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Abstract 

The primary amino acid sequence of a protein governs its specific cellular 

functions. Since the cracking of the genetic code in the late 1950’s, it has been possible to 

predict the amino acid sequence of a given protein from the DNA sequence of a gene. 

Nevertheless, the ability to predict a protein’s function from its primary sequence remains 

a great challenge in biology.  In order to address this problem, we combined recent 

advances in next generation sequencing technologies with systematic mutagenesis 

strategies to assess the function of thousands of protein variants in a single experiment. 

Using this strategy, my dissertation describes the effects of most possible single point 

mutants in the multifunctional Ubiquitin protein in yeast. The effects of these mutants on 

the essential activation of ubiquitin by the ubiquitin activating protein (E1, Uba1p) as 

well as their effects on overall yeast growth were measured. Ubiquitin mutants defective 

for E1 activation were found to correlate with growth defects, although in a non-linear 

fashion. Further examination of select point mutants indicated that E1 activation 

deficiencies predict downstream defects in Ubiquitin function, resulting in the observed 

growth phenotypes. These results indicate that there may be selective pressure for the 

activity of the E1enzyme to selectively activate ubiquitin protein variants that do not 

result in functional downstream defects. Additionally, I will describe the use of similar 

techniques to discover drug resistant mutants of the oncogenic protein BRAFV600E in 

human melanoma cell lines as an example of the widespread applicability of our strategy 

for addressing the relationship between protein function and biological fitness. 
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Chapter I - Introduction 

Cellular function is mediated by biochemical interactions of all the molecules in a 

cell. The primary amino acid sequence of a given protein determines its cellular function 

via its structure1 and the biochemical interactions mediated by its amino acid side chains.. 

Since the cracking of the genetic code in the late 1950’s, it has been possible to predict 

the primary amino acid sequence of a given protein from the coding DNA sequence.2,3,4 

Although it remains difficult to predict the 3-dimensional structure of a folded protein 

from a DNA coding sequence, great advances in structural determination of proteins by 

x-ray crystallography, NMR, and electron microscopy have resulted in over 90,000 

solved protein structures deposited in the RCSB Protein Data Bank.5 Predicting protein 

function from primary amino acid sequence is an even more daunting task, with the 

primary methods being phylogenetic comparisons of DNA coding sequences and 

homology modeling of similar protein domains6. Therefore, experimental techniques to 

systematically determine the role of each amino acid position of a protein on biochemical 

and cellular function are proving to be very valuable to link protein function with 

sequence7. The following work describes insights gained from studying the consequences 

on biochemical function and cellular growth by high-throughput measurements of all 

possible point mutants of a protein.  
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Analysis of protein function using systematic mutagenesis 

 

Systematic mutagenesis (introducing amino acid substitutions at all positions of 

an entire protein or region of interest) of proteins has been achieved for many years 

through error prone PCR or replacing portions protein-coding genes with cassette-based 

oligonucleotides containing synthetically introduced randomized codons8,9. High 

throughput methods to screen mutants generated by these methods were previously 

limited by the ability to analyze the function of many variants at the same time. Previous 

methods included Sanger (inhibition of polymerization reactions with randomly 

incorporated dideoxy nucleotides) sequencing, amber-codon suppression in E. coli to 

screen for functional variants,10 and proteomic screens to detect mutant protein sequences 

after selection.11 The fairly recent advent of next generation DNA sequencing techniques 

now allows for the analysis of millions of DNA sequence reads from a single pool of 

DNA. Within the last 5 years, multiple investigators have reported high throughput 

analysis of large pools of protein variants using various selection techniques (e.g. growth 

competition, phage display) analyzed by deep sequencing.12–17 

 Recently, multiple strategies combining high-throughput mutagenesis coupled 

with deep-sequencing readouts have been developed and utilized by various researchers. 

Each strategy has inherent advantages and disadvantages that should be carefully 

considered for each experimental application. Some investigators, including Stan Fields 

et al,18 and Doug Fowler et al12 utilize error prone PCR and/or error prone 

oligonucleotide synthesis to generate tens to hundreds of thousands of variants within a 
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single library. This is a very powerful approach because of the massive number of 

mutants that can be screened simultaneously. Another advantage of this strategy is that 

both single and multiple mutations are generated in the library, so the effects of multiple 

substitutions can be determined. The study of epistatic mutations within a single protein 

is a current area of immense interest in the field of protein sequence evolution.19 The 

disadvantage to random mutagenesis techniques is that it is difficult to capture every 

single amino acid substitution within a library, as there is no way to prevent multiple 

substitutions when increasing the PCR or oligonucleotide synthesis error rate. Therefore, 

the library size would have to be untenably large to ensure all single mutants are covered. 

For applications such as screening for drug resistant mutants within a target protein, it is 

advantageous to screen for only single point mutations, as these are probabilistically the 

most likely mutations to occur in a clinical setting.20 

 Work in our lab and presented throughout this thesis systematically builds a 

mutant library containing every codon within a protein sequence with all 64 possible 

codons.13,14 This is achieved by generating a self-removable fragment from the region of 

the gene to be mutagenized by the addition of inverted type-II endonuclease (specifically 

BsaI) sites within the gene (Figure 1.1a,b). Type-II endonucleases cut outside of their 

DNA recognition sequence and allow for excision of the region to be mutagenized 

leaving 4 base pair overlapping ends that can then have cassette libraries containing 

randomized codons ligated within the gene (Figure 1.1c). These mutant libraries are then 

able to be tested in multiple types of high-throughput experiments, including the ability to 

support growth as a single copy in yeast (figure 1.2)13,14, or for specific biochemical 
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functions by harnessing display technologies such as yeast surface and phage display to 

display library variants on the surface of a yeast cell or phage particle, and screening for 

specific interactions. Deep sequencing can then be used to tabulate the overall abundance 

of point mutants in the initial library compared to specified experimental conditions, 

whether it is abundance in a cell population over time, or enrichment/depletion after a 

biochemical screen.   

This methodology provides multiple advantages, although less total mutants (and 

no multiple substitutions within the same protein) are screened than in the approaches 

described above:  One advantage is that by substituting every codon, all WT synonyms 

and stop codons (missense mutations) are sampled, resulting in a large number of internal 

controls for WT synonymous and truncated protein sequences that are useful for 

normalizing enrichment and depletion of point mutants. Another advantage of this 

strategy is that the effect of protein point mutations can be averaged across synonymous 

codons, giving a better handle on variation within a single experiment, and greater 

confidence in measurements.  An additional benefit is that this strategy has the potential 

to differentiate between activities between synonymous codons, although we have not 

observed this phenomenon within our experiments to date. Perhaps the most important 

advantage to this method is that by systematically substituting with all possible mutations 

at each position in a protein, we can obtain detailed information regarding the chemical 

and physical requirements of each amino acid within a protein. Chapters 2-4 will report 

on positions of the proteins ubiquitin and BRAF V600E where very modest substitutions 

(e.g. substitutions with residues of similar physical and chemical properties) at specific 
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amino acid positions are not tolerated, indicating specific biochemical interactions are 

perturbed. 
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Figure 1.1. Steps to generate plasmid libraries of point mutants. (a) Whole-plasmid PCR 

to generate inverted BsaI vector that can be fully excised with the BsaI endonuclease. (b) 

Digestion of this vector to generate directional sticky-ends. (c) Cassette ligation to 

introduce point mutants in frame with the gene. 
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Figure 1.1. Steps to generate plasmid libraries of point mutants. 
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Figure 1.2. Bulk competition of libraries of point mutants in yeast. (a) Plasmid libraries 

are transformed into yeast. (b) Yeast that have taken up a plasmid are selected for and 

amplified. (c) Selection pressure is applied to the library copy of the mutated gene and 

samples are collected over time in bulk-competition. 
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Figure 1.2. Bulk competition of libraries of point mutants in yeast. 
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Fitness measurements and application to experimental evolution 

 

Mutations allow adaptation of organisms under selective pressures through 

natural selection.21 While this theory has been extensively studied in population genetics 

studies of natural populations, until recently, there has been little experimental 

methodology available to scan the mechanisms of mutant accumulation in the laboratory 

setting. Recent work on hsp90 by Ryan Hietpas, et al from our group provided 

convincing experimental support for the nearly neutral theory of evolution posited by Dr. 

Mootoo Kimura based on predictions of population genetics models in 1983.22 This work 

examined the tolerance of the highly conserved multifunctional hsp90 protein to 

mutation, which resulted in a biphasic distribution of growth effects for point mutations 

depending on the position in the protein.13 Most mutations in this study were either well 

tolerated (nearly neutral), or highly deleterious. The work presented in chapter 2 of this 

dissertation demonstrates a similar result for all point mutations of residues 2-76 of 

ubiquitin in Saccharomyces cerevisae.  

 More insights from the research presented in chapter 2 of this thesis lend support 

to the theory proposed by Dr. Emile Zuckerlandl in 1976 that the functional density of 

proteins (i.e. the magnitude of molecular interactions of a given residue) correlates with 

mutational sensitivity of a given residue.23 There are over 40 distinct co-crystal structures 

of ubiquitin and binding partners in the Protein Data Bank, and we were able to strongly 

correlate the interaction density of Ubiquitin among all of these co-crystals with the 

mutational sensitivity of mutants at each residue in our screen. Interestingly, the most 
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sensitive mutants (and those with the most buried surface area in over 40 co-crystal 

structures) clustered on one side of the 3-dimensional structure of ubiquitin, indicating a 

common binding motif for many clients.    

 

High throughput analysis of specific function 

  

 Proteins contribute to cellular function through biochemical interactions. The 

specific amino acid composition of a protein dictates its structure and interaction with 

partner molecules by interaction surfaces created by the three dimensional location and 

physical properties of its amino acid side chains.1,24 The complexity of interactions that 

can be mediated by different combinations of the 20 common amino acids of proteins is 

staggering, especially with large proteins composed of hundreds or thousands of residues. 

This makes predicting the structure and function of the majority of proteins from amino 

acid sequences extremely difficult,25 and highlights the value of high-throughput 

approaches to determine the specific effects of amino acid substitutions within a given 

protein. 

 Coupling high-throughput mutagenesis techniques with protein display on the 

surface of phage26,27 (and later yeast surface display)28 has been used successfully since 

the early 1990’s to screen for protein variants with increased binding affinities to a 

particular target. Because of limitations in sequencing technology, these types of 

experiments were usually focused on mutants that were enriched after selection by 

repeated cycles of binding to a desired target, washing, and eluting. Alternatively, 
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proteins displayed on a cell surface could be separated by FACS and then sequenced in 

low/medium throughput (tens to hundreds of variants). Variants with the desired binding 

properties could then be identified by sequencing DNA from the enriched phage or yeast 

populations. The limitation of these strategies is that quantitative analysis in differences 

of interaction properties is difficult, making it difficult to detect variants with reduced 

affinity.  

 The advent of next generation nucleic acid sequencing technologies has made it 

possible to identify millions of DNA sequences from a single pool of DNA. This 

capability has made it possible for researchers to scan hundreds of thousands of protein 

variants in single display experiments and make quantitative estimates about relative 

binding properties. For example, Doug Fowler and Carlos Araya et al while in Stan 

Fields’ laboratory utilized phage display coupled with deep sequencing analysis in a 

technique they refer to as “deep mutational scanning,” to analyze the binding of >600,000 

amino acid variants of a human WW domain to its peptide substrate, and were able to 

report features important to binding that would not be evident from analysis of fewer 

mutations at each position (e.g. alanine scanning)12. These findings were then extended to 

determine the thermodynamic properties of the WW domain amino acid primary amino 

acid sequence that affected binding.16 This group was also able to screen thousands of 

mutants of the RRM domain of a poly-A binding protein and determine the epistatic 

effects of substitutions at multiple sites within the same protein. Further evidence of the 

synergy between these techniques is evidenced by the discovery of activity-enhancing 

mutations in an E3 ubiquitin ligase by Lea M. Starita et al.18 
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 It is a significant challenge to determine how a specific biochemical interaction of 

a given protein affects the overall function of a cell. Some proteins are not essential or 

only affect the phenotype of a cell under specific conditions (e.g. temperature stress, 

starvation, or DNA damage), while other proteins perform many functions, all of which 

can contribute to growth defects. The relationship between a specific biochemical activity 

and experimental fitness of a protein that performs a single function can be predicted 

from biochemical flux models.29,30 In these cases, there is a threshold of specific activity 

that can be reduced (elasticity function) before observing a decrease in growth rate, and 

then with further reduction of activity, a decrease in growth rate that can be fit to an 

exponential function and correlated to growth rate. Nevertheless, many proteins are 

involved in multiple cellular interactions, and the fitness effect of any given mutation can 

be explained by either the effect on one rate limiting step or a combination of multiple 

processes, making predictions of mutant effects from a single function extremely 

difficult. Therefore, high throughput measurements of mutant libraries for specific 

biochemical functions can be compared to experimental fitness data to determine the 

effect of a given function on experimental fitness. Chapters II+III of this dissertation 

report high-throughput measurements of the relative E1 reactivity of all ubiquitin point 

mutants, and insights into how this one essential activity correlates with the growth rate 

in yeast. 

  

Ubiquitin is a 76 amino acid protein that predominately acts as an intracellular 

signaling molecule by covalently attaching to substrates via its c-terminus or lysine (K) 
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sidechains.31,32 Ubiquitin can also form chains of varying length and structure by 

covalently attaching to other ubiquitin molecules through any of its seven lysines, as well 

as the amino and carboxyl termini. Many different structural orientations can be formed 

through the various polyubiquitin linkages mediated by E1, E2, and E3 ubiquitin ligases, 

and these structures can be specifically recognized by different binding partners and 

receptors (as reviewed by Daniel Finley in the 2009 Annual Review of Biochemistry).32 

For example, K48-linked tetrameric ubiquitin is required for efficient targeting of 

substrates to the 26S proteasome for degradation.33  Attachment of single molecules of 

ubiquitin to substrates via K63 has been shown to be involved in DNA repair, and 

multiple other linkages (including K63-linked polyubiquitin) are involved in everything 

from signaling proteins for protein trafficking to chromatin remodeling in the nucleus to 

control gene expression.34,35   

Ubiquitin interacts directly with hundreds of binding partners in the cell, even 

excluding substrates that are targeted for proteasomal degradation. Most of these 

interactions are mediated by ubiquitin binding domains (UBD) and ubiquitin interacting 

motifs (UIM) homology regions found in most binding partners.36,37 Activation of 

ubiquitin by the E1 ubiquitin activating enzyme (Uba1p is the sole E1 in yeast) is 

essential as the first step for the formation of polyubiquitin chains.  This activation 

consists of a two-step process where ubiquitin is first adenylated by E1, and then the 

catalytic cysteine of E1 forms a thioester bond with the C-terminus of ubiquitin. The 

attached ubiquitin can then be transferred to an E2 enzyme that associates with the E1 

(dozens in eukaoryotes). The different E2 molecules can then transfer ubiquitin to other 
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molecules with different linkages according to the specific E2 activity (although there is 

overlap between linkages formed within even the same E2 enzymes, an area of active 

research)38 Ubiquitin can then be transferred to specific substrates by multiple 

mechanisms. Ubiquitin can either be transferred to a thioster-linkage with an E3 ubiquitin 

ligase (hundreds in eukaryotes) which directly interacts with substrates and transfers the 

ubiquitin to the substrate, or alternatively, some E3’s interact with RING domains that 

mediate transfer of ubiquitin from E3 to the substrate.39 Some substrates also react 

directly with E2’s and ubiquitin transfer is mediated by transfer of the ubiquitin to a 

HECT-domain containing protein followed by transfer to the substrate.40   

 Ubiquitin is an essential protein in all eukaryotes and defects with the 

ubiquitination and proteasome pathway are associated in multiple human diseases, 

including cancer and neurodegenerative diseases.41 Because ubiquitin is involved in so 

many interactions, it is difficult to determine precisely which functions are perturbed by 

any defect in ubiquitin or its conjugation system. Any ubiquitin mutants that effect 

cellular function may be defective at any one or any combination of processes. To begin 

to determine how ubiquitin point mutants effect cellular function, we made a yeast library 

containing all ubiquitin point mutants, and determined the competitive growth rate of 

each single ubiquitin mutant (growth rate compared to wild type in the same culture) of 

each point mutant. This results from this study is reported in chapter II of this 

dissertation, with analysis of the mutational sensitivity of each residue of ubiquitin that 

correlates defects in growth rates with known interactions of many binding partners. To 

extend this study to determine how one essential interaction, activation of ubiquitin by 
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the sole E1 in yeast, we expressed the same ubiquitin mutant libraries on the surface of 

yeast and tested the ability of the yeast libraries to react with E1. By sorting reactive 

ubiquitin variants, we were able to quantitatively assess the reactivity of most point 

mutants (described in chapter III of this dissertation). Because E1 activation of ubiquitin 

is essential for yeast growth, we expected that variants that were not able to be activated 

would also be growth defective. Surprisingly, we found that the ability of ubiquitin 

variants to be activated could be reduced up to 50-fold compared to wild-type ubiquitin 

and still support yeast growth (figure 3.6). Another unexpected finding was that an 

overwhelming majority of variants that reacted efficiently with E1 did not exhibit growth 

defects, even with the potential for perturbation of hundreds of other interactions 

downstream and independent of E1 activation.  The combination of these two studies 

provides a unique examination into the effects of saturation mutagenesis of a whole 

essential protein that is involved in many cellular processes.    

