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Reconstruction of Metabolic 

Networks 



2 Genome-scale Metabolic Model 

Reconstruction 
ORGANISM 

Genome 

Annotation 

Genome Annotation 
 - by homology, location 

Network Reconstruction 
Inferred Reactions 
 - indirect, inferred from 

biomass requirements 

Inferred 

Reactions 

Metabolic Model 

Biochemistry 
Biochemical Data 
 - protein characterized 

Cell 

Physiology 

Physiological Data 
 - indirect, pathway known 

New Predictions 

Emergent Properties 

Quantitative 

Analytical 

Methods 

Quantitative Analysis 
 - simulate cell behavior  

 - drive experimental studies 
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Model Development: 

an iterative process 

Computational, 

Biochemical 

Investigation 

- Biochemical data 

- Revised ORF 

assignments 

ORGANISM 

Network Reconstruction 

Metabolic Model 

New Predictions 

Emergent Properties 

Quantitative 

Analytical 

Methods 

Genome 

Annotation 

Inferred 

Reactions 

Biochemistry 
Cell 

Physiology 

Genome-scale Metabolic Model 

Reconstruction 
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Network Assembly and Representation 



8 

Network Evaluation 
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III.  

Physiological 

Information 

and Inferred 

Reactions:  

Filling in the Gaps 

based on indirect 

evidence 



11 Filling in the Gaps – an Example 

• Experiments determine 

which amino acids are 

taken up by H. pylori 

vs. which can be 

produced in vivo 

• Missing steps of amino 

acid biosynthesis are 

added if necessary on 

the basis of this 

physiological evidence 

in vivo   in silico
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Inferred Reactions 

• Some reactions are included based on 

indirect physiological evidence (by 

inference) 

– Assumption: the cell must be able to produce 

all biomass components to grow  

– Reactions are added if necessary 

– Generally transporters, etc. 

– Most tentative; should be examined more 

carefully 
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Integrating “-omics” Data 

Genomics 
ORF annotation 

Proteomics 
protein levels 

Fluxomics”  
flux measurements 

ORF 

gene 

protein 

reactions 
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Succinate  
Dehydrogenase 

Xylose ABC  
Transporter 

Pyruvate  
Kinase 

Enolase 

4 subunits 

2 reactions 

(135/904 Genes  
interact as Subunits) 

2 isozymes 

1 reaction 

(149/931 Reactions 
have multiple isozymes) 

Protein complex 

(3 proteins) 
1 reaction 

(153/904 Genes  

interact as PCs) 

1 gene 

1 reaction 

(342/904 Genes 
are one-to-one) 

http://gcrg.ucsd.edu/organisms/ecoli_GPR.html 
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Availability of Metabolic 

Reconstructions 

Oberhardt et al. Mol Sys Bio. 2009.77 
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Oberhardt et al. Mol Sys Bio. 2009.77 



Size and Content of Available 

Reconstructions 

17 

Oberhardt et al. Mol Sys Bio. 2009.77 



Constraint-Based Models 

18 



Constraints on Metabolic Networks  

1. Steady-State Mass Balance Constraints 

2. Enzyme Capacity Constraints:   vj  

3. Thermodynamic Constraints: vj  0 

4. Regulatory Constraints:  ,  = 0 if associated 
genes are un-expressed 

For each metabolite:  

sij vproduce= -sij vconsume 

For all metabolites:  

S v = 0  

v1 

v3 

v2 v4 



Constraint-Based Analysis 

How often have I said to you that when 

you have eliminated the impossible, 

whatever remains, however improbable, 

must be the truth? 

