
  
Short Abstract — We reconstruct an integrated genome-scale 

protein-folding network for Escherichia coli termed FoldME. 
FoldME simulations delineate the multi-scale strategies cells 
use to resist unfolding stresses induced by high temperature or 
destabilizing mutations in a single gene. Furthermore, FoldME 
enables sampling of the solution space with diverse genotypes, 
thus reveals the intrinsic structure of the fitness landscape 
constrained by the cost of expression for the large energy 
production protein complexes. The results provide a system-
level understanding of the regulatory relationship between 
global proteome allocation and bacterial stress response. The 
method is readily extended to study cell’s complex responses to 
multiple stresses simultaneously.  
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ene expression is intimately coupled to the growth 
physiology of the cell, and regulated by global 

allocation of the cellular resource and energy. Such 
relationship has been quantitatively captured by the 
empirical bacterial growth law [1], which successfully 
explain how bacterial growth is affected by a wide range of 
biological processes, including molecular crowding, protein 
overexpression, cAMP-signaling, overflow metabolism [2], 
and growth transition kinetics. However, these coarse-
grained models lack the necessary details to address the 
underlying molecular mechanisms that drive regulation. It is 
not clear how to combine different regulatory mechanisms 
into one composite model, describe the behavior of more 
complex systems under diverse environmental perturbations, 
and provide insights into the structure of fitness landscape 
instead of simple linear physiological correlations. To 
address these challenges, an integrated genome-scale model 
is calling to connect our understanding of molecular stress 
response mechanisms with phenotypic adaptation.  

We started by modeling bacterial thermoadaptation [3-5], 
because temperature is one of the most important 
environmental parameters that dictate the evolution. First, 
we calculated the temperature-dependent biophysical profile 
of the proteome using thermodynamic principles based on 
protein sequences and structures [6]. This profile serves as 
an internal “sensor” to reflect the environmental and genetic 
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perturbations. Second, we design a mathematical 
formulation to describe how the molecular chaperones 
respond to the folding request of each protein [7]. Third, we 
integrate the kinetic protein folding network into the 
genome-scale reconstruction of metabolism and protein 
expression for Escherichia coli [8], by enabling competition 
among the spontaneous and multiple chaperone-assisted 
folding pathways. As such, changes in the proteostatic state 
of the cell induced by environmental and genetic 
perturbations can be calculated based on first principles, 
evaluated by the protein quality-control machinery, and 
coupled to the whole cell’s economics.  

FoldME simulations reproduce the asymmetrical 
temperature response of E. coli, and the proteomic changes 
upon destabilizing mutation in a single gene [3]. The results 
highlight the system-level regulatory role of chaperones 
beyond efficient folding of any single protein. Rather, 
chaperones participate in the global proteome reallocation to 
balance between the need for folding and the complex 
machinery synthesizing the proteins in response to the 
perturbations. The ability of FoldME to delineate multi-level 
cellular responses to a variety of perturbations encouraged 
further sampling of the solution space using a large number 
of random genotypes. Preliminary results reveal a rugged 
fitness landscape defined by discreteness of ATP production 
strategies [9]. Overall, these results expand our view of 
cellular regulation, from targeted specific control 
mechanisms to global regulation through a web of 
nonspecific competing interactions that modulate the 
optimal reallocation of cellular resources. The methodology 
developed enables genome-scale integration of environment-
dependent protein properties and a proteome-wide study of 
cellular stress responses. 
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