies  on  large-scale  computation

• Employs  non-parametric  statistics

• Provides  quantitative insight and

guidance  for  metabolic  engineering



Bioinformatics  approaches  to  Metabolic  Engineering
in  the  post-genomic  era

• Exploit  computational  power

• Employ  statistical  analysis

• Methods  for  decision  under  uncertainty 

Post-genomic  era:  large-scale  information
from  multiple  levels  increases  uncertainty.
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