 

Structural Insights 

 The primary amino acid sequence of a protein determines its final folded structure 

within a cell.1 Ubiquitin is an extremely stably folded small protein that can withstand 

temperatures of up to 90º C at pH 4.0 without melting.42 By analyzing the sensitivity of 

mutations to residues to the core of ubiquitin, we were able to determine which positions 

were especially sensitive to mutation, even with substitutions of other branched aliphatic 

residues (isoleucine, leucine, and valine). These substitutions were not predicted to cause 

unfolding (Figure 2.7d), and tended to be located at regions in the core that were 
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proximal to surface residues involved in many interactions (Figure 2.7). These findings 

demonstrate that high-resolution information about the sensitivity of core residues to 

mutation can give strong insights into protein function, and highlight regions of the 

protein that may be involved in local structural changes or protein dynamics. Another 

potential strength of this technique is to determine the requirements of protein folding in 

cell membranes, which are difficult to purify and crystallize.  

 

Determining drug resistance by systematic mutagenesis of a protein kinase 

Single point mutations that interfere with drug binding are a common mechanism 

of the development of drug resistance.43 In chapter IV, Using the overall systematic point 

mutant screening strategy described above, we were able to determine second site 

resistance mutants to the oncogenic protein BRAFV600E which is present in many 

human cancers and 80% of human melanomas. The valine to aspartic acid mutation 

causes BRAF to constitutively phosphorylate downstream targets in the MEK and ERK 

pathways.  We generated mutant libraries in the kinase domains of BRAFV600E, and 

were able to identify over a dozen resistance mutants that were resistant to a research-tool 

inhibitor (PLX4700) analogous to the FDA approved inhibitor Vemurafineb. One of 

these mutants, L505H, is attainable by a single base substitution, which is the most likely 

mutation in a single protein drug target43 and was independently discovered by Tian Xu 

and colleagues from a vemurafenib-resistant tumor cell line derived from a human 

melanoma patient (unpublished communications with Michael R. Green).  
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Summary 

 My main goal in this dissertation is to clearly communicate the value of direct 

measurements of the effects of systematic point mutations for the functional analysis of 

proteins. Especially in light of rich structural and biochemical data available for many 

protein systems, I believe that high-throughput functional characterization can be used to 

help solve many complex problems in biology that are difficult without applying new 

technology. Because it is difficult to predict function from amino acid sequence alone, I 

hope that systematically characterizing specific biochemical interactions and fitness 

effects of entire proteins will lead to better understanding of how protein sequences 

evolve to carry out specific functions. This quantitative information, when gathered 

across many different protein systems, will help synergistically in the efforts of 

phylogenetic reconstructions in evolution, as well as predictions of protein structure and 

function.  

 These approaches are also very powerful for studying mechanisms of drug 

resistance in human cancer as well as diseases caused by bacteria and viruses, as 

mutations at the DNA level that cause single amino acid protein variants are the most 

likely to cause resistance within a drug target. While mutations outside of protein drug 

targets can cause resistance as well, these methods are not limited to mutagenizing any 

one protein, and the fast increase in high-throughput sequencing technology may soon 

lead to being able to study mutations of many proteins within a system in parallel. 
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Chapter II – Analyses of the effects of all ubiquitin  

point mutants on yeast growth rate 

 

This work has been previously published as Roscoe, B. P., Thayer, K. M., Zeldovich, K. 

B., Fushman, D. & Bolon, D. N. A. Analyses of the effects of all ubiquitin point mutants 

on yeast growth rate. J. Mol. Biol. 425, 1363–77 (2013). 

 

The work presented in this chapter was a collaborative effort of all listed authors. Dr. 

Daniel N. Bolon designed the initial Ubiquitin mutant libraries. I performed all yeast 

selection, sequencing, and single mutant generation experiments. Dr. Kelly M. Thayer 

and Dr. Konstantin M. Zeldovich calculated average surface area of ubiquitin contacts 

from solved structures in the protein data bank. Dr. Daniel N. Bolon and I both analyzed 

all data and prepared the figures and initial manuscript. Dr. Daniel N. Bolon prepared the 

final manuscript.  
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Abstract 

The amino acid sequence of a protein governs its function.  We used bulk 

competition and focused deep sequencing to investigate the effects of all ubiquitin point 

mutants on yeast growth rate. Many aspects of ubiquitin function have been carefully 

studied, which enabled interpretation of our growth analyses in light of a rich structural, 

biophysical and biochemical knowledge base. In one highly sensitive cluster on the 

surface of ubiquitin almost every amino acid substitution caused growth defects. In 

contrast, the opposite face tolerated virtually all possible substitutions. Surface locations 

between these two faces exhibited intermediate mutational tolerance. The sensitive face 

corresponds to the known interface for many binding partners. Across all surface 

positions, we observe a strong correlation between burial at structurally characterized 

interfaces and the number of amino acid substitutions compatible with robust growth. 

This result indicates that binding is a dominant determinant of ubiquitin function. In the 

solvent inaccessible core of ubiquitin all positions tolerated a limited number of 

substitutions, with hydrophobic amino acids especially interchangeable. Some mutations 

null for yeast growth were previously shown to populate folded conformations indicating 

that for these mutants subtle changes to conformation caused functional defects. The 

most sensitive region to mutation within the core was located near the C-terminus that is 

a focal binding site for many critical binding partners. These results indicate that core 

mutations may frequently cause functional defects through subtle disturbances to 

structure or dynamics. 
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Introduction  

Analyses of protein sequence-function relationships provide a powerful approach 

to understand mechanism. Mutational studies provide information on the functional 

impact of specific chemical changes to the protein. Systematic analyses of point 

mutations provide a detailed map of chemical space that can be mined to infer 

mechanism. While it has been possible to generate libraries of point mutants for many 

years9, until recently it had only been feasible to analyze the function of systematic 

mutations using amber suppresser strains of E. coli.10 Functional analyses of mutant 

libraries in non-suppresser systems can now be performed in high-throughput by utilizing 

deep-sequencing to analyze mixtures of multiple mutants simultaneously. In this 

approach, sequence profiling, originally by microarray44 and now more commonly by 

deep sequencing is used to determine the relative abundance of mutants in response to 

selective pressures.12–17,45–47 

To measure the fitness effects in cells of all possible point mutants for regions of 

genes, we developed an approach we refer to as EMPIRIC.13,14 This approach utilizes 

systematic site saturation libraries that incorporate a single degenerate codon (NNN) in 

an otherwise wild type (WT) coding sequence. Thus, all possible point mutants are 

included in the library design and the vast majority can be observed above background in 

deep sequencing analyses. We analyze libraries of point mutants in conditional yeast 

strains that contain a second copy of the gene whose activity can be tightly regulated. 

This enables the amplification of mutant libraries in yeast under permissive conditions 
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where growth is not dependent on mutant function. Adjusting conditions to turn off the 

second copy of the gene then initiates growth competition based on mutant fitness. In 

previous work, we analyzed a nine amino acid loop in yeast Hsp90.13 Here, we report 

EMPIRIC fitness analyses for the entire yeast ubiquitin gene.   

Ubiquitin is essential in all eukaryotes where it serves multiple functions via its 

ability to covalently attach to substrate proteins.32 The covalent attachment of the C-

terminus of ubiquitin to lysine side-chains is mediated by a series of enzymes referred to 

as E1, E2, and E3.31 Multiple ubiquitin molecules can be linked through covalent 

attachment between the C-terminus of one ubiquitin chain and a lysine from another 

ubiquitin.  Lysine 48 in ubiquitin is the only lysine that is essential for yeast growth.34 

K48-linked poly-ubiquitin serves as a degradation signal48 with four K48-linked 

ubiquitins sufficient to target substrates for proteasome-mediated degradation.33 Protein 

degradation by the ubiquitin-proteasome system is an important regulator of the 

composition of the proteome.49  As such, the ubiquitin-proteasome system is required for 

homeostasis under constant conditions as well as rapid cellular responses to altered 

external conditions.50 Protein degradation is often a critical signal in cells. For example, 

destruction of cyclins serves as the signal for progression through each step of the cell 

cycle51; and degradation of IκB serves as a key signal in many immune responses.52 

Disruptions to protein degradation pathways can lead to a variety of disorders including 

neurodegeneration53 and cancer.50 Protein degradation pathways have emerged as 

promising targets for therapeutic drugs, including proteasome inhibitors that are currently 

in clinical use as anti-cancer agents.54 
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Because of its central role in mediating eukaryotic physiology, ubiquitin has been 

carefully analyzed by many approaches providing the opportunity to interpret fitness 

analyses in regards to a wealth of available structural and biochemical information. In 

particular, non-covalent binding interactions are critical to ubiquitin function. For 

example, the covalent attachment of ubiquitin depends on non-covalent interfaces 

between conjugating enzymes and ubiquitin.55–58 After covalent attachment to substrates 

most known functions of ubiquitin, including delivery of substrates to the proteasome, are 

mediated by non-covalent binding to ubiquitin-binding proteins.36,59,60 There are many 

different ubiquitin-binding proteins in all eukaryotes and binding to ubiquitin is 

frequently mediated by a set of modular ubiquitin-binding domains (UBDs). The most 

common UBDs in both yeast and humans36 are the ubiquitin-interacting motif61 (UIM) 

that consists of a single α-helix62, and the ubiquitin-associated63 (UBA) domain that 

forms a three-helix bundle.64,65 Many UBDs bind to a hydrophobic patch on the surface 

of ubiquitin that includes residues L8, I44 and V70.36,66,67  

Alanine scanning of the surface positions in ubiquitin successfully demarcated 

hotspots for ubiquitin binding partners by identifying 16 residues where substitutions 

prevented yeast growth, the majority of these positions located in the proximity of the L8, 

I44, V70 hydrophobic patch as well as the K48 and C-terminal sites of covalent linkage.67  

Of note, the alanine scan used a binary scoring of mutants (presence or absence of 

observed growth) and did not quantify potential intermediate growth defects nor did it 

sample the full diversity of possible mutations leaving many questions about the 

sensitivity of ubiquitin to surface mutations unknown. For example, are conservative 
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mutations (e.g. Ile to Val) to the L8, I44, V70 hydrophobic patch functional, and at 

positions where alanine substitutions are functional are more severe mutations also 

tolerated (e.g. Asp to Lys charge reversals)?  

In addition to binding, the thermodynamics of ubiquitin folding and unfolding 

have been subject to careful analysis. Ubiquitin is highly stable to temperature 

denaturation42 and predominantly populates a folded conformation even when subject to 

near boiling temperature (90 °C) at pH 4. Though it is a small protein of 76 amino acids, 

native conformations are sufficiently thermodynamically stabilized relative to unfolded 

conformations that folding is efficient even for many disruptive mutants in the solvent-

inaccessible hydrophobic core including all individual alanine substitutions68, mutations 

that increase bulk69 and some hydrophobic to polar substitutions.70,71 Compared to their 

influence on protein folding, the impact of core mutations on ubiquitin function has not 

been thoroughly investigated. Of the few core mutants that have been studied 

functionally, we have previously analyzed Leu to Ser mutations at positions 67 and 69 

near the C-terminus of ubiquitin. Both of these substitutions were capable of folding, but 

weakened binding affinity to proteasome receptors, resulted in increased accumulation of 

high molecular weight protein species in cells, and failed to support yeast growth.70 

These results indicated that small changes to the native structure or dynamics of ubiquitin 

can impair function. 

To comprehensively examine both the sensitivity of the ubiquitin surface to 

mutation and the impact of core mutations on function, we analyzed the impacts of all 
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ubiquitin point mutants on yeast growth rate. On the surface of ubiquitin, there were ten 

ultra-sensitive positions where only the wild type amino acid was observed to support 

robust growth. We also observed a cluster of ultra-tolerant positions on the α-helical face 

of ubiquitin where virtually all amino acid substitutions were compatible with robust 

growth. Structural analyses of 44 high-resolution co-crystal structures of ubiquitin bound 

to different partners indicated that burial at interfaces was a good predictor of sensitivity 

to mutation at surface positions. In the solvent-inaccessible core of ubiquitin hydrophobic 

substitutions were generally tolerated. Comparison of mutant effects on growth with 

previously determined effects on folding stability indicated that some mutants capable of 

folding were defective for growth. Functional sensitivity to mutation was asymmetrically 

distributed in the core. Core positions near the C-terminus where many critical binding 

interactions occur were the most sensitive to mutation. These findings indicate that 

binding interactions are a dominant contributor to ubiquitin function, which can be 

impacted by subtle conformational changes and/or dynamics in the folded state of 

ubiquitin. 
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Results and Discussion 

Bulk competition of ubiquitin mutants in a shutoff strain. 

To facilitate the analyses of mutants with varied fitness, we used the Sub328 

ubiquitin shutoff strain.34 In Sub328, the only copy of the ubiquitin gene is expressed 

from a galactose regulated promoter that generates sufficient ubiquitin protein to support 

robust growth in galactose media, but that is effectively turned off in dextrose media. 

These properties enable Sub328 cells to host libraries of ubiquitin mutants in galactose 

media where growth does not require mutant function, and subsequently switch to 

dextrose media where growth is directly related to mutant function (Figure 2.1a). To 

characterize the timing of the shutoff process, we examined the growth of Sub328 cells 

harboring either a rescue plasmid constitutively expressing WT ubiquitin (utilizing a 

promoter and plasmid system previously developed to analyze ubiquitin mutants in 

yeast34), or a control plasmid lacking ubiquitin (Figure 2.1b). Cells with the rescue 

plasmid grow rapidly in dextrose media, but cells with the control plasmid stall in growth 

after about 10 hours in dextrose media. Based on these results, we decided to analyze 

selection on mutant libraries starting after 12 hours in dextrose so that most cells without 

functional mutants would have stalled in growth. 
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Figure 2.1. Bulk competition analyses of the effect of ubiquitin mutants on yeast growth. 

