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Analysis of Protein Toxicity and Cellular Phenotypes Triggered by the Maximum Overexpression
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The functionality of a cell is determined by the types and amounts of proteins. Proteins perform essential roles in
cellular processes, including metabolism, structural maintenance, and signal transduction, and their expression levels
are tightly regulated to maintain cellular homeostasis. Disruptions to this balance—particularly through protein
overexpression—can result in cellular toxicity. Mechanisms underlying this toxicity include resource overload,
stoichiometric imbalances, promiscuous interactions, and pathway modulation. Understanding the constraints that
determine which proteins can be expressed and to what extent is crucial for uncovering the factors shaping the proteome
and the underlying cellular systems.

To investigate the constraints on protein expression, I focused on systematically evaluating the effects of protein
overexpression on cellular fitness. Overexpression experiments are a direct and powerful approach to identify the levels
of expression that cells can tolerate and to identify the causes of toxicity.

In this study, I first explored the role of protein aggregation in cellular toxicity by comparing two structurally
similar proteins: triply tagged green fluorescent protein (3*GFP) and a non-aggregating control, 3xMOX. While both
proteins share nearly identical structures, 3xGFP formed aggregates under overexpression conditions, whereas 3xMOX
did not. Notably, cells tolerated 3xMOX at expression levels four times higher than 3xGFP, demonstrating that
aggregation significantly contributes to protein toxicity. Our findings suggest that misfolded proteins are managed
through protective aggregation, which reduces their harmful effects. This observation is consistent with the results of
studies of polyQ and TDP-43 proteins.

Next, to investigate expression limits for a larger number of proteins, we developed gTOW?2.0, an overexpression
system capable of quantifying expression levels that cause growth defects over a wide dynamic range. Applying this
system to 80 proteins encoded on chromosome I of Saccharomyces cerevisiae, I observed that nearly all proteins induced
growth defects when expressed at sufficiently high levels. By comparing expression levels and toxicity, I found that
proteins with large intrinsically disordered regions (IDRs) exhibited higher toxicity, whereas proteins with stable,
structured proteins were better tolerated. This result highlights the role of protein structure in determining cellular limits
to overexpression.

During this analysis, I also identified a novel phenotype caused by the overexpression of Pex22, a peroxisomal
membrane protein. Overexpression of Pex22 led to the formation of extensive tubular membrane structures occupying
a significant portion of the cell, which I termed “Gorgon.” This observation is an example of how maximum
overexpression of a protein can reveal a previously unobserved phenotype.

In summary, this study reveals that protein overexpression serves as a valuable approach for probing cellular
constraints. By systematically assessing the limits of protein expression through overexpression, the study revealed the
characteristics of proteins that cells are likely to express and those that they are unlikely to express. Such insights
contribute to a deeper understanding of how cells maintain homeostasis and respond to perturbations, providing a

foundation for future studies on cellular adaptability and protein function.
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