–Sherlock Holmes, A Study in Scarlet 

Application of 

Constraints 

Genomics, Physiology 

and  Biochemistry 

Energy and  

Biomass Constituents 

Prediction of  

Cellular Phenotypes 

v1 

v3 

v2 

v1 

v3 

v2 

Application of Constraints 
Stochiometric, Thermodynamic,  

Enzyme Capacity, Regulatory 

S  v = 0 

  v  

Mathematical Representation of Constraints 



Constraint-Based Methods 
Optimal Solutions 

 1. FBA 
 2. Flux Variability 

Flux Dependencies 
 1. Robustness 

 2. Phase Planes 

 3. Flux Coupling 
All Allowable Solutions 

 1. Extreme Pathways 
 2. Elementary Modes 

 3. Sampling 

Altering Phenotypes 
 1. Genetic Mutations 

 2. Strain Design 
Application of Additional 

Constraints 

 1. Regulation 
 2. Energy Balance 

Price, Reed, and Palsson Nat. Reviews Microbiol. 2004 



Flux Balance Analysis 



FBA Optimization Problem Statement 

• Objective Function: 
A function that is 
maximized or 
minimized to identify 
optimal solutions 

• Constraints: Place 
limits on the 
allowable values the 
solutions can take 
on. 

Maximize:  c v 

Such that  S v = b =0 

    v  
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Escherichia coli Metabolism 

http://gcrg.ucsd.edu/organisms/ecoli_maps.html 



Growth (GAR) and Non-Growth 

(NGAR) Associated ATP Requirements 

1. Fix growth rate and 

 substrate uptake 
rate 

2. Maximize the 
amount of excess 

ATP that can be 

made (i.e. hydrolysis 
of ATP) 

Pinchuk et al. PLoS Comp Biol. 6(6) (2010) 

GAR = 220.2 
(mmol ATP /gAFDW) 

NGAR = 1.03 
(mmol ATP /gAFDW/hr) 

S. oneidensis MR-1 



Predicted vs. Experimental Biomass 

Yields (Shewanella oneidensis) 

Pinchuk et al. PLoS Comp Biol. 6(6) 

(2010) 



FBA Predicted Maximal Growth 

Rates vs. Experimental Growth 

Rates in Batch Culture 

Edwards, Ibarra, Palsson. Nature Biotechnology. 19:125-130 (2001). 



V 

In Chemostat: 

D = F/V = cell growth rate @ SS 

F 

F 

Varma and Palsson, App. Environ. 

Microbiol. 60(10): 3723-3731 

(1994) 



Approach:  
1. Genome Comparison 

• MG1655 vs LT2 

• Reciprocal best hits 

• Identity > 70% 

2. Draft Reconstruction 

• Fill in Gaps 

• Organism Specific 

Pathways 

• Biomass Components 

3. Generate Model & Compare 

Predicted Growth 

Phenotypes w/ 

Experimental Data 

• Carbon Sources 

• Gene deletions 

4. Refine Metabolic 

Reconstruction 

A. Raghunathan, et al. BMC Systems Biology, 3:38 (2009). 



Qualitative Growth Phenotypes 

Model Predictions Exp. Growth Exp. No Growth No Data Total 
Growth (Carbon) 75 21 (FP) 17 113 
No Growth (Carbon) 1 (FN) 28 21 50 
Growth (Nitrogen) 37 5 (FP) 8 50 
No Growth (Nitrogen) 9 (FN) 23 16 48 

•Overall Accuracy = 82% and Untested = 24% 

•False Positives (missing regulation) > False Negatives (missing reactions) 

•13 of the 21 false positive carbon sources can serve as nitrogen sources 

A. Raghunathan, et al. BMC Systems Biology, 3:38 (2009). 



Interpretting the Dual: 

Reduced Costs & Shadow Prices 
Value Shadow Price Reduced Cost 

Positive Removing metabolite 

increases objective. 

Increasing flux will 

increase objective. (usually 

occurs when fluxes are at 
their ‘.up’ bounds). 

Negative Adding metabolite 

increases objective 

Increasing flux will 

decrease objective. 

Zero Adding/removing 

metabolite does not 

change objective 

Changing flux will not 

change objective 



Maximal Production of Metabolites Under 

Glucose Aerobic Conditions 

Varma and Palsson, J Theoretical Biology. 