(a) Experimental setup: systematic libraries of ubiquitin point mutants generated using 

saturation mutagenesis at sequential positions within a 9-10 amino acid window were 

generated on a plasmid with a constitutive promoter. These libraries were introduced into 

a ubiquitin strain whose only other source of ubiquitin was regulated by a galactose 

dependent promoter. Yeast libraries were amplified in galactose, and then competed in 

dextrose where growth relied on the mutant ubiquitin library. (b) Growth of the ubiquitin 

shutoff strain is rescued by constitutive expression of WT ubiquitin. (c) Positions 40-48 

of ubiquitin were selected for initial method development. (d-e) Sequence based analyses 

of bulk competition of libraries of ubiquitin point mutants at positions 40-48. (d) Stop 

codons were rapidly depleted indicating that they were unable to support growth, while 

silent substitutions that change the nucleotide sequence without altering the protein 

sequence persisted in shutoff conditions. (e) Correlation between measured growth 

effects of mutants (selection coefficient) from full experimental repeats. 
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Figure 2.1. Bulk competition analyses of the effect of ubiquitin mutants on yeast growth. 
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We examined the robustness of bulk competitions by analyzing a nine amino acid 

region (Figure 2.1c) of ubiquitin that included K48, the essential lysine involved in 

forming poly-ubiquitin chains that target substrates to the proteasome. The size of this 

region enabled it to be efficiently interrogated by Illumina short read (36 base) 

sequencing. We generated site saturation libraries for each position in the region, mixed 

libraries to create a combined library for the region and used focused deep sequencing14 

to analyze the relative abundance of each point mutant in the combined library.  The 

library was introduced into yeast, expanded in galactose media for 48 hours, and then 

switched to dextrose media for 50 hours. Samples from the library of yeast were saved at 

different time points in the competition and the relative abundance of mutants over time 

determined by sequencing, providing a direct measure of relative mutant fitness13. The 

fitness effects of WT synonyms (silent mutations) and stop codons (nonsense mutations) 

served as important internal positive and negative controls (Figure 2.1d).  WT synonyms 

persisted in the bulk competition consistent with the near-neutral expectation for silent 

mutations.  In contrast, stop codons rapidly decreased in relative abundance consistent 

with the critical function of the C-terminus of ubiquitin in conjugation to substrates.72 

The slope of mutant to WT ratio versus time in WT generations was calculated and 

represents the selection coefficient (s) where s=0 indicates wild type growth and s= -1 

indicates a null mutant. The rapid drop off in abundance of strongly deleterious mutants 

meant that this class of mutant could not be quantified as precisely as mutants that 

persisted in the culture. We performed a full experimental repeat to judge the 

reproducibility of our bulk fitness measurements. Excluding strongly deleterious mutants 
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(s<-0.5), we observed a strong correlation between repeat measures of the effects of 

ubiquitin amino acid substitutions on yeast growth rate (Figure 2.1e). Compared to fit 

mutants, strongly deleterious mutants (s<-0.5) showed larger differences in the 

experimental repeat (Figure 2.2A). Excluding strongly deleterious mutants, the 

correlation between repeat measurements indicates that we can accurately resolve growth 

differences of about 7%. This level of resolution is valuable for investigating the physical 

constraints on ubiquitin function. However, it is not sufficient to distinguish the full 

spectrum of selection that would act on natural populations where fitness effects on the 

order of the inverse of the effective population size (estimated at 10-7 in yeast)73,74 are 

subject to effective selection. 

Analyzing mutants across the ubiquitin coding sequence 

By investigating multiple different regions in parallel (Figure 2.3), we were able 

to analyze all positions in ubiquitin at the same time. We separated the ubiquitin gene 

into eight regions each encoding 9-10 amino acids that were amenable to our sequencing-

based approach (Figure 2.3a and Supplementary Table 2.1).  For each region, we 

generated site saturation libraries that we introduced into shutoff yeast and analyzed by 

bulk competition and sequencing. Utilizing this approach, we determined fitness effects 

across the ubiquitin coding sequence (Figure 2.3b). In order to assess reproducibility and 

selection in each region we analyzed both WT synonyms and stop codons (Figure 2.2B). 

In all regions, WT synonyms were consistently highly  
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Figure 2.2. Growth properties of select mutants. (A) Correlation between full 

experimental repeat for amino acids 40-48 across all measurements. (B) EMPIRIC 

measurements of stop codons and WT synonyms in each region. Error bars indicate 

standard deviation (N=22-29 for stop codons; N=16-34 for WT synonyms). (C) Growth 

rate in monoculture measured by changes in optical density over time. SUB328 cells 

harboring ubiquitin variants on 417GPD plasmids were pre-grown in shutoff conditions 

for 16 hours, and then monitored for the following 12 hours in shutoff conditions. A total 

of 17 point mutants were analyzed as well as a positive control (wt) and a negative 

control (G75D/G76D). 
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Figure 2.2. Growth properties of select mutants. 
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Figure 2.3. Analyses of the growth effects of mutants across the ubiquitin gene. (a) The 

gene was subdivided into eight regions of 9-10 amino acids and each region was subject 

to saturation mutagenesis, bulk competition in yeast, and deep sequencing analyses. (b) 

Heat map representation of the effects of ubiquitin mutants on yeast growth. Mutants that 

were below a conservative detection limit at the beginning of the competition were 

omitted from fitness analyses. (c) Bi-modal distribution of observed mutant effects on 

yeast growth indicates that most mutants supported either WT-like or null growth in yeast 

(d) Distribution of growth effects for mutations that depleted by more than 2-fold during 

outgrowth in galactose media, but remained sufficiently abundant to quantify fitness. 

Most depleted mutants had null-like fitness and none were WT-like (s>-0.1). (e) 

Correlation between the growth rate of a panel of individually analyzed mutants relative 

to fitness measures from bulk competitions. 
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Figure 2.3. Analyses of the growth effects of mutants across the ubiquitin gene. 
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fit (s≈0) with narrow distributions (standard deviations ranging from 0.005 to 0.03). 

These observations indicate that highly fit mutants are accurately interrogated by our 

procedure as expected because they persist in the culture and are sampled throughout the 

competition experiment. The average fitness effects of stop codons is similar in each 

region (Supplementary Figure S2.1B), but with increased measurement variation. In all 

regions the average stop codon is highly deleterious (s<-0.65) indicating that selection is 

strong across all regions. Because highly deleterious mutants rapidly deplete from the 

culture, they are not sampled as extensively as other mutants and measurement accuracy 

has an increased dependence on the synchronization of selection pressure across the yeast 

culture and the number of sequence reads at the early selection time points. The variation 

in measurements of stop codons is approximately ten times greater than WT synonyms 

(standard deviation ranging from 0.07 to 0.1 for seven of the regions). Because of 

unintended variations in sequencing depth, one region (positions 49-58) had markedly 

lower number of reads for the early timepoints (Supplementary Table 2.1). In this region, 

the average stop codon was strongly deleterious (s=-0.75), but as expected, measurement 

variation was large (standard deviation of 0.37).  With the exception of this region, the 

experimental measure of highly deleterious mutants is reasonably precise across the 

dataset.   

For amino acids encoded by multiple codons, we calculated fitness as the average 

over all synonyms (Supplementary Table 2.2). Across the entire data set, the fitness 

effects of all nucleotide changes that encode the same amino acid were similar indicating 

that protein sequence had a dominant impact on fitness compared to nucleotide sequence.  
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We were able to directly analyze selection coefficients for the majority of possible amino 

acid substitutions (85% - colored in Fig 2.3b). These quantified mutants exhibited a bi-

modal distribution of fitness effects (Figure 2.3c), which has been commonly observed in 

many different fitness studies.10,75–78 

At the first time point analyzed in shutoff selection, the relative abundance of 

some mutants was below our threshold for accurate analysis (colored grey in the heat 

map).  We considered two potential explanations for this low mutant abundance: poor 

representation in the saturation mutagenesis, and/or depletion during growth in galactose 

where WT ubiquitin was co-expressed. We deep sequenced the plasmid pool and found 

that virtually all point mutants (99%) were represented in the plasmid library at relative 

abundances above our threshold for analysis (Supplementary Table 2.3). Sequencing of 

yeast samples obtained immediately following amplification in galactose media revealed 

that many mutations were depleted, indicating that they had a dominant negative growth 

defect. We observed greater than 2-fold depletion for 95% of mutants that were below the 

threshold level for fitness analysis (grey boxes in Figure 2.3b). We took advantage of 

mutants that were highly represented in the plasmid library to provide a dataset of 

mutants that depleted during co-expression with WT ubiquitin, but whose relative 

abundance after outgrowth was sufficient to enable accurate fitness measurements. These 

depletion-prone mutations are universally unfit (Figure 2.3D), indicating that depleted 

mutations that were not over-represented in the plasmid library (solid grey boxes in 

Figure 2.3b) are likely unfit. The dominant negative growth effects of ubiquitin mutants 

are both intriguing and mechanistically unclear as they occur at multiple different 
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structural locations. Experiments focused on these mutants will likely be an exciting area 

of future research. As indicated in Figure 2.3b, a small number of mutations were low in 

abundance in the plasmid library or introduced an internal restriction site that interfered 

with sample processing (further described in the Methods section).  

The bulk fitness measurements are in agreement with the known function of 

ubiquitin. For example positions 48 and 76 are sites of critical for covalent ubiquitin-

ubiquitin linkages and are known to be sensitive to mutation.32 In our EMPIRIC analyses, 

only the WT amino acids at positions 48 and 76 (outlined in dashed red lines in Figure 

2.3b) are compatible with robust growth.  There are three amino acid substitutions 

between the yeast and human versions of ubiquitin (outlined in maroon in Fig 2.3b). 

Consistent with the strong functional conservation in ubiquitin, all of these substitutions 

support robust yeast growth. To further probe the accuracy of our bulk competition 

measurements, we constructed 17 individual point mutations spread across the ubiquitin 

coding sequence and analyzed their growth rate in monoculture (Figure 2.2). We find that 

monoculture growth rate was strongly correlated with EMPIRIC fitness measurements 

(Figure 2.3e).  

Sensitivity to mutation on the surface of ubiquitin 

We examined the tolerance of each position by quantifying the number of amino 

acids compatible with robust growth, defined here as having less than a 10% growth 

defect. This cutoff definition was chosen both because it is larger than our measurement 

precision and because it encompasses the main peak of near-WT fitness mutants (Figure 
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2.1c). This definition should include essentially all experimentally fit mutants in the 

robust class and minimize the number of mutants whose classification would switch with 

a small change in the cutoff. For amino acids located at or near the solvent-accessible 

surface, the observed tolerance was bimodal (Figure 2.4a). The majority of positions 

permitted either greater than 16 amino acids (and were classified as tolerant), or less than 

5 amino acids (and were classified as sensitive). Of note, position 12 was classified as 

intermediate despite having only four fit amino acids because unusually poor mutant 

representation in the plasmid library hindered fitness quantification of 10 amino acids.  

Mapping to the mono-ubiquitin structure revealed that sensitive and tolerant positions 

clustered completely on opposite faces (Figure 2.4b). The fitness-sensitive positions are  
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Figure 2.4. Effects of mutants on the solvent-accessible surface of ubiquitin on yeast 

growth. (a) Distribution of the number of amino acids observed to support growth within 

90% or greater of wild type ubiquitin. Many positions in ubiquitin are either highly 

sensitive to mutation (4 or less amino acids support robust growth), or highly tolerant (17 

or more amino acids support robust growth). (b) Space filling representations of ubiquitin 

structure (based on 1UBQ.PDB67) with sensitive positions colored blue, tolerant yellow, 

and intermediate green. (c) Heat map representations of sensitive, intermediate and 

tolerant positions on the ubiquitin surface. One-dimensional maps on the bottom compare 

our analyses with a previous alanine scan37. At positions where the WT amino acid is 

alanine, glycine substitutions are shown for both the EMPIRIC and previous alanine scan. 
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Figure 2.4. Effects of mutants on the solvent-accessible surface of ubiquitin on yeast 
growth.  
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located on the β-sheet face, which contains the hydrophobic patch66 including L8, I44, 

and V70. This region is known to bind to many ubiquitin receptors.  

We compared the EMPIRIC fitness map for sensitive, intermediate and tolerant 

positions on the surface of ubiquitin to a previous alanine scan of the ubiquitin surface67 

(Figure 2.4c). Overall, the EMPIRIC results correspond very well to the previous alanine 

scan. Of the 16 alanine scan mutants identified as growth defective, all have at least a 

20% growth deficiency in our analyses. Of the 41 alanine scan mutants identified as 

supporting growth, 36 exhibited robust growth in our analyses while five exhibited 

growth defects ranging from 11% to 47%. The small number of discrepancies could be 

due to differences in experimental detail including the strains analyzed and the growth 

conditions.  The alanine scan effectively identified sensitive sites, but did not distinguish 

tolerant sites from sites with intermediate sensitivity. By quantifying the effects of 

mutants and examining all possible substitutions, the EMPIRIC analyses presented here 

defines a continuous spectrum of mutational sensitivity from ultra-sensitive to ultra-

tolerant. 

The most tolerant positions in ubiquitin can accommodate almost any amino acid 

substitution without disturbing the observed function (Figure 2.4c). These ultra-tolerant 

positions cluster on one side of ubiquitin. The only mutations other than stop codons 

observed to reduce function were proline mutations within the α-helix that are known to 

disrupt helical structure, as well as minor defects for a small fraction of the possible 

hydrophobic substitutions (S28F, S28I, Q31I, P37W, P37F, P37Y, D39W, T55W) and a 
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small number of charge reversals (D21K, D21R, D39R). Charge reversals are generally 

well tolerated on this face of ubiquitin (e.g. E16, E18, D39, D52, R54, and K63). The 

tolerance to charge reversal mutants, which dramatically change the interaction potential 

of a protein surface, suggests that this face of ubiquitin is not involved in critical binding 

interactions. The entire amino acid sequence of ubiquitin is highly conserved (there are 

only three substitutions between yeast and human ubiquitin), indicating that mutations 

throughout the protein impact fitness on a magnitude that is selectable in natural 

populations. Of note, the WT residues at the ultra-tolerant positions are never aliphatic or 

aromatic. Based on these properties (polar and tolerant of individual mutations) we 

speculate that this region of ubiquitin may perform a solubility promoting role as similar 

properties have been observed in solubility promoting regions of the Hsp90 

chaperone79,80. These studies in Hsp90 support the idea that stringent natural selection for 

stability can result in highly optimized sequences that are so soluble that they are robust 

to individual mutations when measured with experimentally limited sensitivity. Ubiquitin 

is highly soluble (>100 mg/ml) and has been shown to impart solubility on genetically 

fused partner proteins.81 In principle, ubiquitin solubility could provide a functional 

benefit by influencing the solubility of covalent complexes with substrates. The ultra-

tolerance of this surface of ubiquitin to our experimental analyses is notable and 

motivated our discussion of solubility, which we acknowledge is highly speculative. 
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At the most sensitive positions to mutation (G10, R42, G47, K48, H68, R72, L73, 

R74, G75, G76), only the WT amino acid was observed to support robust growth. All ten 

ultra-sensitive positions are located on the surface of the ubiquitin structure. Seven of 

these positions are either at or adjacent in primary sequence to the sites of critical 

covalent attachment (G47, K48, R72, L73, R74, G75, G76) consistent with the known 

role of these positions in conjugation to substrates and promoting recognition by the 

proteasome.32 Of the other three ultra-sensitive positions, G10 is located in a β-turn in 

structural proximity to the C-terminus and has a positive main chain φ angle that is 

incompatible with other amino acids. The other two (R42 and H68) are both structurally 

adjacent to the hydrophobic patch formed by L8, I44, and V70 that is at the interface with 

many ubiquitin receptors. L8, I44, and V70 can all tolerate conservative substitutions 

(e.g. Leu to Ile) in our assay. These results are consistent with both the binding of partner 

proteins to this patch as well as the relatively low specificity of hydrophobic interactions 

relative to polar interactions such as hydrogen bonds that are highly directional. Of note, 

the contributions of H68 to function was unclear from alanine scanning as it has only a 

partial (20%) growth defect in our analyses (Figure 2.4c) and was positive for growth in 

plasmid swap experiments.67 

Mapping fitness sensitivity to interfaces 

Analyzing the effects of all ubiquitin mutants combined with the available 

structural information on interfaces with many different binding partners provides a 

unique opportunity to investigate how binding interactions influence sensitivity to 
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mutation. Based on chemical intuition, it has long been posited that interaction surfaces 

will impose evolutionary constraints based on the prediction that many mutations located 

at interfaces will disrupt binding.82 Consistent with previous observations, the most 

sensitive sites to mutation map to known binding interfaces including those with UBA 

and UIM domains (Figure 2.5a,b). To further examine the relationship between binding 

interfaces and sensitivity to mutation, we analyzed the surface area buried by each 

position in ubiquitin across 44 high resolution crystal structures (Supplementary Table 

S2.4). The average fraction of surface area buried was greater for positions that were 

sensitive to mutation in our screen compared to positions that were tolerant to mutation 

(Figure 2.5c). Across all surface positions, the fraction of surface area buried at 

structurally characterized interfaces predicted about 60% of the variance in observed 

tolerance to mutation (Figure 2.5d). Of note, the relationship between surface burial and 

tolerance to substitution appears to have multiple phases. At low fraction surface burial 

many mutations are tolerated and at a threshold around 0.3, amino  
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Figure 2.5. Relating fitness sensitivity on the surface of ubiquitin to binding interfaces. 

