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Constraint-Based 
Workshops: 

Methods for Integrating  
Gene Expression Data 
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Integrating “-omics” Data 

Genomics 
ORF annotation 

Proteomics 
protein levels 

Fluxomics”  
flux measurements 

ORF 

gene 

protein 

reaction

s 
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Gene Expression: Method by 

Shlomi et al. 

• Genes that are highly expressed are 
likely associated with reactions carrying 
non-zero flux 

• Genes that are lowly expressed are 
likely associated with reactions carrying 
little or no flux. 

• APPROACH: Find flux distributions 
where patterns of reaction usage match 
experimental data. 

Shlomi, et al. Nature Biotechnology, 

26(9): 1003-10 (2008). 
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Shlomi, et al. Nature Biotechnology, 

26(9): 1003-10 (2008). 
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Mass balance 

Enzyme Capacity, Thermodynamics 

y+ = 0, v  vmin 
y+ = 1, v  epsilon 

y- = 0, v  vmax 
y- = 1, v  -epsilon 

y+ = 1, 0 v  0 
y+ = 0, vmin  v  vmax 

Maximize Agreement: 
Low Expression  Zero Flux 
High Expression  Non-Zero Flux 
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Mapping Expression via GPR Rules in GAMS: 

• Z active if X 

• Z active if X AND Y 

• Z active if X OR Y 

• E.g. ACONT can occur if 
acnA or acnB is present 

• E.g. NADTRHD can 
occur if pntA and pntB 

• E.g. PFL can occur if 
(pflA and pflB) or (pflC 
and pflD) 

• Z = X 

• Z = min(X,Y) 

• Z = max(X,Y) 

• ACONT=max (acnA,acnB) 

• NADTRHD=min (pntA,pntB) 

• PFL = max { min(pflA,pflB), 
min(pflC,pflD) } 

**Here X,Y,Z are binary (0/1), and represent genes and reactions 
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Gene to Reaction Associations 
• The reactionstatus represents the mRNA expression levels associated with a 

reaction and is used to determine which reactions likely take place. 

• The reactionstatus for subunits is the minimum expression level of all subunits. 

• The reactionstatus for isozymes is the maximum expression level of the isozymes. 

Only One Gene 

Multiple Isozymes: 
“max” 

Multiple Subunits 
“min” 
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E. coli: Aerobic vs. Anaerobic   

• Growth in Glucose minimal media 

• Measured uptake and secretion rates of 
substrates (glucose and oxygen) and 

by-products (acetate, ethanol, 
succinate, etc.). 

• Measured gene expression data on 
AffyMetrix arrays. 

Covert, et al. Nature, 429: 92-96 (2004). 
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E. coli Gene Expression Data (Metabolic Genes)  

Covert et al. Nature 2004 

Covert, et al. Nature, 429: 92-96 (2004). 

CutOff Values: 
Top 1/3rd above 2000 
Bottom 1/3rd above 500 
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Determines which 
reactions belong to the 
different subsets (high, 
med, low) 

Picks the dataset to use 
based on the set 
select_condition 
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Main File: 

Cutoff Expression  
Values 

Pick Dataset 

To run this program you will need a full license to GAMS, since the number of 

binary variables exceeds the maximum available in the demo license. 
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Main File (cont.): 

Fix Uptake and 
Secretion Rates to 
Measured Values 

Define what is considered non-zero 
using epsilon 
e.g. if flux is between +/-epsilon than 
it is considered to be inactive 
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Main File (cont.): 

Solves the problem three times. 
1. Find the maximum agreement between fluxes and expression 
2. Maximize growth rate keeping agreement the same. 
3. Minimize growth rate keeping agreement the same. 
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Aerobic Questions 

• Use FBA to determine what the maximum and minimum growth rate is 
when you constrain the glucose uptake (9.02 mmol/gDW/h), oxygen 
uptake (14.93 mmol/gDW/h) and acetate secretion (4.15 mmol/gDW/
h). Make sure you include the extra lines listed below in the FBA code. 

– LowerLimits(‘ATPM’)=7.6; 

– S(i,’Biomass’)=1.3*S(i,’Biomass’) 

• Using the same flux measurements and gene expression data 
determine what the maximum and minimum growth rate could be 
when you constrain fluxes using the Shlomi method. 