165:477-502 (1993) 

*Table shadow prices are multiplied by -1 to be consistent with our definition of shadow prices 



Evaluate Shadow Prices for 

Model Corrections 

• You can use shadow prices and reduced 
costs to evaluate your results. 

• For example: If you maximize growth rate 
and find zero growth, you can identify 
metabolites which are needed in order to 
grow (those with a negative shadow price). 
– This is useful if you are debugging a network. 



FBA Using GAMS 



Metabolic Network Example 

v1:  A  B 

v2:  A  C 

b1:      A 

b2:  B  

b3:  C   

Reaction List 

A 
B 

C 
b3 

b2 

b1 

v1 

v2 

Metabolic Map 

S Matrix 

-1 -1  1  0  0 

 1   0  0 -1  0 

 0   1  0  0 -1 

v1 v2 b1 b2 b3 

A 

B 
C 

Maximize     Z = c v = v1 

Such that     S v = 0 

     0   v  10 



Define S 

Define Equations (Z=c v and S v=0) 

Apply Variable Bounds: Upper (.up) 

          Lower (.lo) 

Define C, ie. pick flux to optimize 



Constraint and Variable 

Values 

S v = level 

Z-c v = level 

A 
B 

C 

10 

10 

10 

Flux Map 

0 0 



Review of Shadow Prices & Reduced 

Costs 

• Shadow Prices (SP):  
– One for each constraint or metabolite 

– dZ/dbi 

– SP<0 means adding metabolite (ie. change b=0 to 
b<0) would increase Z. 

– SP>0 means removing metabolite (ie. change b=0 to 
b>0) would increase Z. 

• Reduced Costs (RC): 
– One for each variable or flux. 

– dZ/dvj (for zero fluxes) 

– RC < 0 means increasing flux (vj) would reduce Z. 



Shadow Prices (1 per metabolite) 
SPA = -1   

•If we change bA from zero to 1: we are saying the production of A has to be 

higher than the consumption of A by 1 unit (remember S v=production-

consumption).  

•A lower consumption of A means that the flux through v1 will have to go 

down by 1 unit. Hence, dZ/dbA = -1. 

•For example, if bA = 1 then Z = 9. 

SPC=SPB = EPS (~0)  This is because if 

you added B or C to the network they 

wouldn’t allow for higher flux through v1. 

A 
B 

C 

10 

10 

10 

Flux Map 

0 0 



Central Metabolic Network 

(ie. CoreTextbookModel.gms) 



Glycolysis 

Pentose 

Phosphate 

Pathway 

TCA 

Cycle 

Oxidative 

Phosphorylation 

101 Genes 

63 Metabolites 

62 Reactions 



Common Flux Abbreviations 

• Biomass: this is a drain of biomass components in 

their appropriate ratios. 

• Exchange fluxes: 

– (+) values secretion 

– (-) values means uptake 

Exchange 

Flux 

Metabolite 

EX_glc_e Glucose 

EX_ac_e Acetate 

EX_succ_e Succinate 

EX_for_e Formate 

EX_etoh_e Ethanol 

EX_o2_e Oxygen 



Running FBA 

Define Carbon Source 

and Uptake Rate 

Define LowerLimits on  

Oxygen Uptake Rate 

Define Objective Function 

For exchange fluxes,  

a negative value indicates uptake 
and  

a positive value indicates secretion 

Tolerances



Running FBA 

Mass Balance: S v=0 
Objective: Obj=C v 

Flux Limits:   v  



GAMS Results: LST File 

Non-Zero Fluxes 

Growth Rate 

Non-Zero Shadow Prices 



FBA Calculations: Using Glucose 
1. What is the maximum growth rate for glucose aerobic 

growth (max. glucose uptake rate of 5)? 

2. What is the maximum growth rate for glucose anaerobic 
(no oxygen uptake) growth (max. glucose uptake rate of 
5)?   

3. What are the by-products that are secreted during maximal 
glucose anaerobic growth? 

4. What are the aerobic and anaerobic biomass yields (gDW/g 
glucose)? Hint: Your flux units are mmol/gDW/h for 
exchanges and 1/h for biomass. 