Structural representations of ubiquitin bound to common binding domains: (a) UBA 

domain (2OOB.PDB71), and (b) UIM domain (1QOW.PDB72). Top images show 

binding domains in magenta and ubiquitin as space-filled spheres with fitness sensitive 

positions in blue, fitness tolerant positions in yellow, and intermediate positions in green. 

Bottom images illustrate the underlying ubiquitin secondary structure. (c) Fraction of 

surface area buried per sensitive or tolerant residue on the surface of ubiquitin in 44 high-

resolution co-crystal structures. Error bars represent standard deviations (N=18 and 19 

respectively) (d) Correlation between fitness tolerance to amino acid substitution and 

burial at structurally characterized interfaces. 
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Figure 2.5. Relating fitness sensitivity on the surface of ubiquitin to 

binding interfaces. 
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acid tolerance tends to decrease. Positions with a fraction of surface area buried greater 

than 0.4 are universally sensitive in our analyses. Consistent with these observations, the 

data fit well to a transition switching model related to those used in chemical denaturation 

of proteins (Figure 2.5d). These observations demonstrate that binding is a dominant 

determinant of sensitivity to mutation for ubiquitin and provide quantitative support for a 

long-standing intuition in molecular evolution. 

We further analyzed how sensitive and tolerant positions mapped to the structure 

of K48-linked tetra-ubiquitin because this is the minimal signal for proteasome-

targeting.33 The structure of tetra-ubiquitin in the proteasome-bound state is currently 

unavailable, as is the structure of poly-ubiquitin attached to a substrate. However, the 

structure of unanchored K48-linked tetra-ubiquitin representing the predominant 

conformation at physiological conditions is available.83 Structural analyses of this 

“closed” conformation of tetra-ubiquitin showed that fitness-sensitive positions all cluster 

on the interior of tetra-ubiquitin, while fitness-tolerant positions all cluster on the exterior 

(Figure 2.6).  This result suggests that the structural arrangement mediated by inter-

ubiquitin contacts in closed tetra-ubiquitin may be biologically important. For example 

by presenting a molecular surface that is almost entirely polar, the closed conformation of 

tetra-ubiquitin may enhance solubility. In addition, the sequestration of binding sites for 

UBDs in the closed conformation may be important for modulating access to these 

interfaces by different effectors.84 This potential mechanism is consistent with both an 

observed “open” conformation of K48-linked tetra-ubiquitin56 and from NMR studies 
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demonstrating that binding by UBDs can require access to interfaces unavailable in the 

“closed” conformation. 84 
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Figure 2.6. Relating fitness sensitivity to structure of tetra-ubiquitin (a) Structural image 

of K48-linked tetra-ubiquitin (2O6V.PDB54). Top images show space-filling 

representation with fitness sensitive positions colored blue, tolerant positions yellow, and 

intermediate positions grey. Different color shades were used to distinguish subunits. 

Bottom image illustrates the underlying secondary structure. (b) Fractoin surface area 

buried per sensitive or tolerant residue in tetra-ubiquitin. Error bars represent standard 

deviations (N=18 and 19 respectively) 

 

  



50 
 

Figure 2.6. Relating fitness sensitivity to structure of tetra-ubiquitin 
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Effects of Mutations in the Solvent-inaccessible Core. 

The majority of positions (10 of 16) located in the core of ubiquitin tolerated 3-6 

mutations (Figure 2.7a,b) with substitutions between hydrophobic amino acids of 

different geometry frequently resulting in robust growth at all positions. This distribution 

of tolerated mutations is consistent with solvent-inaccessible residues contributing to a 

well-packed, largely hydrophobic core to energetically distinguish the native state from 

unfolded conformations. Aliphatic (Val, Leu, Ile) to aromatic (Phe, Tyr, Trp) 

substitutions that increase core bulk were generally poorly tolerated. For example, we did 

not observe any aliphatic to Trp substitutions that were compatible with robust growth. In 

the core mutations to Trp were only tolerated at positions where the WT amino acid was 

aromatic (F45, Y59). These observations indicate that large increases in core over 

packing, which are likely to alter the native conformation and dynamics, commonly result 

in functional defects to ubiquitin. 

Polar amino acids in the core are generally incompatible with efficient ubiquitin 

function. Q41 is the only polar WT amino acid in the core. The side-chain of Q41 

hydrogen bonds to a solvent-inaccessible and otherwise unsatisfied main-chain carbonyl 

oxygen. While most polar substitutions at position 41 exhibited a strong growth defect, 

multiple aliphatic substitutions (Leu, Ile, Met) were tolerated. These findings are 

consistent with the energetic penalty for burying unsatisfied hydrogen bonding atoms in 

the core of proteins as well as the energetic benefit from burial of hydrophobic atoms.85,86  
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Figure 2.7. Mutant effects in the solvent-inaccessible core of ubiquitin. (a) Heat map 

indicating the fitness of mutations at core positions indicates that substitutions among 

aliphatic amino acids are generally well-tolerated. (b) Positions in the core exhibit an 

intermediate tolerance to mutation with most positions having 3-6 different amino acids 

that support growth rates similar to the wild type sequence (s>-0.1). (c) Structural 

representation of ubiquitin showing the wild type side chains of core positions. Positions 

that tolerate more than eight amino acids (s>-0.1) are colored in yellow. (d) Relationship 

between core mutant impacts on folding stability39; 42 and yeast growth. Previously 

measured effects on ∆∆G of folding are plotted such that negative numbers represent 

destabilization. The amount of destabilization estimated to abolish folding is indicated as 

a dashed grey line on the left. Mutations to Q41, the only WT core polar amino acid, are 

shown in grey. All mutations in this panel are estimated to populate the unfolded state 

less than 1% in the absence of elevated temperature or denaturant based on the stability 

of wild type ubiquitin39. Mutants that are destabilized by more than 2 kcal/mol are 

shown in orange if they are highly fit (s>-0.12), blue if they are strongly deleterious (s<-

0.49), or purple for those with intermediate fitness. (e) Structure of ubiquitin indicating 

the location of destabilized and highly fit (yellow) as well as destabilized and deleterious 

(cyan) mutations. 
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Figure 2.7. Mutant effects in the solvent-inaccessible core of ubiquitin. 
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The energetic penalty for burial of charged amino acids with unsatisfied hydrogen bonds 

in the core of proteins is especially severe and we observe growth defects at all core 

positions for substitutions to R, K, D, or E. The general trends that we observe in the core 

are consistent with a large body of work demonstrating that the interior of proteins is 

important for governing protein folding and dynamics.87 

Within the core of ubiquitin, we observe that the sensitivity to mutation is 

unevenly distributed with the most tolerant positions (L15, V17, I23, F45) all clustered in 

one structural region (Figure 2.7c). We considered two potential explanations for this 

observation. First, protein folding may be a dominant determinant of the function of 

ubiquitin core mutants and the tolerant regions are less important for folding. Second, 

core mutations may impact ubiquitin function by subtle changes to the folded 

conformation and/or dynamics that affect critical binding interactions. The contribution 

of core positions to ubiquitin folding has been determined by φ analysis, which uses 

alanine mutations to identify residues that contribute to the folding transition state.68 Of 

note, a broader folding transition state of ubiquitin was reported in studies using 

engineered double histidine substitutions and divalent metals as probes.88 By φ analysis, 

the transition state for folding was found to occur in the same core region where we 

observe relatively high functional tolerance to mutation. In particular L15, V17, and I23 

all have φ-values ≥ 0.5 (F45 was not analyzed) indicating that they have a large energetic 

contribution to the folding transition state. In contrast positions located near the C-

terminal tail in the structure of ubiquitin all were observed to have φ-values close to zero 

indicating that they provide minimal energetic contributions to the folding transition 
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state. These observations indicate that critical positions for ubiquitin folding can 

functionally tolerate more mutations than other core positions. Because protein folding to 

native conformations of ubiquitin should be required for function, this finding indicates 

either that the transition state for folding does not correlate with mutant effects on folding 

efficiency, or that ubiquitin core mutants may also have important impacts on protein 

behavior other than folding (e.g. binding).  

We compared growth effects of core mutations to previously reported68,71 

observations of individual ubiquitin mutant impacts on the thermodynamic stability 

difference between folded and unfolded conformations (Figure 2.7d and Supplementary 

Table S2.5). All of the mutants in this panel were able to fold efficiently and populated 

native conformations under physiologically relevant conditions, but exhibited growth 

rates from WT to null in our assays. This observation indicates that some core ubiquitin 

mutants able to fold efficiently are functionally defective. Our previous work 

demonstrated that the L67S and L69S core mutations are capable of folding under 

physiological conditions, but are defective for binding to proteasome receptors and do not 

support yeast growth.89 Thus core ubiquitin mutations capable of folding can be defective 

for binding to important receptors.  In future studies, it will be interesting to determine 

the specific biochemical defects in core ubiquitin mutants that impair function. Of note, 

mutations that resulted in less than a 2 kcal/mol destabilization of the folded relative to 

unfolded states exhibited small to no observable growth defects. Within this stability 

region, mutations at Q41 had more pronounced functional defects than mutations at 

positions where the WT amino acid was hydrophobic. This observation is consistent with 
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the observation that polar interactions in protein interiors can have a large influence on 

protein dynamics.86  

Among the analyzed panel of core mutations that destabilized the folded state by 

2 kcal/mol or greater there was a large variance in functional effects spanning from null 

to WT growth rates (Figure 2.7d). Within this stability regime, we mapped mutants with 

either minimal or severe growth effects onto structure (Figure 2.7e). The destabilized 

mutants that supported the most efficient growth included substitutions at three of the 

most functionally tolerant positions (L15A, V17N, I23A – mutants at F45 were not in the 

stability dataset). Mutations with a similar range of destabilization that exhibited severe 

growth defects were clustered near the β-sheet surface and C-terminus in the structure of 

ubiquitin (Figure 2.7e). Thus, core positions that are relatively sensitive to mutation were 

located adjacent to surface positions that make critical binding interfaces while tolerant 

core positions were located distant to known binding interfaces. Based on these 

observations, we speculate that many core ubiquitin mutations may impact function by 

affecting binding affinities. Interestingly, NMR studies have demonstrated that the C-

terminal region of ubiquitin exhibits uncorrelated conformational dynamics90,91 

suggesting that it is capable of sampling many different conformations that could be 

important for binding to diverse UBDs. Indeed, recent reports indicate that distinct 

ubiquitin conformations mediated by core amino acids are important for affinity with 

different binding partners.92 NMR studies on linked ubiquitin also observed 

conformational dynamics in the C-terminal region91, consistent with a potential role in 

mediating receptor binding to poly-ubiquitin. 
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Conclusions 

The comprehensive analysis of ubiquitin mutants presented here provides a 

rigorous examination of the physical constraints at each position in the protein. 

Consistent with previous observations, our results strongly support binding as a dominant 

functional constraint for ubiquitin both for surface positions as well as for many core 

positions. Indeed, location at structurally characterized interfaces alone is a good 

predictor of the tolerance of surface positions to mutation. One face of ubiquitin that is 

not commonly at structurally characterized interfaces, tolerates almost all substitutions 

without causing detectable growth defects. The experimental tolerance that we observed 

for this surface indicates that its contribution to function is relatively insensitive to 

mutation. This mutational profile together with the polar composition of this region is 

consistent with a role in promoting solubility. We also find that the functional sensitivity 

to core mutations is asymmetrically distributed. Sites involved in the folding transition 

state are the most tolerant to mutation while sites in structural proximity to critical 

binding sites are the most sensitive. These results are consistent with an important role 

for ubiquitin conformational dynamics in mediating binding to critical partner molecules. 

The structural separation of folding centers and regions important for dynamics that 

influence binding events may be a design principle utilized by other proteins to balance 

the requirement for both folding and dynamics required for function.   
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Materials and Methods 

High-throughput EMPIRIC Fitness Measurements 

We constructed ubiquitin mutant libraries in a KanMX4-marked yeast high copy 

shuttle vector (p427) with ubiquitin expression driven by the GPD1 promoter. To aid in 

cloning, the ampicillin-resistance gene was removed from the vector, and selection 

during bacterial cloning was performed with kanamycin (resistance provided by the 

KanMX4 marker). Of note, this high copy plasmid system is important for expressing 

ubiquitin at near-physiological levels because the ubiquitin gene is present at multiple 

chromosomal locations in wild type yeast. Libraries of saturated single codon 

substitutions in yeast ubiquitin were generated using a cassette ligation strategy in 

p427GPD as previously described.14 To facilitate cloning and subsequent sequencing 

analyses, the ubiquitin gene was subdivided into eight regions of 9-10 amino acids. Pools 

of saturated point mutants within each region were generated that could be accurately and 

efficiently interrogated with short-read Illumina sequencing. To distinguish the growth 

properties of ubiquitin mutants, we utilized the Sub328 yeast strain.34 The sole ubiquitin 

in these cells is supplied from a galactose regulated promoter. 

Pooled plasmid libraries of mutants for each region of ubiquitin were transformed 

separately into the same batch of Sub328 cells as described.93 In order to minimize 

doubly transformed cells94, a total of 1 µg of plasmid DNA was transformed per 100 µL 

competent yeast cells, and after recovery the cells were grown for 48 hours at 30° C in 30 

mL of liquid SRGal (synthetic 1% raffinose, 1% galactose) media supplemented with 
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G418 (200 µg/mL). Cultures were diluted to maintain log-phase growth. After 48 hours 

of selection for G418 resistance in SRGal media, late-log cells were collected by 

centrifugation, then washed and resuspended in SD (synthetic 2% dextrose) media with 

G418 and ampicillin (50 µg/mL) to hinder bacterial contamination. Cultures of 100 mL 

were grown in a shaking incubator at 30 °C for 3 days with dilution to maintain the 

culture in logarithmic growth. Time point samples were collected throughout this period 

by centrifuging 2*108 cells, resuspending with 1 mL of water, transferring to a 

microfuge, pelleting, removing the supernatant and freezing the pellet at -80 °C. Fitness 

analyses were performed on samples isolated after 12, 15, 19, 23, 29, and 45 hours in 

dextrose. These fitness analyses were performed over 11 generations as the doubling time 

of the yeast harboring the WT rescue plasmid was 3 hours under these conditions.  A full 

experimental repeat was performed for the ubiquitin region encompassing amino acids 

40-48, including preparation of competent yeast from a separate colony, transformation, 

growth, and time point sampling. 

