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Extracellular cues affect signaling, metabolic, and regulatory processes to elicit cellular 
responses (Gianchandani et al 2006).  Although intracellular signaling, metabolic, and regulatory 
networks are highly integrated, previous analyses have largely focused on independent processes 
(Papin et al 2005; Papin et al 2004).  High-throughput experimental data coupled with 
computational systems analysis techniques, however, have elucidated multifunctional 
components and illustrated how fundamental disease processes often arise from this integrated 
nature of biological systems (Gianchandani et al 2006; Shi et al 2004; Kim et al 2005).  
Consequently, there is a need for a structured, self-contained framework to represent and analyze 
integrated cellular networks. 
 
We recently developed a flux 
balance analysis (FBA) (Lee et 
al 2006)-based strategy, called 
integrated dynamic FBA 
(idFBA), that dynamically 
simulates cellular phenotypes 
arising from integrated 
networks (see Figure 1).  
idFBA requires an integrated 
stoichiometric network 
reconstruction of signaling, 
metabolic, and regulatory 
processes.  Since reactions 
within a whole cell can occur 
on many different time scales 
(i.e., signaling reactions are 
relatively fast compared to the 
outcomes of a given signal such as transcription and growth processes), idFBA requires 
reactions to be classified into “slow” and “fast” groups.  The fast reactions are assumed to be at 
quasi-steady-state, and the slow reactions are incorporated in a time-delayed manner as a set of 
ordinary differential equations. 
 
We have previously applied this framework with success to a prototypic integrated system 
comprised of signaling, metabolic, and regulatory processes with network features characteristic 
of actual systems, including kinetic parameters that were based on typical time-scales observed 
in literature (Lee et al 2007).  The framework facilitated quantitative and dynamic analysis of 

Figure 1.  Process flow diagram for idFBA. 
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systemic effects of extracellular cues on cellular phenotypes, and generated comparable time-
course predictions when contrasted with an equivalent kinetic model. 
 
In this research, we applied this framework to the Saccharomyces cerevisiae high osmolarity 
glycerol (HOG) pathway, one of four principal MAP kinase cascades in S. cerevisiae (Hohmann 
2002).  Under hyperosmotic conditions, yeast cells accumulate glycerol to balance the 
intracellular osmotic pressure with the extracellular environment.  Specifically, osmotic stress 
signals are communicated via the HOG pathway, leading to the activation of Hot1 and other 
HOG-mediated transcription factors.  Hot1 promotes the expression of glycolytic enzymes, Gpd1 
and Gpp2, thereby increasing glycerol production.  The MAPK Hog1 is inhibited by 
phosphatases such as Ptp2, Ptp3, and Ptc1, allowing the cell to keep the HOG pathway in check 
and maintain healthy osmotic balance.  The reconstruction of the integrated HOG module in 
yeast is comprised of 72 components spanning 68 reactions across signaling, metabolism, and 
regulation, including three regulated metabolic genes. 
 
Analysis of the integrated yeast module yielded novel findings of HOG mechanisms and 
validated the idFBA approach for facilitating quantitative and dynamic analysis of systemic 
effects of extracellular cues on cellular phenotypes. 
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