5. What is the molar yield for ethanol under anaerobic 
conditions (mmol ethanol/mmol glucose) 



FBA Calculations: Using 

Glucose 1. What is the maximum growth rate for glucose aerobic growth 
(max. glucose uptake rate of 5)?  

• 0.49 1/hr 

2. What is the maximum growth rate for glucose anaerobic (no 
oxygen uptake) growth (max. glucose uptake rate of 5)?   

• 0.20 1/hr 

3. What are the by-products that are secreted during glucose 
anaerobic growth? 

• acetate, ethanol, formate 

4. What are the aerobic and anaerobic biomass yields (gDW/g 
glucose)? Hint: Your flux units are mmol/gDW/h for exchanges and 
1/h for biomass. 

• Aerobic = (0.49 1/h)/(5 mmol glc/gDW-h)/(0.180 g glc/mmol 
glc) 

• Aerobic = 0.54 gDW/g glucose 

• Anaerobic = (0.20 1/h)/(5 mmol glc/gDW-h)/(0.180 g glc/
mmol glc) 

• Anaerobic = 0.22 gDW/g glucose 
5. What is the molar yield for ethanol under anaerobic conditions 

(mmol ethanol/mmol glucose) 

• Ethanol Yield = (EX_etoh_e)/(EX_glc_e) = 3.4/5  

• Yield =  0.68 mmol ethanol/mmol glucose 



FBA Calculations: Other 

Conditions 

6. Can E. coli grow anaerobically on acetate ? 
(hint: to get a feasible solution set lowerlimit 
to -5 for   EX_ac_e and upperlimit to 0) 

7.Looking at the shadow prices for oxygen 
(o2) do you think that the cells could grow 
with acetate aerobically? 

8.Looking at the reduced costs for the 
exchange fluxes, what compounds if added 
would allow for growth? 



FBA Calculations: Other 

Conditions 
6. Can E. coli grow anaerobically on acetate ?  

• No 

7. Looking at the shadow prices for oxygen 
(o2) do you think that the cells could grow 
with acetate aerobically? 

• Yes, since the shadow price for o2 is 
negative it means that if you added it 
growth would increase. 

8. Looking at the reduced costs for the 
exchange fluxes, what compounds if added 
would allow for growth? 

• akg, fum, glc, lacD, o2, pyr 

• Each EX_ flux has a negative shadow 
price meaning if flux decreased 
(uptake of nutrient) then growth would 
increase. 
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Projected Solution Space 

FBA 

Some Flux 
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Pick Flux to Optimize (here as a subset) 

Fix the level of flux to 

 optimal value 

Note: to calculate the variability  

across all solutions not just 

optimal ones just comment out 

the four lines with a * 
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Projected Solution Space 

FBA 

Some Flux 
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max c v

such that S v = 0

y j j v j y j j

y j NZk

j NZ k

1 for k =1, 2…n 1

y j {0,1}





Nitrogen, Methylglyoxal, 
Cofactors, Cell Envelope, 
Oxidative Phosphorylation

Amino Acid Metabolism, 
Nucleotide Biosynthesis, 
Membrane Lipid, Folate

Transport, Alternate 
Carbon, Glyoxylate, 

Putatives

Amino Acid Metabolism, 
Central Metabolism,  
Nucleotide Salvage

Reactions in iJR904 (rank ordered)

F
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S
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201 Reactions Were 

Always Used: 

81 Reactions Associated 
With Essential Genes in  

Rich Media 

20 Reactions Lack  

Associated Genes 

20 Reactions Have 

Multiple Isozymes 





Correlated Reaction Sets:  Reactions 

where a non-zero flux through one 

reaction implies a non-zero flux through 

all other reactions in the set (and vice 

versa). 
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v1

v3

v2

v1

v3

v2









v1

v3

v2

v1

v3

v2
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Define Which Reaction(s)  

to Delete 

Define What to Maximize to get the 

 “Wildtype” Flux Distribution 



Calculate the WT flux 

distribution 

Calculate the ROOM Mutant 

distribution 

Calculate the MOMA Mutant 

distribution 

Calculate the FBA Mutant 

distribution 

Fix all fluxes in the deletedrxn set to be 0 



–

–

–
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•









 