Plasmid DNA was isolated from yeast pellets and processed for deep sequencing. 

Frozen pellets were thawed, lysed using zymolyase, and plasmid DNA isolated and 

prepared for sequencing as previously described 6. An initial PCR reaction was 

performed to amplify the library version of ubiquitin utilizing primers specific to the 

p427GPD vector. This PCR product was separated on an agarose gel, excised and 

purified using a silica column (Zymo Research). A second round of PCR was performed 

with region-specific primers that added a MmeI cut site immediately upstream of the 

randomized region and a universal primer binding site 250 bases downstream. The 
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resulting PCR product was purified on a silica column, digested with MmeI and purified 

again on a silica column. Barcoded adapters were then ligated and samples processed and 

analyzed as previously described.14 

Adapter cassettes with a sticky-end complementary to the resulting MmeI 

overhang were attached using T4 DNA ligase (New England Biolabs). Ligation adapters 

included a binding site for universal Illumina primers and a barcode to distinguish the 

time point and sample. Ligation reactions were separated on an agarose gel and the 

ligation product excised and purified. A final round of PCR was performed with Illumina 

primers. To minimize PCR errors, cycles were limited and the high-fidelity Pfusion 

enzyme (New England Biolabs) was utilized throughout. For each region, a processing 

control was included that started with a purified plasmid with wild type ubiquitin and was 

processed identical to time point samples (same number of PCR cycles, etc.). To 

distinguish mis-reads during sequencing, a sequencing control was also included in all 

deep sequencing samples. The sequencing control consisted of a region of the Sec61 gene 

cloned into a plasmid with flanking Illumina primer binding sites. Eight cycles of PCR 

from this plasmid generated a deep sequencing sample with minimal sequence 

heterogeneity. 

Short-read (36 base) Illumina sequencing was utilized to analyze all time point 

samples. The resulting FastQ files were analyzed as previously described14 in order to 

determine the fitness effects of mutants. Processing and sequencing errors were directly 

estimated in each sequencing reaction from the number of apparent mutants observed in 
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the internal processing and sequencing controls. The average per base error rate including 

PCR processing and sequencing was 0.005 per base. The majority of these errors (~90%) 

result in apparent double mutants that were filtered out of the data resulting in accurate 

abundance measurements of the underlying distribution of mutants in the library. Mutants 

with a relative abundance (mutant/WT) below 2-10 at the initial time point (12 hours in 

dextrose) under selection were deemed too noisy for accurate fitness measurements based 

on visual inspection of mutant versus time trajectories and were omitted from further 

analysis. In addition, mutants that created an internal MmeI site that would complicate 

processing were omitted from fitness analyses. The first three time points during library 

selection (corresponding to 12, 15, and 19 hours in dextrose) were utilized to analyze the 

rapid drop-off in stop codons and other null-like mutants. For mutations that persisted in 

the population, fitness effects were determined using all time points in selection. The 

residuals for each fit were determined to identify problematic mutants that were 

subsequently plotted, and eliminated from consideration if they showed multi-phasic 

behavior (< 1% of the data was eliminated using this approach). Depletion ratios were 

calculated from the relative abundance of mutants observed in sequencing of the plasmid 

library compared to cells collected at the end of growth in galactose. Mutants with a 

relative abundance (mutant/WT) below 2-8 in the plasmid library were deemed too noisy 

for depletion analyses based on visual inspection of trajectories.  
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Growth Rate of Individual Mutants in Monoculture 

We measured the growth rate of 19 different point mutants in monoculture after 

shutoff in dextrose (Figure 2.2).  These mutants were chosen to span a range of EMPIRIC 

fitness values, and were from regions spanning the entire ubiquitin gene.  Single mutants 

were generated in p427GPD and transformed into Sub328 yeast.  Growth rates were 

determined by monitoring the OD600 during growth under identical conditions to the 

EMPIRIC bulk competitions (SD media with G418 and ampicillin at 30° C). 

Structural Analyses of Ubiquitin 

Ubiquitin positions were characterized as at or near the solvent-accessible surface 

or in the solvent-inaccessible core based on the crystal structure of mono-ubiquitin 

(1UBQ.PDB67) and the classification algorithm of Mayo and colleagues.95 We analyzed 

ubiquitin interfaces by quantifying the surface area buried96 by each amino acid in atomic 

resolution structures in the protein data bank. We searched the Protein Data Bank (PDB) 

for entries with high sequence identity to ubiquitin, at least 2 chains in the biological 

assembly, and X-ray resolution of 2.5 Å or better. We identified PDB files that had a 

BLAST E-value of less than 10-20, and length of alignment between 50 and 100 residues 

as the selection criteria. We manually curated this list to exclude structures of identical 

protein complexes (keeping only the highest resolution structure in each case) and 

structures of mono-ubiquitin, resulting in 117 ubiquitin chains in 44 PDB structures. We 

used areaimol from the CCP4 v.6.2 package97 to calculate ASA for each residue of every 

ubiquitin molecule both in the complex and in isolation. The resulting changes in ASA 
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upon complex formation are provided as a supplementary table to this dissertation 

(Supplementary Table S2.4).  
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ABSTRACT 

The complexity of biological interaction networks poses a challenge to 

understanding the function of individual connections in the overall network. To address 

this challenge, we developed a high throughput reverse engineering strategy to analyze 

how thousands of specific perturbations (encompassing all point mutations in a central 

gene) impact both a specific edge (interaction to a directly connected node) as well as 

overall network function. We analyzed the effects of ubiquitin mutations on activation by 

the E1 enzyme and compared these to effects on yeast growth rate. Using this approach, 

we delineated ubiquitin mutations that selectively impacted the ubiquitin-E1 edge. We 

find that the elasticity function relating the efficiency of ubiquitin-E1 interaction to 

growth rate is non-linear and that a greater than 50-fold decrease in E1 activation 

efficiency is required to reduce growth rate by two fold. Despite the robustness of fitness 

to decreases in E1 activation efficiency, the effects of most ubiquitin mutations on E1 

activation paralleled the effects on growth rate. Our observations indicate that most 

ubiquitin mutations that disrupt E1 activation also disrupt other functions. The 

structurally characterized ubiquitin-E1 interface encompasses the interfaces of ubiquitin 

with most other known binding partners, and we propose that this enables E1 in wild-type 

cells to selectively activate ubiquitin protein molecules capable of binding to other 

partners from the cytoplasmic pool of ubiquitin protein that will include molecules with 

chemical damage and/or errors from transcription and translation.  
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INTRODUCTION 

 

Determining how genes function together as biological systems is a defining 

challenge of the genomic era. While genome sequences reveal the DNA blueprint of 

organisms, deciphering how this blueprint leads to biological function is challenging due 

in large part to genetic interaction complexity.98,99 For example, many phenotypes are 

mediated by multiple genes100, and numerous genes exhibit pleiotropy.101 Tremendous 

progress has been made in mapping the connections (aka edges) between genes and gene 

products by both genetic102–104 and biochemical approaches.105,106 Epistatic analyses of 

gene knockout combinations have provided a broad understanding of the impacts of node 

deletions on network function.102 In addition, approaches have been developed to analyze 

the effects of disrupting individual network edges by identifying mutations that disrupt a 

specific interaction.107–109 However, for most complex biological networks, the elasticity 

function110,111 relating network edge strength (e.g. the affinity of a specific protein-

protein interaction) to overall network function is poorly understood. To address this 

challenge, we developed a high throughput strategy to analyze how all point mutations in 

a central gene impact both an edge to a directly connected node in its network as well as 

overall network function. Here we report experiments with ubiquitin and the E1 enzyme 

that provide fundamental insights into regulated protein degradation in eukaryotes. 

Systematic investigations of the relationships between gene or protein sequence, 

function and fitness provide new opportunities to bridge molecular, systems, and 

evolutionary biology.7,19,112,113 While a wealth of studies demonstrate that the fitness 
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effects of mutations are mediated by biochemical changes,10,29,114–118 most systematic 

studies of mutants have focused predominantly on either growth effects (e.g. Chapter II 

of this dissertation)13,111or biochemical effects.12,15,16,108 The relationships between mutant 

effects on biochemical properties and experimental fitness under defined conditions have 

been studied using traditional approaches for a handful of genes, almost all of which 

encode enzymes that catalyze a single critical chemical transformation. In many of these 

systems,117,119–121 the experimental fitness effects of a set of mutants can be accurately 

predicted based on both the proficiency of the mutant enzyme and physiological models 

of biochemical fluxes.29 However, for the majority of genes (particularly those that 

perform multiple functions, or whose functions are not fully appreciated) the 

relationships between a mutation’s impact on biochemical properties and fitness remain 

unclear. In theory, each activity of a multi-functional protein may contribute 

independently to fitness and be predicted based on flux models, or the contributions of 

each activity to function may be interdependent, likely depending on the molecular and 

evolutionary context of each particular central network node. Distinguishing these 

possibilities provides insights into network function and can be accomplished by 

systematically investigating mutant effects on both biochemical function and 

experimental fitness. 

We determined the effects of all possible point mutants in ubiquitin on activation 

by the E1 enzyme and compared this functional map to a corresponding map of 

experimental fitness effects in yeast (Figure 2.2). Through its ability to covalently link to 

other proteins, ubiquitin contributes to multiple important cellular processes including 
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regulated protein degradation.31 The covalent attachment of ubiquitin is mediated by a 

series of enzymes, with E1 activation serving as the first step in this process. E1 activates 

ubiquitin by first adenylating the C-terminus of ubiquitin and subsequent covalent 

attachment via a catalytic cysteine in E1.56,122 We find that most ubiquitin variants that 

were deficient for E1 activation failed to support robust yeast growth, consistent with the 

essential role of this reaction.123 However, our results also demonstrate that activation of 

wild-type ubiquitin is far more efficient than required to support robust growth and that 

the relationship between the E1 reactivity of a ubiquitin mutant and yeast growth rate is 

non-linear. Despite this non-linear elasticity function,110,111 the effects of most ubiquitin 

mutants on E1 activation were similar to their effects on yeast growth rate. These 

observations suggest that most ubiquitin mutations that lead to defects in E1 activation 

also lead to defects in other ubiquitin-network edges (e.g. binding to the proteasome), and 

that the combined biochemical defects of these ubiquitin mutants are responsible for the 

observed fitness defect.  
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RESULTS AND DISCUSSION 

Investigating E1 reactivity 

We developed a bulk competition approach to interrogate the E1 reactivity of all 

possible point mutants in ubiquitin (Fig. 3.1). Comprehensive site saturation libraries of 

ubiquitin point mutants in eight pools of 9-10 consecutive amino acid positions (Figure 

2.2)14 were transferred to a yeast display system. Importantly, this yeast display setup 

(Fig. 3.1a) presents ubiquitin molecules with a free C-terminus, which is required for 

activation by E1. For initial method development, we focused on a region of ubiquitin 

encoding amino acids 40-48 that form a close contact with E1 in the co-crystal structure56 

(Fig. 3.1b). Display cells were reacted with a limiting concentration of yeast E1 (Uba1) 

(Fig. 3.2), labeled with fluorescent antibodies targeted to E1 as well as an HA epitope 

used to control for display level, and separated by flow cytometry into pools of E1 

reactive cells and HA displaying cells (Fig. 3.1c). Cells from each pool were subjected to 

focused deep sequencing38 and the difference in observed mutant frequency used to 

assess the E1 reactivity of each ubiquitin point mutant. 
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Figure 3.1. E1 reactivity of ubiquitin mutants assessed using yeast display and FACS. (a) 

Experimental setup: the C-termini of displayed ubiquitin variants are free to react with E1 

and the upstream HA-tag enables normalization for display level. (b) in amino acids 40-

48 that were chosen as an initial test. (c) FACS analysis of pools of ubiquitin point 

mutants in the test region. Cells in the sort windows were independently collected and 

analyzed by focused deep sequencing in order to estimate the E1 reactivity of each 

mutant. (d) E1 reactivity estimates are reproducible in a full experimental repeat. 
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Figure 3.1. E1 reactivity of ubiquitin mutants assessed using yeast display and FACS. 
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In order to achieve the throughput required to systematically scan all ubiquitin 

point mutants we utilized a display system that enabled a FACS and deep sequencing 

readout to report on E1 activation efficiency. This provides a reasonable approximation 

of the E1 activation process that occurs in cells, but reactions that occur on a cell surface 

are not perfect mimics of reactions in solution. E1 contains multiple domains and can 

bind two ubiquitin molecules at the same time: one that is adenylated (through strong 

non-covalent association between E1 and adenosine) and one that is covalently attached 

to the catalytic cysteine of E1. In our bulk competitions, E1 attachment to the displaying 

yeast cells requires adenylation, but we do not experimentally interrogate the transfer and 

attachment of displayed ubiquitin to E1’s catalytic cysteine. In addition, the display of 

multiple copies of the same ubiquitin molecule on the surface of each display cell will 

constrain E1 to primarily react with two ubiquitin molecules of the same sequence (i.e., 

in the assay E1 should preferentially bind two ubiquitins of the same sequence, one 

covalently and one non-covalently). 
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Figure 3.2. Flow cytometry controls. Yeast displaying a wild type ubiquitin construct 

were reacted with a saturating concentration of purified biotin-E1 and analyzed by flow 

cytometry following antibody labeling directed towards the HA epitope only (a), E1 only 

(b), or both HA and E1 (c). Control yeast that do not display ubiquitin on the cell surface 

show negligible antibody labeling (d). As is commonly observed with yeast display, there 

is a population of cells that do not effectively express this ubiquitin construct on the cell 

surface. (e) Fraction of yeast displaying wild type ubiquitin in the double positive 

window as a function of E1 concentration. All further experiments used E1 at sub-

saturating concentrations (100 nM). 
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Figure 3.2. Flow cytometry controls. 
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We developed the system to interrogate the kinetics of covalent activation of 

ubiquitin mutants with high sensitivity. To develop a sensitive assay for this rapid kinetic 

process we utilized a limiting amount of E1 enzyme mixed into a suspension of display 

cells and quenched with free ubiquitin such that displayed mutants were in competition 

with each other. While quenching with free ubiquitin serves to provide a final stop to the 

reaction, the limiting concentration of E1 means that depletion of E1 during the 

competition phase can vary depending on the relative activation efficiency of library 

variants, leading to potential distinctions in the sensitivity of our assay for regions of 

ubiquitin analyzed in different pools. Region to region consistency could be achieved by 

using conditions of ultra-limiting E1 (e.g., by including an equivalent concentration of 

soluble ubiquitin to E1 in the competitions, or by using rapid mixing techniques to 

quench reactions before E1 is depleted). Of note, experiments using ultra-limiting E1 

conditions would be strongly influenced by mixing conditions, introducing additional 

sources of potential experimental variation. 

Given the caveats of our experimental approach, we performed a number of 

control analyses to assess the quality of our data. The site saturation ubiquitin libraries 

include all 64 codons at each position and thus encode many wild type synonyms and 

stop codons. Across all measurements, wild type synonyms exhibit similarly robust E1 

reactivity and stop codons exhibit baseline levels of E1 reactivity (Fig. 3.1d), consistent 

with selection on the ubiquitin amino acid sequence in our screen and the known 

requirement of the C-terminus of ubiquitin for E1 reactivity. This approach resulted in 

highly reproducible (R2=0.96) measurements in a full experimental repeat (Fig. 3.1d), 
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and was used to interrogate the E1 reactivity of mutants across all of ubiquitin (Fig. 3.3a, 

Supplementary Tables S3.1 and S3.2). We also developed an independent assay using 

purified proteins to measure the E1 reactivity of individual mutants relative to wild type 

(Fig. 3.4). Multiple factors may contribute to distinctions in E1 activation observed in the 

yeast display and purified protein analyses including: noise in each experiment, variations 

in selection strength for different regions of ubiquitin in the yeast display experiments, 

and biochemical distinctions due to yeast surface versus solution reaction conditions. 

