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RESEARCH ARTICLE

Extending chemical perturbations of the ubiquitin fitness
landscape in a classroom setting reveals new constraints
on sequence tolerance
David Mavor1, Kyle A. Barlow2, Daniel Asarnow1, Yuliya Birman1, Derek Britain1, Weilin Chen2, Evan M. Green1,
Lillian R. Kenner1, Bruk Mensa3, Leanna S. Morinishi2, Charlotte A. Nelson2, Erin M. Poss3, Pooja Suresh1,
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Cynthia M. Chio3, Shizhong A. Dai3, Miles S. Dickinson3, Susanna K. Elledge3, Cole V. M. Helsell1,
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ABSTRACT
Although the primary protein sequence of ubiquitin (Ub) is extremely
stable over evolutionary time, it is highly tolerant to mutation during
selection experiments performed in the laboratory. We have proposed
that this discrepancy results from the difference between fitness under
laboratory culture conditions and the selective pressures in changing
environments over evolutionary timescales. Building on our previous
work (Mavor et al., 2016), we used deep mutational scanning to
determine how twelve new chemicals (3-Amino-1,2,4-triazole,
5-fluorocytosine, Amphotericin B, CaCl2, Cerulenin, Cobalt Acetate,
Menadione, Nickel Chloride, p-Fluorophenylalanine, Rapamycin,
Tamoxifen, and Tunicamycin) reveal novel mutational sensitivities
of ubiquitin residues. Collectively, our experiments have identified
eight new sensitizing conditions for Lys63 and uncovered a sensitizing
condition for every position in Ub except Ser57 and Gln62. By
determining the ubiquitin fitness landscape under different chemical
constraints, our work helps to resolve the inconsistencies between
deep mutational scanning experiments and sequence conservation
over evolutionary timescales.
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INTRODUCTION
The increased capabilities of deep sequencing technologies have
transformed our ability to interrogate pooled libraries of variants
under selection or screening conditions (Fowler and Fields, 2014). In
particular, protein sequence-structure-function studies are benefiting
from the ability to comprehensively survey the functional effects
of all possible single point mutants in experiments that have come
to be called ‘deep mutational scans’ (Araya and Fowler, 2011;
McLaughlin et al., 2012). Deep mutational scanning experiments are
revealing new dimensions of protein stability (Araya et al., 2012),
substrate specificity (Shah et al., 2018; Wrenbeck et al., 2017) and
regulation (Bandaru et al., 2017). These experiments also provide
insight into the evolutionary significance of the spectrum of
mutational effects on fitness. For example, recent studies have also
used deep mutational scanning to probe how mutations are tolerated
in different sequence backgrounds, reflecting the local sequence
space tolerated over long evolutionary timescales (Starr et al., 2017,
2018). These experiments rely on the connection between the
character of the laboratory selection (or screen) and the pressures
experienced by populations of organisms in the natural environment.
Indeed, comparing phylogenetic analysis of naturally occurring
variation between homologs with deep mutational scanning data of a
single protein can reveal sites that are experiencing different selective
pressures in nature versus the laboratory (Hilton et al., 2017). Across
many studies, a general trend has emerged with the expected general
correlation between sites that are poorly conserved in evolution
tolerating more substitutions more readily in deep mutational
scanning experiments and with highly conserved sites being less
tolerant to substitutions.

One interesting contrast to the general trends between
evolutionary sequence conservation and deep mutational scanning
tolerance to substitution is the protein ubiquitin (Ub), an essential
eukaryotic protein that acts as post-translational modification to
mediate the degradation of ∼80% of the proteome (Yau and Rape,
2016) and is also one of the first proteins subjected to a yeast-basedReceived 31 May 2018; Accepted 14 June 2018
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Key aspects of PUBS
• Team-based 
• Interdisciplinary  
• Experiments + Bioinformatics 
• Big Data 
• Thinking about biology - and its physical basis



• Experiments 
• Data analysis 
• Journal club 
• Protocol talks 
• Faculty lectures 
• Presentations 
• Final presentation: Nov 5

Class components

Bryan



• Course website: http://kampmannlab.ucsf.edu/pubs-2018 
• Show up - on time! 
• Some experimental steps happen outside class hours - coordinate with your team 
• Planned absences: let Martin know by 9/19 
• Absence due to sickness: let us know before the class 
• Final presentation (11/5, TBC): mandatory 
• Complete online course “Laboratory Safety for Researchers” by 9/18, 1 pm:  

https://learningcenter.ucsfmedicalcenter.org/ 
Email your training transcript to your TA

Class policies



• Communicate 
• Set priorities 
• Connect the dots 
• Hypothesis-driven data analysis

Secret tips for success