•

•

•

Riley, et al. Nucleic Acids Research. 2006 

254 

390 





METABOLIC
RECONSTRUCTION



a,b are indicator 

variables of whether a 

reaction is allowed to 
occur. 

U, X are stoichiometric 

matrices for KEGG 

reations and “transport” 
reactions. 

y, z are fluxes through 

these additional 

reactions. 

Equation 7 uses integer cuts so that we don’t revisit the same 

solutions 



Growth on D-Malate

Genes

R
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n YeaU Kinetic Assay

D-Malate Concentration (mM)
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y are indicator variables 

of whether a database 

reaction is allowed to 
occur. 

Database includes: 

•KEGG & Metacyc 

reactions 
•Transport reactions 

•Reversible version of 

model reactions 



•

•
•



•

•

•



y are indicator variables 

of a model reaction is 

deleted (i.e. vj=0). 

Outer problem deletes 

reactions so that the 

maximum biomass is the 

lowest (i.e. growth=0) 

Inner problem calculates 

maximum biomass given 

deleted reactions chosen 

by the outer problem 









a,b are indicator variables of 

whether a flux is allowed to 

occur. 

U is a matrix of reactions. 

y are fluxes these additional 

reactions. 

z is a flux representing the 

removal of a metabolite from 

the system (pos value=removal 

and neg value=addition). 

Note S and U must have the 

same number of rows which 

must be aligned! 

minimize ak + bi

such that

S v +U y z = 0

LowerLimit j v j UpperLimit j
ak ymin,k yk ak ymax,k

bi zmin,i zi bi zmax,i

vBiomass 0.05
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zi – binary variable indicating whether reaction is added 

PT,i – penalty for transport rxns (4=biomass or 2=non-biomass) 

PK,i – penalty for non-kegg rxns (0=kegg or 2=non-kegg) 

PSS,i – penalty for seed subsytems(0, 1 or 3) 

fSS,i – bonus if other rxns in same subsystem are already in model 
fP,i – bonus if other rxns in short linear pathway are already in model 
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•
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Wildtype Solution Space 

Knockout Solution Space 

FBA 

MOMA 

Metabolic Model 

Some Non-Essential Flux 
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1.  200 Total OptKnock Strategies 
• 50 Double Reaction Deletions 
• 50 Triple Reaction Deletions 
• 50 Quadruple Reaction Deletions 
• 50 Quintuple Reaction Deletions 

2. Mapped reaction deletions to gene 
deletions 
• OptKnock Strategies had between 

2 and 10 genes 

3. Found OptORF strategies with the 
same number of gene deletions 





Data from S.S. Fong et al. Biotech & 

Bioeng (2005) 

Data from S.S. Fong et al. Nature 

Genetics. (2004) 







ETHANOL:  

Gene Deletions 

Gene Over-

Expression 

Growth 

Rate  

Ethanol 

Production 
(% max yield) 

fnr pflB tdcE pgi edd 0.225 86.2% 

fnr pflB tdcE  edd 0.235 90.5% 

fnr pflB tdcE tpi gdhA edd 0.214 91.4% 

 pta eutD tpi ptsH edd 0.192 91.6% 

ISOBUTANOL: 

Gene Deletions 

Gene Over-

Expression 

Growth 

Rate  

Isobutanol 

Production 
(% max yield) 

adhE gdhA 0.223 89.5% 

  pgi 0.128 93.8% 

adhE  edd+fbp 0.128 94.3% 

adhE pntA nuo edd+fbp 0.110 95.1% 

 pntA gdhA edd+fbp 0.102 95.5% 