Analyses of a panel of mutants indicated that yeast display E1 reactivity measurements of 

ubiquitin mutants in different regions correlate (R2=0.6) with measurements made with 

purified proteins. Based on these analyses, we conclude that the bulk yeast display 

studies distinguish highly active from weakly active variants, but that smaller distinctions 

in relative activation efficiency may not be determined with confidence from the bulk 

competitions (Fig. 3.4). 
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Figure 3.3. Mapping the effects of ubiquitin mutants on E1 reactivity to structure. Heat 

map representation of E1 reactivity for ubiquitin mutants normalized to wild type 

synonyms and stop codons. (a) Map of entire ubiquitin sequence except for the initiating 

methionine. Of note, we did not observe any ubiquitin mutants present in our plasmid 

libraries that failed to efficiently display the HA epitope. (b) Sensitivity of ubiquitin 

surface positions for E1 reactivity assessed by measuring the number of amino acids 

compatible with proficient E1 activation within 20% of wild-type ubiquitin. (c) Mapping 

sensitive (purple) and tolerant (blue) positions on the ubiquitin surface onto the 

structurally 36 characterized complex with E1 (shown in transparent grey). (d) Correlation 

between the average impact of substitutions at each ubiquitin position on E1 activation 

and the fraction of wild-type side-chain surface area buried at the E1 interface. Positions 

11, 27, and 35 (colored green in panel d) stand out as sensitive for E1 activation despite 

not burying side chain surface at the binding interface. (e) The wild-type amino acids at 

these positions (K11, K27, and G35) all form intra-molecular interactions that likely 

contribute to the ground state structure and/or dynamics of ubiquitin.  
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Figure 3.3. Mapping the effects of ubiquitin mutants on E1 reactivity to structure.  
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Figure 3.4. Comparison of E1 reactivity estimates from bulk competitions with 

independent measurements made using purified proteins. Individual mutants from three 

regions analyzed in separate bulk competitions are distinguished by colors: green squares 

(K33A, E34G, G35N), blue circles (Q40A, I44M, I44V, K48R), and red diamonds 

(H68N, H68Q, H68S, L69S, R72S, G75D). Overall estimates from bulk competitions 

positively correlate (R2=0.6) with those using purified proteins. Of note, E1 contains two 

ubiquitin binding sites that would be constrained to interact with identical ubiquitin 

variants in the bulk competitions, but that would be able to independently access wild 

type ubiquitin and a mutant in the experiments with purified proteins. Thus, distinctions 

between surface display and freely diffusible conditions may explain some of the 

observed discrepancy between E1 reactivity estimates by these two approaches. 
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Figure 3.4. Comparison of E1 reactivity estimates from bulk competitions with 
independent measurements made using purified proteins.  
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Mapping mutant effects on E1 activation to structure 

Structural mapping indicates a general correspondence between E1 reactivity and 

contact surfaces observed56 between E1 and ubiquitin. To estimate the sensitivity of each 

ubiquitin position, we calculated the fraction of mutations at each position in ubiquitin 

that were proficient for E1 activation (within 20% of the average wild type synonym). Of 

note, 90% of wild type synonyms, but no stop codons classify as E1 proficient under this 

definition. Most positions on the surface of ubiquitin either tolerated almost every amino 

acid substitution or were highly sensitive to mutation (Fig. 3.3b, Fig. 3.5a). Mapping the 

tolerant surface ubiquitin positions to the structure indicates that sensitive positions were 

located almost exclusively at the interface with E1 and tolerant positions remained 

predominantly solvent accessible (Fig. 3.3c). The fraction of ubiquitin side chain surface 

area buried at the interface with E1 correlates with the observed variation in the average 

effect of ubiquitin mutations on E1 reactivity (Fig. 3.3d), indicating that surface area 

burial is a major determinant of mutational sensitivity. All ubiquitin positions that bury 

greater than 60% of their side chain surface area at the E1 interface are strongly sensitive 

to mutation. Conversely, the majority of ubiquitin positions that do not bury any side 

chain surface area at the E1 interface are almost completely tolerant to mutation. Three 

ubiquitin positions that do not bury side chain surface area at the E1 interface exhibit 

mutational sensitivity that stands out (positions 11, 27, and 35 shown in Fig. 3.3d&e). 

The side chains at these three positions all make intramolecular contacts that may impact 

ubiquitin structure and dynamics: K11 and K27 both form salt bridges between different 

secondary structure elements, and G35 is part of a turn structure and has a main chain 
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conformation (positive phi angle) energetically disfavored for non-glycine amino acids 

(Fig. 3.3e). These structural analyses are consistent with the chemical intuition that the 

functional sensitivity of a position to mutation is primarily determined by direct binding 

interfaces82 as well as structural integrity124 and dynamics.70 
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Figure 3.5. Representations of E1 reactivity for ubiquitin mutants normalized to wild 

type synonyms and stop codons. (a) Heatmap representation of positions on the solvent 

accessible surface of ubiquitin separated into tolerant positions (left panel) and sensitive 

positions (right panel). (b) Heatmap representation of solvent inaccessible core positions. 

(c) Distribution of sensitivity to mutation for core positions. Positions 17, 45, and 69 

stand out as the most tolerant core positions (colored blue). (d) Structural representation 

of ubiquitin and E1 illustrating the location of core ubiquitin amino acids (colored purple 

or blue as in panel c). 
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Figure 3.5. Representations of E1 reactivity for ubiquitin mutants normalized to wild 
type synonyms and stop codons.  

 

  



85 
 

In the solvent inaccessible core of ubiquitin, most positions exhibited a similar 

pattern of mutational tolerance for E1 reactivity (Fig. 3.5b-d). 13 of the 16 core positions 

have aliphatic side chains in wild-type ubiquitin (six Leu, four Ile, and three Val) that 

form a hydrophobic cluster known to be a driving force for stabilizing native protein 

structures.125,126 Consistent with observations that the protein folding stability of wild-

type ubiquitin is far greater than required for yeast growth (Figure 2.6)127, we observe 

that modest substitutions to other aliphatic side chains are generally well tolerated for 

activation by E1 (Fig. 3.5b). In contrast, substitutions to polar amino acids are poorly 

tolerated, suggesting that these substitutions likely disrupt the ground state structure or 

the dynamics of ubiquitin. Three positions that are exceptions to this rule are all located 

at the edge of the solvent inaccessible core (Fig.3.5c&d) where long polar amino acid 

side chains may be able to access solvent without disrupting the structure.  

Relationship between ubiquitin mutant effects on E1 activation and experimental 

fitness. 

The fitness effects of ubiquitin mutants integrate over impacts on the entire 

ubiquitin interaction network. For this reason, ubiquitin mutants with identical impacts on 

E1 activation can have different fitness effects  (e.g., due to different effects of each 

mutant on binding to and recycling by the proteasome).70,125,128,129 Comparing the upper-

bound of fitness effects to E1 reactivity (see dashed red line in Fig. 3.6a) provides an 

estimate of the underlying elasticity relationship demarcated by ubiquitin mutations that 

primarily impact E1 activation. Our systematic scan of ubiquitin mutants indicates that 
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this elasticity relationship is non-linear and that E1 reactivity can be reduced to baseline 

levels under the conditions of our screen with minimal impacts on fitness. 
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Figure 3.6 Relating the effects of ubiquitin mutations on E1 reactivity to experimental 

fitness. (a) Comparison of ubiquitin mutant effects on E1 reactivity and yeast 

experimental fitness for all positions in ubiquitin. (b-f) Ubiquitin mutations at four 

positions located at the E1 interface were analyzed further using purified components. (b) 

Illustration indicating the location of ubiquitin amino acids E34, G35, R72 and G75. E34 

and G35 are located at the periphery of interface between ubiquitin and E1. R72 is 

located in a deep cavity on the surface of E1 and forms multiple hydrogen bonds across 

the interface. G75 is located in a narrow cleft adjacent to the active site. (c) E1 reactivity 

for a panel of mutants at these positions was determined using purified proteins and 

binary competitions with wild-type. (d) The experimental fitness of this panel of mutants 

was analyzed by monitoring the growth rate of each mutant in isolation. (e) The E1 

activation potential of purified wild-type (WT), R72S and G75D ubiquitin variants 

analyzed without competition by Western blotting for high molecular weight ubiquitin. 

(f) The accumulation pattern of epitope tagged ubiquitin variants expressed in yeast co-

expressing endogenous untagged ubiquitin. 
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Figure 3.6 Relating the effects of ubiquitin mutations on E1 reactivity to experimental 
fitness.  
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To further assess the minimum level of E1 reactivity for a ubiquitin mutant 

required to support yeast growth, we investigated a panel of individual ubiquitin mutants 

(Fig. 3.6b-f). We chose non-conservative mutations located at the structurally determined 

interface with E1 (Fig. 3.6b) that exhibited activation defects in display competitions. We 

independently determined the E1 reactivity of each mutant in our panel using purified 

proteins (Fig. 3.7). Consistent with our bulk experiments, each mutant exhibited reduced 

E1 reactivity compared to wild type (Fig. 3.6c). The E34G and G35N ubiquitin mutants 

both reduce E1 activation by roughly 40% but both support yeast growth rates as the sole 

ubiquitin in cells that are indistinguishable from wild-type (Fig. 3.6c&d). The R72S and 

G75D mutants were both severely defective (~50-fold) for E1 reactivity relative to wild 

type. Of these two severely E1 deficient mutants, R72S supported yeast growth albeit at a 

rate 30% slower than wild type and G75D exhibited null-like growth based on 

monoculture experiments (Fig. 3.6d, Fig. 3.8). 
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Figure 3.7. E1 reactivity of ubiquitin variants estimated with purified proteins. (a) 

Experimental setup: under conditions of limiting E1, fluorescently labeled ubiquitin and 

unlabeled ubiquitin compete for E1 activation. Titrations of unlabeled competitor 

ubiquitin variants, separation of reaction products by SDS-PAGE and fluorescent 

imaging were used to quantify the amount of fluorescent label in E1 conjugates. The 

resulting plots of fluorescently conjugated E1 as a function of unlabeled competitor were 

fit to a simple kinetic model in order to estimate reactivity relative to wild type ubiquitin. 

(b) Fluorescent scan of SDS-PAGE gel with competition between fluorescently labeled 

and unlabeled wild type ubiquitin. The star denotes a minor contaminant in the FL-UB 

preparation. (c) Plots of binary competitions for a panel of unlabeled competitor ubiquitin 

variants. The impacts of these mutants on experimental fitness in yeast are noted on the 

right side of the panel. (d) Coomassie stained gel of purified unlabeled ubiquitin variants 

with intervening lanes removed for clarity (indicated with white space). (e) Reactivity 

measures with purified proteins are highly reproducible for replicate experiments using 

unlabeled wild type ubiquitin (mean = 0.95, standard deviation = 0.07, N=3). 
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Figure 3.7. E1 reactivity of ubiquitin variants estimated with purified proteins.  
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Figure 3.8. Monoculture yeast growth rate supported by a panel of ubiquitin point 

mutants as the sole expressed ubiquitin. 
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Figure 3.8. Monoculture yeast growth rate supported by a panel of ubiquitin point 

mutants as the sole expressed ubiquitin. 
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To further investigate the E1 activation potential of R72S and G75D, we tested 

them individually with varying concentrations of E1 (Fig. 3.6e). At low E1 

concentrations, both R72S and G75D reacted poorly with E1 compared to wild-type 

ubiquitin providing an additional confirmation of the activation defects of these mutants. 

At higher concentrations, R72S was capable of reacting with E1. We did not observe 

reaction of G75D with E1 even at concentrations 100-fold greater than those where we 

observed reaction with wild type, or 10-fold greater than for R72S. G75D was recently 

recovered in a phage display selection for E1 reactivity,130 which may be due to the use 

of non-covalent and unstable131 Fos-Jun mediated association between ubiquitin and 

phage particles, or other distinctions between the experimental setups. Our observations 

with purified proteins show that G75D ubiquitin is severely defective for E1 reactivity. 

The ability of R72S ubiquitin to support yeast growth, albeit with an 

approximately 30% defect relative to wild type, was unexpected as position 72 is the 

main determinant of activation specificity for ubiquitin-like proteins.55,57,132 Consistent 

with the importance of R72 in E1 activation, our binary competitions with purified 

proteins (Fig. 3.6c) indicate that R72S ubiquitin is activated by E1 approximately 2% as 

efficiently as wild type. This represents an upper estimate on the E1 reactivity of a 

ubiquitin mutant required to support yeast viability, as we cannot rule out the possibility 

that the R72S mutation impacts other ubiquitin functions.  

To examine how the E1 reactivity that we observed in vitro extends to in vivo 

utilization of ubiquitin, we measured the accumulation pattern of the R72S and G75D 
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ubiquitin variants in yeast cells. In cells, ubiquitin exists primarily in two pools: free 

ubiquitin monomers of low molecular weight, or covalent conjugates of far greater 

molecular weight (depending on the mass of the targeted protein and the number of 

ubiquitin molecules attached). To examine how ubiquitin variants accumulate in these 

two pools, we co-expressed untagged wild-type ubiquitin with mutant versions tagged 

with an epitope tag that is compatible with in vivo function.34 The separation of denatured 

cell lysates by gel electrophoresis followed by Western blotting for the epitope tag 

enabled estimation of the fraction of the tagged ubiquitin variant incorporated into 

conjugates while in competition with wild type ubiquitin in cells. These experiments 

provide a valuable examination of ubiquitin and E1 in the complex cellular environment, 

but they do not distinguish E1 activation from contributions of other enzymes (e.g. E2’s 

and E3’s) in the conjugation process. While epitope tagged wild type ubiquitin readily 

accumulated as conjugated species, we did not observe appreciable accumulation of 

conjugates of either R72S or G75D (Fig. 3.6e), consistent with our observations that both 

of these mutants are at severe competitive disadvantage for E1 activation relative to wild-

type ubiquitin.  

Investigating activation potential of ubiquitin mutants with excess E1. 

To delineate ubiquitin effects on E1 activity near the threshold required to support 

robust yeast growth rates, we performed display experiments under conditions of excess 

E1 for two ubiquitin regions encompassing amino acids 40-48 and 68-76 located at the 

E1 interface (Fig. 3.9a). Excess E1 in these experiments provides the opportunity for each 
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displayed mutant to react with minimal competition from other variants and distinguishes 

ubiquitin mutants with severe E1 activation defects from those with competitive 

activation defects that may not compromise fitness on their own. The regions we chose to 

study in these experiments are located at structurally characterized interfaces  with other 

ubiquitin binding partners36 including ubiquitin-associated domains (UBA) and ubiquitin-

interacting motifs (UIM) as illustrated in Fig. 3.9b&c.  