• Based on this result does the Shlomi method have multiple flux 
distributions that are optimal (i.e. match expression patterns)?  

To run answer these questions you will need a full license to GAMS, since the 

number of binary variables exceeds the maximum available in the demo 
license. 
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Aerobic Answers 

• Use FBA to determine what the maximum and minimum growth 
rate is when you constrain the glucose uptake (9.02 mmol/
gDW/h), oxygen uptake (14.93 mmol/gDW/h) and acetate 
secretion (4.15 mmol/gDW/h). Make sure you include the extra 
lines listed below in the FBA code. 

– Max Growth=0.544 

– Min Growth=0 

• Using the same flux measurements and gene expression data 
determine what the maximum and minimum growth rate could 
be when you constrain fluxes using the Shlomi method. 

– Max Growth=0.517 

– Min Growth=0 

• Based on this result does the Shlomi method have multiple flux 
distributions that are optimal (i.e. match expression patterns)? 
Yes 
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More Aerobic Questions 

• When biomass is minimized what by-products are  produced (note that if 
biomass is not made the equivalent carbon must be secreted as by-
products)? 

• How many reactions are in the three different sets: Rhigh, Rlow, and 
Rmed? How many of these can you match the flux patterns to (i.e. what 
is the optimal objective value) 

• What happens to the number of Rhigh, Rlow, and Rmed reactions and the 
when you make the low_cutoff value large (e.g. 1000)? 

• What happens to the max and min biomass when you make epsilon 
bigger (e.g. 1)? Set the low_cutoff back to 500. 
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More Aerobic Questions 

• When biomass is minimized what by-products are  produced (note that if biomass 

is not made the equivalent carbon must be secreted as by-products)? 

– Lacate, succinate, formate are now produced and not produced at maximal growth rate 

• How many reactions are in the three different sets: Rhigh, Rlow, and Rmed? How 
many of these can you match the flux patterns to (i.e. what is the optimal 

objective value)? 

– Rhigh=30, Rlow=3 and Rmed=44 

– Max possible score is 30+3 (Rhigh+Rlow). 

– Optimal value is 33 

• What happens to the number of Rhigh, Rlow, and Rmed reactions and the when 
you make the low_cutoff value large (e.g. 1000)? 

– Rhigh=30, Rlow=8 and Rmed=39 

– Max possible score is now 38 (Rhigh+Rlow) and optimal value is 37 

– PTAr (used to make acetate) has to have flux but it is now in the Rlow set 

• What happens to the max and min biomass when you make epsilon bigger (e.g. 
1)? Set the low_cutoff back to 500 

– Max growth rate=0.483 and Min growth rate =0 



UW-Madison, Chemical & Biological Engineering 

19 Another  
Approach 

Eliminate reactions 
below threshold first. 

Add them back in if 
they are needed to 
meet some known 
function (e.g. growth, 
product formation, 
nutrient degradation) 

Becker and Palsson. PLoS Comp 
Bio. 4(5):e1000092 (2008) 
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Minimize Inconsistency Score 

Need to map gene expression values to reactions using 
GPRs for cases where multiple genes are associated 

with a reaction 

Implemented in MATLAB (see TIGER toolbox) 

Becker and Palsson. PLoS Comp Bio. 
4(5):e1000092 (2008) 
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Example: 

Becker and Palsson. PLoS Comp 
Bio. 4(5):e1000092 (2008) 
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Reading 

• Gene Expression: 
– Colijn et al. PLOS Computational Biology. 5(8), 

(2009). 
• Uses relative expression values to place upper limits on 

flux values. 

• GeneX has higher expression than GeneY so upperlimit 
of RxnX is higher than upperlimit of RxnY. 

– Moxley et al. PNAS. 106(16): 6477-6482 (2009). 
• Uses changes in gene expression to predict changes in 

flux values. 

• Flux change depends on expression change and 
additional model parameters. 



UW-Madison, Chemical & Biological Engineering 

23 
No Direct Correlation Between Flux Values 

and mRNA Expression 

Moxley, et al. PNAS, 106: 6477-82 (2009). 
Moxley et al. PNAS. 106(16): 6477-6482 (2009) 
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Quantitative Prediction of Flux Changes 

Requires estimates 
for parameters p1 
and p2 

Moxley et al. PNAS. 106(16): 6477-6482 (2009) 


