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Abstract 

Cybernetic models of metabolism simplify the description of complex cellular regulation through the use 

of the idea that cells regulate metabolism towards goals. In simpler organisms such as bacteria, these 

metabolic goals take the form of statements like “maximize the growth rate” or “maximize resource 

consumption.” Throughout a span of over three decades, cybernetic models have been used to make 

predictions about the formation and consumption of cellular metabolites. Cybernetic models also make 

approximation of other cellular processes such as gene expression and enzyme production which have 

yet to be validated using relevant data. The forgoing work will cover the ability of cybernetic models to 

approximate cellular behavior at the level of gene expression. By showing that cybernetic models can 

provide approximations of gene expression behavior, the possibility of learning metabolic objectives 

from gene expression data arises. The latter portion of this talk will cover the development of methods to 

learn metabolic objectives from gene expression data. These methods points to pathways that provide 

feasible explanations for metabolic goals.  
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Cybernetic models have been used, for a period that 

now spans over three decades, to predict a variety of 

metabolic phenomena. From their initial starting point in 

describing diauxic growth in a highly lumped fashion, they 

have been modified and advanced to provide descriptions 

of complex metabolic behavior including intracellular 

reaction fluxes and support efforts in metabolic 

engineering. 

 

The distinguishing feature of cybernetic models of 

metabolism is the inclusion of control variables that 

represent the modulation of cellular chemical reactions 

towards goals. While cybernetic models have had much 

success in predicting a variety of metabolic phenomena, 

this control policy merits further scrutiny and validation. 

To test the notion of cybernetic control, this work will first 

investigate whether cybernetic control variables show 

behavior that is similar to gene expression. After 

demonstrating the similarity between this two quantities, 

methods to learn metabolic goals from gene expression 

data will be presented upon. 

Approach 

To verify cybernetic control, this talk will first focus 

on the comparison of cybernetic variables with data that is 

representative of enzyme regulation. More specifically, the 

dynamic behavior of cybernetic variables, \(u_{i}\), which 



  
 

 

are representative of enzyme synthesis control are matched 

with gene expression data that represents the control of 

enzyme synthesis in cells. This comparison is made for the 

model system of cybernetic modeling, diauxic growth, and 

also for prostaglandin (PG) metabolism in mammalian 

cells. From this analysis, it becomes clear that there is a 

strong correlation in the dynamic behavior of cybernetic 

control variables and the true mechanisms that guide 

cellular regulation. This makes a strong argument for the 

validity of cybernetic control mechanisms. Additionally, 

this analysis demonstrates how cybernetic variables could 

be used to make predictions about the relative changes in 

gene expression data for a given application. 

 

Given that gene expression data shows similarity to 

cybernetic control variables, it is possible to learn 

metabolic objectives through further analysis of gene 

expression data.  If one can determine feasible metabolic 

goals through unbiased analysis of cellular observations, a 

strong argument for goal-directed metabolism is made. In 

this approach, returns on investment (ROIs) for various 

pathways are first established through simultaneous 

analysis of metabolite and gene expression data for a given 

metabolic system. Following this, the ROIs are used to 

establish a metabolic systems observed “goal signal.” Gene 

expression data is then mined to determine genes that show 

expression changes that are similar to the goal signal's 

behavior. This gene list is then analyzed to determine 

enriched biological pathways. These pathways are then 

surveyed in the literature to establish feasible metabolic 

goals for the system of interest. This method is applied to 

diauxic growth and prostaglandin systems and is used to 

generate verifiable objective functions. 

Results 

Gene expression data and cybernetic variables for 

enzyme synthesis were compared for four systems: 

glucose-acetate diauxie with microarray data, glucose-

acetate diauxie with RT-PCR data, glucose-lactose diauxie 

with microarray data and prostaglandin metabolism in a 

RAW 264.7 macrophages, a mammalian cell line that has 

been treated with molecules that indicate a present 

infection. All comparisons made showed statistically 

significant correlation. 

 

After establishing a relationship between cybernetic 

variables and gene expression data, gene expression data 

for these same systems was mined using pathway 

enrichment analysis for pathways that were relevant to 

each system’s metabolic objective. The results of this 

analysis provided pathways that were relevant to each 

diauxic growth scenario. For example, analysis of the 

glucose-acetate system yielded pathways such as the TCA 

cycle, glyoxylate metabolism and pyruvate metabolism 

which have been well-established to be upregulated as cells 

transition from glucose to acetate.  

Analysis of prostaglandin metabolism provided 

pathways that were relevant to the scenario of infection 

studied. These pathways were for chemokine signaling and 

phagocytosis. These pathways have well-established links 

with prostaglandin metabolism.  

Conclusions 

Overall, this work demonstrates the qualitative 

similarity between cybernetic control variables for enzyme 

synthesis and gene expression data and helps to verify the 

assumption that cells dynamically regulate different 

metabolic pathways towards optimality. 

 

Furthermore, this work provides methods to address a 

critical assumption made when producing cybernetic 

descriptions for a given system – the objective function.  

For over 30 years, cybernetic modelers have had to make 

an inductive assumption about what the metabolic goal for 

a certain system is. Having the ability to deductively 

determine objective functions through rational analysis of 

the data presents provides a less biased interpretation of 

cellular regulation and presents several exciting new 

alleyways for cybernetic modeling in systems where the 

objective function is unknown.  
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