The relationship between fitness and activation efficiency with limiting E1 in 

these two regions (Fig. 3.9d) is similar to the pattern observed across all positions in 

ubiquitin (Fig. 3.6a). In particular, these regions contain many mutations that cause 

deficient E1 activation with limiting E1, including some that exhibit growth rates 

approaching wild-type (Fig. 3.9d). Of note, R72 forms extensive contacts with E1, but is 

largely exposed in complexes with UBA or UIM proteins such that mutations at this 

position may primarily impact E1 activation. The contact between arginine 72 and E1 has 

previously been demonstrated to be important for efficient ubiquitin activation.55,56,132 As 

expected based on these previous observations, only the wild-type amino acid at position 

72 was compatible with proficient E1 activation under limiting conditions (Fig. 3.9d). In 

terms of fitness effects, all point mutations at position 72 were deleterious, though they 

ranged from roughly 40% growth defects to null in estimates from bulk competitions 

(Fig. 3.9d).  
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Figure 3.9. Distinguishing the E1 reactivity of ubiquitin mutants near the threshold 

required to support yeast growth. Two regions of ubiquitin encompassing amino acids 

40-48 and 68-76 were analyzed using bulk competitions performed with excess E1. (a) 

Molecular illustration highlighting the contacts between these two ubiquitin regions 

(shown in light grey) and E1 (shown in dark green) based on 3CMM.PDB.56 (b&c) 

Illustrations of contacts between ubiquitin and two common ubiquitin binding domains 

(UBA and UIM) based on 1QOW.PDB133 and 2OOB.PDB134 respectively. (d&e) The 

impacts of ubiquitin mutants in these two regions on experimental fitness compared with 

effects on reactivity with either limiting E1 (d), or excess E1 (e). Ubiquitin mutants 

deficient for activation with limiting E1 are shown as purple squares and mutations at 

position 72 are highlighted with a light blue diamond in panels d&e. (f) For ubiquitin 

mutants deficient for reactivity with limiting E1, the distribution of E1 reactivity 

observed in experiments with excess E1. 
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Figure 3.9. Distinguishing the E1 reactivity of ubiquitin mutants near the threshold 

required to support yeast growth.  
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With excess E1, the relationship between ubiquitin mutant effects on activation 

and fitness shifted distinctly (Fig. 3.9e, Supplementary Tables 3.3&3.4). Excess E1 

caused an increase in the E1 reactivity observed for many ubiquitin mutants. All ubiquitin 

mutants with severe activation defects with excess E1 also exhibited deficient growth in 

yeast, suggesting that E1 activation in this set of ubiquitin mutants is below the level 

required for growth. While this class of ubiquitin mutants likely has fitness limiting E1 

activation defects, they may also have defects in other critical ubiquitin functions due to 

the structural location of many of these residues at contact sites with other ubiquitin 

binding domains (Fig 3.9b&c). 

We observed many ubiquitin mutants that were activation deficient at limiting E1, 

but were capable of activating with excess E1 (Fig. 3.9e&f). This class of ubiquitin 

mutant exhibits competitive activation defects that are not severe enough on their own to 

prohibit yeast growth, but that would competitively hinder activation in the presence of 

ubiquitin molecules that are more E1 reactive. Most ubiquitin mutants with competitive 

activation defects exhibited severely impaired fitness, suggesting that these mutants also 

caused biochemical defects in other critical ubiquitin properties.  

Amino acid substitutions at position 72 resulted in activation efficiencies with 

excess E1 that correlated positively with fitness effects (Fig. 3.9e). The location of R72 in 

a deeply buried cleft in the structure with E1 (Fig. 3.9a) and at the periphery of structures 

of ubiquitin with other binding domains (Fig. 3.9b&c) suggests that mutations at position 

72 may primarily impact E1 activation within the ubiquitin interaction network. 
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Consistent with this structural inference, the activation observed with excess E1 of 

ubiquitin mutants at position 72 disproportionately correlate with fitness effects 

compared to mutants at other positions. 

Correspondence between ubiquitin mutant effects on E1 activation and fitness. 

The overall distribution of ubiquitin mutant effects on E1 reactivity under 

conditions of limiting E1 is similar to the distribution of experimental fitness effects (Fig. 

3.10a). Both distributions are bi-modal with a main peak near wild type (defined as 1) 

and null (defined as 0). These profiles indicate the magnitudes of mutant effects on 

fitness and this E1 function are similar. In principle, this could be due to a strong or linear 

relationship where E1 activation is rate-limiting for yeast growth, but this idea is 

incompatible with our observation that R72S ubiquitin reduces E1 activation 50-fold 

while impairing growth rate less than two fold. As an alternative hypothesis, we propose 

that the similar observed distributions of ubiquitin mutant effects may be due to parallel 

biochemical impacts of many ubiquitin mutants on E1 activation and other ubiquitin 

functions.  

For both experimental fitness and E1 reactivity, we classified each mutant as 

proficient (within 20% of the average wild type synonym), deficient (within 20% of the 

average stop codon), or intermediate (Fig. 3.10a&b). To assess the reasonableness of 

these cutoffs we examined wild type synonyms and stop codons as positive and negative 

controls. We observe that greater than 90% of wild type synonyms classify as proficient 

and greater than 90% of stop codons classify as deficient. In addition, these control sets 
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exhibited no full misclassifications (e.g., proficient misclassified as deficient). The 

majority of E1 deficient ubiquitin mutations were deficient for yeast growth; and the 

preponderance of E1 proficient mutations supported robust yeast growth (Fig. 3.10b). 

The large number of mutants that exhibit robust yeast growth and E1 reactivity indicates 

that most ubiquitin variants that react efficiently with E1 tend to also function well in all 

other essential ubiquitin activities. The strong correspondence between E1 reactivity and 

fitness is consistent with the structurally characterized interfaces between ubiquitin and 

many binding partners that often center on the isoleucine 44 of ubiquitin.36 
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Figure 3.10. Similar impacts of ubiquitin mutations on E1 reactivity and experimental 

fitness. (a) Distribution of ubiquitin mutant effects on E1-reactivity with limiting E1 (top) 

and previously determined27 effects on yeast growth rate (bottom). Stop codons were not 

included in the E1 or fitness panels, and four severely depleted reactivity measurements 

were excluded in order to focus on the main features of the distribution. (b) Contingency 

table describing the observed overlap of ubiquitin mutants effects on E1-reactivity and 

yeast growth. All observed frequencies were statistically skewed compared to 

expectations from independent binomial distributions, which are shown in italics. (c) 

Analyses of the side-chain surface area buried between ubiquitin and many different 

binding partners in 45 high resolution co-crystal structures indicate that I44 and V70 are 

almost always fully buried at the binding interface. Positions surrounding I44 and V70 

are buried in a large fraction of interfaces depending on the orientation of the binding 

partner relative to ubiquitin. (d) The adenylation domain of E1 (shown in gray) almost 

completely encompasses ubiquitin surfaces that were structurally determined to 

contribute to binding interfaces with other proteins. (e&f) Domains that commonly 

mediate binding to ubiquitin bind to smaller surface regions of ubiquitin than E1. 
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Figure 3.10. Similar impacts of ubiquitin mutations on E1 reactivity and experimental 

fitness. 
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Common ubiquitin binding interface 

Structural analyses indicate that ubiquitin almost universally contacts partner 

proteins via a common binding surface (Fig. 3.10c-f). Our own analyses of 45 high 

resolution co-crystal structures of ubiquitin with a variety of binding partners indicate 

that the side-chains of I44 and V70 in ubiquitin are almost always fully buried at the 

interface (Fig. 3.10c) and surrounding positions are buried in a fraction of these structures 

depending on the shape and orientation of the binding partner (Fig. 3.10d-f, 

Supplementary Table S3.5). The adenylation domain of E1 forms a very large contact 

surface with ubiquitin that encompasses nearly all of the structurally characterized 

contacts between ubiquitin and other common binding domains including ubiquitin-

associated domains (UBA) and ubiquitin-interacting motifs (UIM) as illustrated in Fig. 

3.10d-f. 

One third (3300 Å2) of the total surface area of ubiquitin is buried by contact with 

E1,56 including the hydrophobic patch formed by L8, I44, and V70 that is required for 

binding to proteasomal66 and many other ubiquitin receptors.36 This large interface is not 

a chemical prerequisite for activation, as the chemistry of this reaction is localized to the 

C-terminal carboxyl group of ubiquitin. The same chemical mechanism is utilized to 

activate SUMO (a ubiquitin like protein) despite a far smaller interface (1600 Å2)55. The 

strong evolutionary conservation of E1, whose protein sequence is 50% identical between 

human and yeast36, suggests that the large ubiquitin-E1 interface has been subject to 

stringent purifying selection in nature. The structural interface between ubiquitin and E1 
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is among the surfaces that exhibit the strongest evolutionary conservation in these 

proteins (Fig. 3.11). Our results indicate that the large E1-ubiquitin interface enables E1 

to preferentially activate ubiquitin variants that are functional across the majority of the 

ubiquitin interaction network. 
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Figure 3.11. Sequence conservation across species of ubiquitin and E1. (a) Sequences of 

ubiquitin from diverse eukaryotes. The protein sequence of ubiquitin is ultra-conserved 

with amino acid substitutions at four positions that are colored red. (b) Illustration of the 

contacts between ubiquitin and the adenylation domain of E1. Ubiquitin side chains at 

positions that vary in nature are colored red and cluster away from the interface with E1. 

(c) Illustration of the structure of E1 and ubiquitin. Ubiquitin is colored green and the E1 

is colored based on amino acid conservation observed among diverse fungi [alignment 

from Wapinski I, Pfeffer A, Friedman N, Regev A (2007) Natural history and 

evolutionary principles of gene duplication in fungi, Nature 449:54-61] 
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Figure 3.11. Sequence conservation across species of ubiquitin and E1. (a) Sequences of 

ubiquitin from diverse eukaryotes.  
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While E1 poorly activates most ubiquitin mutants that are growth deficient, we 

observed a small fraction of ubiquitin mutants that were activated efficiently by E1, but 

that were incompatible with robust growth. Of the 939 ubiquitin point mutants that were 

E1 proficient (Fig. 3.10b), only 59 (6%) were growth deficient (Fig. 3.12). These poorly 

filtered ubiquitin point mutants were frequently located at the periphery of the interface 

between ubiquitin and the adenylation domain of E1 (Fig. 3.12), consistent with the 

chemical intuition that peripheral contacts have smaller contributions to binding and 

reactivity than central contact points.135 
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Figure 3.12. Ubiquitin point mutants with robust E1 activation, but strong fitness defects. 

(a) Histogram illustrating the number of point mutants at each position in ubiquitin that 

were proficient for activation with limiting E1, but that were deficient for yeast growth. 

Positions are color coded based on the number of poorly filtered substitutions (>3 red; 2-

3 blue; 1 yellow). (b) Location of these ubiquitin mutants relative to the interface with the 

adenylation domain of E1 (shown in grey). Positions are color coded as in panel a. 
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Figure 3.12. Ubiquitin point mutants with robust E1 activation, but strong fitness defects.  
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Discriminating Activation by E1 

We investigated the effects of ubiquitin mutations at two positions (I44 and K48) 

that are both critical for many downstream functions, but whose mutational sensitivity for 

E1 reactivity was not predicted nor discussed in the description of the ubiquitin-E1 

crystal structure.56 I44 is at the center of a hydrophobic patch on the surface of ubiquitin 

that forms central contacts with most structurally characterized ubiquitin binding 

domains,36,66 and K48 is the site of covalent linkage to form ubiquitin polymers that 

target substrates for proteasome mediated degradation.33 In the structurally characterized 

complex with E1, I44 of ubiquitin forms hydrophobic contacts with multiple side chains 

of E1, while K48 forms a partially solvent accessible salt bridge with E892 from E1 (Fig. 

3.13a). While hydrophobic contacts stabilize interfaces, they tend to tolerate slight 

changes to geometry and often permit conservative substitutions (see Chapter II, Figure 

2.6).12,13,15 Using binary competitions with purified proteins, we observed that E1 

reactivity was sensitive to even the most conservative substitutions of Ile to Val at 

position 44 (Fig. 3.13b and Fig. 3.7). Similarly, partially solvent exposed salt bridges 

such as the one formed by K48 of ubiquitin with E1 often fail to stabilize protein 

structures and complexes due to the cost of displacing water molecules from unbound 

states.136 However, the ubiquitin K48 mediated salt bridge to E1 is critical for efficient 

activation as mutations that remove the positive charge at position 48 reduce competitive 

reactivity with E1 (Fig. 3.13b and Fig. 3.7).  
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Figure 3.13. E1 inefficiently activates ubiquitin variants with known biochemical defects 

in downstream pathways. (a) Molecular illustration of contacts between ubiquitin amino 

acids I44 and K48 with the adenylation domain of E1. Covalent linkage by the ubiquitin 

K48 side chain is a critical signal for proteasome mediated degradation, and I44 forms 

direct binding contacts with almost all structurally characterized ubiquitin binding 

partners. Conservative substitutions to I44 as well as substitutions that removed the 

positive charge at K48 exhibited decreased E1 reactivity in purified form (b) and a 

reduced ability to conjugate to other proteins in cells co-expressing wild-type ubiquitin 

(panel c and Supplementary Fig. S8). (d) The capability of E1 to preferentially activate 

ubiquitin protein molecules functional in downstream pathways provides the potential for 

post translational quality control over the pool of ubiquitin protein in wild-type cells that 

will include ubiquitin protein molecules with errors from synthesis and/or chemical 

damage. (e) Selection model indicating that pressure for E1 to quality filter ubiquitin 

protein molecules could lead to parallel selection for downstream processes to function 

with the pool of ubiquitin variants efficiently activated by E1. This hypothesis is 

consistent with the correspondence we observe between ubiquitin mutant effects on 

competitive fitness and E1 activation as well as the extensive binding interface between 

E1 and ubiquitin that encompasses the interfaces of ubiquitin with other binding partners.    
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Figure 3.13. E1 inefficiently activates ubiquitin variants with known biochemical defects 

in downstream pathways. 
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While ubiquitin mutations at position 44 and 48 almost universally cause strong 

activation defects with limiting E1, many are capable of activation with excess E1. With 

excess E1, eight substitutions at isoleucine 44 (Q, H, T, A, V, L, M, W) and all 

substitutions except D and E at lysine 48 could be activated in experiments with excess 

E1 (Supplementary Table S3.4). These observations indicate that the fitness defects of 

most mutations at positions 44 and 48 are caused by biochemical defects other than E1 

activation, consistent with the known biochemical function of K48 in forming critical 

polymers and I44 in binding to essential receptors.36,66 

We investigated how mutants at positions 44 and 48 accumulated in vivo. We 

observed that ubiquitin mutants at I44 or K48 exhibited decreased accumulation as 

conjugated species in cells co-expressing wild type ubiquitin (Fig. 3.13c, Fig. 3.14). 

Together with our observation that these mutants exhibit a competitive E1 defect in vitro, 

we infer that E1 contributes to the limited conjugation of these ubiquitin variants in vivo. 
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Figure 3.14. Accumulation pattern of epitope tagged ubiquitin variants expressed in 

yeast co-expressing endogenous untagged ubiquitin. Yeast lysates were analyzed by 

Western blotting with anti-His antibody. The star denotes a minor background band 

present in yeast lysates that cross reacted with the anti-His antibody. 
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Figure 3.14. Accumulation pattern of epitope tagged ubiquitin variants expressed in 

yeast co-expressing endogenous untagged ubiquitin. 
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Post translational quality filtering model 

Based on our observations, we propose that E1 can discriminately activate 

ubiquitin protein molecules that are capable of binding to other partners from the pool of 

ubiquitin protein in cells that will include molecules with synthetic errors137 and/or 

chemical damage (e.g. deamination of glutamine to glutamate)138 (Fig. 3.13d). Of note, 

the E1 quality filtering that we propose occurs on the protein pool of ubiquitin generated 

from the wild-type ubiquitin gene. Estimates of the rate of transcription and translational 

errors139 suggest that ~0.1% of ubiquitin protein molecules generated from the wild-type 

gene will contain an amino acid substitution error. The average observed fitness effect of 

an amino acid substitution in ubiquitin (savg = -0.25) leads to a potential fitness benefit 

from E1 quality filtering of 0.025% (s=0.00025) under the simplifying assumption that 

all amino acid substitutions are equally probable. In natural populations, selection 

coefficients above ≈0.0001% (s≈10-6) would be subject to natural selection based on 

estimates of the effective population size of yeast140 and the nearly neutral model.141 Of 

note, it is possible that some ubiquitin variants that were efficiently activated by E1, but 

that were unfit (Fig. 3.10B) may not have been subject to strong selection for filtering 

due to the amino acid substitution in these variant having a low probability to occur from 

synthesis errors. These rough approximations of protein synthesis errors and fitness costs 

indicate that quality filtering by E1 could impact fitness by a magnitude sufficient for 

selection in natural populations of yeast. 
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The tendency for partner proteins to bind to a similar ubiquitin surface is 

consistent with our quality filtering hypothesis, but does not rule out alternative 

explanations. For example, the ubiquitin surface that binds to E1 has biophysical 

properties (exposed hydrophobic side chains including I44) that favor macromolecular 

interactions and likely contribute to this surface serving as a common target of other 

binding partners. However, the observed biophysical diversity at protein-protein 

interfaces24 makes it unlikely that biophysical preferences alone would lead to a near-

universal ubiquitin binding surface that is encompassed by the E1-ubiquitin interface, 

while the quality filtering model would.  

