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Abstract: The goal of the present study is to integrate different datasets in cell biology to 

derive additional quantitative information about a gene or protein of interest within a single 

cell using computational simulations. We propose a novel prototype cell simulator as a 

quantitative tool to integrate datasets including dynamic information about transcript and 

protein levels and the spatial information on protein trafficking in a complex cellular 

geometry. In order to represent the stochastic nature of transcription and gene expression, 

our cell simulator uses event-based stochastic simulations to capture transcription, 

translation, and dynamic trafficking events. In a reconstructed cellular geometry, a realistic 

microtubule structure is generated with a novel growth algorithm for simulating vesicular 

transport and trafficking events. In a case study, we investigate the change in quantitative 

expression levels of a water channel-aquaporin 4-in a single astrocyte cell, upon 

pharmacological treatment. Gillespie based discrete time approximation method results in 

stochastic fluctuation of mRNA and protein levels. In addition, we compute the dynamic 

trafficking of aquaporin-4 on microtubules in this reconstructed astrocyte. Computational 

predictions are validated with experimental data. The demonstrated cell simulator facilitates 

the analysis and prediction of protein expression dynamics.  
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Nomenclature: kb, DNA activation rate; kub, DNA inactivation rate; ktc, mRNA transcription rate;  

ktl, AQP4 translation rate; kdr, mRNA decay rate; kda, AQP4 decay rate; DNA*, activated DNA molecule. 

1. Introduction 

Advancements in optical imaging, microscopy, and quantitative techniques in molecular biology 

allow the measurement of protein expression levels, localization, and dynamic trafficking events in a 

single cell or a population of cells. The entire “life-story” of a protein including the transcriptional 

activation of its gene, mRNA generation and processing, translation, transport of the mature protein to its 

subcellular destination and its eventual degradation dynamics can be measured with different molecular 

biology techniques. For example, the temporal evolution of protein expression after exposure to a 

pharmacological agent is commonly detected by techniques like western blotting. Quantitative methods 

like proteomics profiling or pulse-chase radioisotope labeling can measure the kinetic rates of 

transcription, translation and degradation. The dynamics of protein trafficking and transport are captured 

by using immunofluorescence labeling techniques or through the use of fusion proteins, where the target 

protein is tagged with a fluorescent molecule for visualization [1,2]. 

With fluorescent tags like quantum dots [3], single molecule tracking of surface proteins [4,5], motor 

proteins [6,7], and intracellular protein trafficking [8] can reveal spatial trajectories of proteins of 

interest within a live cell or on the cellular membrane. If these datasets on gene activation, protein 

expression and dynamic spatial localization can be integrated, it could lead to the prediction of cellular 

behavior under different conditions. However, the joint interpretation of quantitative data collected at 

discrete time points (such as western blotting and quantitative PCR) with imaging data that describes 

protein localization and transport (such as immunofluorescence) requires a model that contains 

subcellular to account for the discrete nature of intracellular events occurring in signaling and control of 

cellular domains, including the cytoskeleton which serves as the backbone for trafficking events. The 

successful integration of cellular data with spatial information and temporal quantitative measurements 

by means of a mathematical, mechanistic model of the whole cell can enable the precise prediction of 

expression level changes in the cellular system.  

For the prototype cell simulator, we use stochastic simulations transcription and translation [9,10]. 

Our methodology further incorporates imaging data of cellular morphology and allows the delineation of 

subcellular organelles, compatible with image sets derived from confocal microscopy or electron 

microscopy. The model receives different types of biological data as input, in the forms of absolute 

concentrations, relative concentrations, or kinetic rates. This computational model also enables 

derivation of rates of transcription, protein synthesis, and degradation from a combination of indirect 

measurements that do not contain rate information (such as expression level changes of protein and 

transcripts). Hence, the simulator can function to extract additional information about a system from 

existing data points by the simultaneous interpretation of various datasets.  

By incorporating kinetic data of protein synthesis and transport rates into the cell simulator, we can 

(1) predict the spatiotemporal distribution of a protein in response to a pharmacological stimulus;  

(2) quantify how a drug can alter the expression levels of a protein to better understand the mechanism 

behind its dynamic response; and (3) discover hidden kinetic rates that are difficult to measure 

experimentally using inversion methods.  
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