In addition, the quality filtering model provides a rationale for the impacts of 

mutations to K48 on E1 activation efficiency.  Our display studies as well as follow up 

studies with individual ubiquitin mutants demonstrate that E1 selectively filters ubiquitin 

protein molecules with substitutions at position 48 that cause known biochemical defects 

when activated and attached to substrates.33 In future studies, it will be important to 

further test the quality filtering model. In particular, this model makes the potentially 

testable prediction that loss of quality filtering by E1 would lead to fitness defects. 

The quality filtering model provides a possible rationale for the large contact area 

observed between E1 and ubiquitin: to enable E1 to extensively interrogate the properties 

of ubiquitin molecules and discriminate functional ubiquitin variants. All positions at an 

interface can contribute to relative affinity (e.g. ΔΔG of binding compared to wild-type) 

and this in turn contributes directly to competitive or relative reactivity for systems under 
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equilibrium control.23,82 Thus, all positions at interfaces have the potential to contribute 

strongly to competitive affinity and reactivity. Consistent with this idea, the interface 

between ubiquitin and E1 is conserved relative to other surfaces on these proteins (Fig. 

3.11). This type of interface-mediated quality filtering may reduce potential toxic 

consequences from flawed macromolecules in other systems with large contact surfaces 

(e.g. ribosome assembly). Of note, the expression of flawed proteins can impose a fitness 

cost even in the absence of aberrant function142 that is of sufficient magnitude to be under 

selection in natural populations.141 Quality filtering of ubiquitin pools by E1 may be 

particularly important because proteasome-mediated surveillance, an important quality 

control component for the majority of the proteome,143 may be unavailable for ubiquitin 

due to the inherent ubiquitin recycling function of the proteasome.144,145 

The selection we propose for quality filtering of ubiquitin protein pools by E1 

predicts feedback selection such that ubiquitin mutants will often have similar 

biochemical effects across many ubiquitin functions (Fig. 3.13e). In this model, 

downstream ubiquitin functions impose selection pressure for quality filtering by E1, and 

quality filtering imposes feedback selection on downstream ubiquitin functions to be 

efficient with the set of ubiquitin variants that pass E1 quality filtering. Quality filtering 

and feedback selection provide a plausible evolutionary rationale for the structurally 

observed large ubiquitin E1 interface that encompasses interfaces of ubiquitin with other 

binding partners. 
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Conclusions 

Understanding the connections between function and fitness is a primary goal of 

many biological disciplines including systems biology and molecular evolution. While 

sound approaches have been developed to understand the connections between function 

and fitness for proteins that perform a single function,29,117,119–121 investigating potential 

interdependencies in multi-functional proteins had posed daunting technical challenges. 

Systematic investigations of mutant effects provide a powerful approach to delineate 

mutations that primarily impact a single network edge from mutations with broad 

network impacts. Using this approach we find that the activation of ubiquitin by E1 is far 

greater than required for robust yeast growth, but that most ubiquitin mutations that 

disrupt E1 activation also disturb other ubiquitin functions. This study demonstrates that 

systematic mutant analyses provide a powerful approach to investigate how edge-rich 

protein interaction networks contribute to overall biological function. 

MATERIALS AND METHODS 

Libraries of ubiquitin point mutants were displayed on the surface of yeast as C-

terminal fusions with Aga2-HA similar to previous descriptions.28,146 Pools of yeast 

displayed mutants were reacted with E1, labeled with fluorescent antibodies directed to 

either E1 or the HA tag. FACS was used to isolate E1-reactive cells (E1 and HA positive) 

and/or HA-displaying (HA positive) cells. Deep sequencing14 was used to determine the 

enrichment or depletion of each mutant in E1 reactive cells compared to HA displaying 

cells. The relative E1 reactivity of a panel of individual ubiquitin variants was 
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independently determined relative to wild type ubiquitin using purified proteins. The 

accumulation pattern of His6-ubiquitin variants in yeast harboring untagged wild type 

ubiquitin was monitored by inducing expression of the epitope tagged variant followed 

by Western blotting. 

Expression and purification of E1 (Uba1) 

The yeast E1 (Uba1) open reading frame was cloned with a biotin ligase acceptor 

peptide147,148 encoded at the far C-terminus into a pAC-T7, an expression vector with a 

T7 promoter and a chloramphenicol resistance marker. This expression plasmid was co-

transformed into BLR(DE3) E. coli together with pET24-birA to co-express biotin ligase. 

Cells were grown at 37 °C in 2x YT media to an OD600 of 0.8.  Cells were then induced 

with 1 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at 25° C for 6 hours, harvested 

by centrifugation, and resuspended in IMAC binding buffer (20 mM potassium 

phosphate, pH 7.2, 300 mM sodium chloride, 10 mM imidazole). Bacterial pellets were 

lysed with a combination of lysozyme, DNAse I, and sonication in the presence of 1 mM 

phenylmethanesulfonyl fluoride (PMSF) to inhibit proteolysis. Biotinylated Uba1 was 

then purified by Cobalt immobilized metal affinity chromatography followed by anion 

exchange chromatography. Active E1 concentration was estimated by titration with 

purified wild type ubiquitin, and was routinely 20-40% of the E1 concentration estimated 

by absorbance at 280 nm. E1 concentrations based on absorbance at 280 nm were more 

precise and are used throughout the text and figures. 
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Yeast surface display of ubiquitin point mutants 

Systematic libraries of ubiquitin point mutants were generated in the pCTCON2 

yeast display plasmid28 with a galactose dependent promoter driving a fusion of Aga2 

with HA followed by a glycine rich linker and ubiquitin with its native C-terminus. 

Libraries of ubiquitin point mutants were generated in eight pools.  Each pool contained 

mutants in 9-10 consecutive amino acids as described in chapter II (Fig. 2.3). Ubiquitin 

mutant libraries were transferred into pCTCON2 using SLIC.149 To facilitate transfer a 

modified pCTCON2 destination plasmid was constructed with the sequence 

GCTAGCGATTCTAGAACTAGTAATATGCATGCTCGAGTCATGTAATTAGTTAG

GATCC immediately following the HA tag and glycine rich sequence in pCTCON2. This 

vector was prepared for SLIC by digestion with SphI and treatment with T4 DNA 

polymerase as described.149 SLIC inserts were prepared by 8 cycles of PCR with 

ubiquitin libraries in p427GPD (described in chapter II) as template and forward 

(GATTCTAGAACTAGTAATATG) and reverse primers 

(TAACTAATTACATGACTCGAG) that bind immediately upstream and downstream of 

the ubiquitin open reading frame in this template, followed by treatment with T4 DNA 

polymerase as described.149 After annealing of prepared vector and inserts, samples were 

transformed into competent bacteria and plasmid libraries prepared in bulk as previously 

described.14 The library generation procedures were developed to maximize the fraction 

of the library with relevant point mutations and minimize chances for secondary 

mutations, especially those outside of the regions directly sequenced and hence 

undetectable to our enrichment analyses. The starting ubiquitin libraries were generated 
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using a cassette ligation strategy (described in chapter II) such that all regions outside of 

those directly sequenced were copied entirely in bacteria where fidelity should virtually 

eliminate the probability of secondary mutations. In transferring the libraries to the 

display plasmid, we performed 8 cycles of PCR using Pfusion DNA polymerase (New 

England Biolabs). According to the manufacturer’s estimated error rate for this 

polymerase (4.4×10-7) and the amplification details, we estimate that less than 1 in 10,000 

molecules would have a secondary mutation outside the region that we sequence. 

Pooled mutant libraries of each region were transformed separately into the 

EBY100 yeast-display strain as described in chapter II.  Following plasmid 

transformation, yeast cells were pelleted and washed three times in 1X Tris buffered 

saline (TBS) to remove extra-cellular plasmid.  Each pellet was then resuspended in 50 

mL of synthetic dextrose (SD) media lacking tryptophan and uracil to select for 

transformed cells. Cells were grown for 48 hours (to an OD600 of about 1) at 30 °C in a 

shaking incubator.  Aliquots of approximately 108 cells were collected for each library 

and stored in 20% glycerol at -80°C. Aliquots for each library region were thawed and 

used to inoculate 50 mL of casamino acid and dextrose media (CAAD).  These cultures 

were grown at 30 °C to near-saturation for 24 hours, and then diluted 50-fold into 50 mL 

of fresh CAAD.  Yeast proliferation was then monitored by OD600 reading and kept in 

mid-log growth by dilution with fresh CAAD for 16 hours.  Cells in log phase were 

collected by centrifugation and washed 3 times with CAA-RG media (casamino acids 

media with 1% raffinose and 1% galactose), resuspended in CAA-RG media to an 

OD600 of 0.5, and grown at 30°C for a further 16 hours. As a control for non-displaying 
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cells, cultures were also grown in CAAD to repress expression from the gal-inducible 

promoter. 

Labeling and sorting of yeast display cells 

 For each ubiquitin region, a sample of 107 display cells were collected in a 

microfuge tube, washed twice with TBS, and resuspended in 100 μL of TBS.  A 2x E1 

reaction mixture was made in a separate tube (50 mM Tris pH 7.5, 5 mM magnesium 

chloride, 2.5 mM ATP, and 200 nM total E1 enzyme for limiting conditions or 2000 nM 

total E1 for excess conditions). 100 μL of E1 reaction mixture was mixed with cells, 

incubated at room temperature for 1 minute, and the reaction quenched with an excess of 

free ubiquitin. Following reaction, yeast cells were washed twice with 500 μL of TBS 

containing 0.1 % bovine serum albumin (TBSB).  Cells were resuspended in 100 μL of 

TBSB and incubated for 30 minutes on ice with a 1:100 dilution of both α-HA rabbit 

polyclonal (Abcam 13834-100) and mouse monoclonal α-biotin (Jackson Immuno 

Research 200-002-211) antibodies.  Cells were then collected by centrifugation, washed 

twice with TBSB and incubated in a 100 μL volume on ice with α-rabbit-IgG-FITC and 

α-mouse-IgG-phycoerytherin (PE) (Sigma F0382 and P9287). Labeled cells were diluted 

to 106 cells/mL and transferred to polystyrene FACS tubes. 

 Labeled samples were sorted for display efficiency and E1 reactivity on a BD 

FACSVantage DV-1 cell sorter by collecting all FITC-positive cells as one population 

(HA-display positive), followed by double-positive FITC+PE cells (HA-display positive 

and E1 reactive).  To ensure adequate library coverage, at least 150,000 cells of each 

population were sorted and collected into sterile SD media.  Sorted yeast were amplified 
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in 50 mL of SD-U-W media (display off) for 24 hours at 30 °C to an OD600 of 

approximately 1.  These yeast samples were collected by centrifugation, washed with 

TBS, and cell pellets stored at -80 °C.  

Quantifying mutant responses to selection by sequencing 

 Plasmid DNA from yeast pellets was prepared for deep-sequencing as previously 

described in chapter II. Briefly, plasmid DNA was isolated from yeast and the display 

ubiquitin open reading frame amplified with primers specific to the pCTCON2 promoter 

and terminator regions. A second PCR step was used to focus on the randomized region 

of each library, including adding an MmeI site adjacent to the mutated region.  Three-

base barcodes each differing by at least two bases were ligated to MmeI-digested samples 

to differentiate between unsorted cells, HA-positive displaying cells, and double positive 

E1 and HA-displaying cells. FastQ files from deep sequencing were analyzed as 

previously described.14 Raw counts of each mutant were normalized to the wild type 

ubiquitin sequence count.  The relative enrichment or depletion of each mutant in E1 

reactive cells to HA displaying cells was calculated in log scale.  Because the last amino 

acid of ubiquitin is strictly required for E1 activation, stop codons at each position should 

be biochemically null. To normalize for small differences in observed raw enrichment 

and depletion values for different regions, the apparent E1 reactivity’s of mutants in each 

region were linearly scaled such that the average stop codon was 0 and the average wild 

type synonym was 1. Of note, analyses of unsorted and HA-displaying cells indicated 

that all mutations (including stop codons and cysteine substitutions throughout ubiquitin) 

were displayed with similar efficiency. As described in chapter II, mutations that were 
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low in abundance in our libraries (mutant:WT ratio less than 2-8) or that introduced an 

internal MmeI site were omitted from analysis. For wild type amino acids where 

synonyms were not available or analyzed, E1 reactivity was set to the average of all wild 

type synonyms in the region (1 by definition). 

Monoculture growth rate of yeast with individual ubiquitin mutations 

 Growth of yeast supported by ubiquitin variants was determined as previously 

described in chapter II.70 Briefly, plasmid (p427GPD) encoded ubiquitin variants driven 

by a constitutive promoter were transformed into a ubiquitin shutoff strain (Sub32852).   

Growth rates at 30 °C were determined in synthetic dextrose media by following the 

change in OD600 after 12 hours of pre-equilibration in shutoff conditions.   

Quantification of ubiquitin activation by E1 using purified proteins 

 We developed a binary competition assay to determine the E1 reactivity of 

ubiquitin mutants relative to wild type using purified proteins.  We generated and purified 

wild type ubiquitin with a His6 tag and a unique cysteine at the N-terminus 

(MGHHHHHHCGG). Purified protein was reacted with fluorescein iodoacetamide, and 

fluorescently labeled ubiquitin (FL-UB) further purified by size exclusion 

chromatography using a superdex-200 column. Competition experiments between 

fluorescently labeled wild type ubiquitin and unlabeled competitors were setup with 100 

nM total E1, 500 nM FL-UB, and a range of competitor concentrations. Reactions were 

performed at room temperature in E1 reaction buffer (25 mM Tris, pH 7.2, 50 mM 

sodium chloride, 5 mM magnesium chloride, 5 mM ATP) supplemented with 0.1 mg/mL 
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bovine serum albumin. After 1 minute, reactions were halted by the addition of sodium 

dodecyl sulfate to 2%. Reaction products were separated on a non-reducing SDS-PAGE 

and imaged on a fluorescent imager. The intensity of the FL-UB-E1 band was quantified 

using the program Multigauge (Fuji) and plotted as a function of the concentration of 

unlabeled competitor. These plots were fit to a simple kinetic model (Fig. 3.7) to estimate 

relative E1 reactivity. Relative E1 reactivity was log transformed and normalized (wild 

type set to 1 and the null mutant G75D set to 0) in order to facilitate comparison to 

reactivity estimates from display experiments. 

Analyzing ubiquitin accumulation in yeast 

 To examine the accumulation profile of ubiquitin mutants in yeast, we generated 

inducible epitope tagged ubiquitin constructs. Selected ubiquitin mutants with an N-

terminal His6-Myc epitope were cloned with a galactose inducible promoter150 into p427 

plasmids.  These constructs were transformed into W303 yeast cells that express wild 

type ubiquitin from endogenous loci. Following transformation, single colonies were 

grown to saturation at 30 °C in synthetic dextrose media, and then grown at 30 °C for 16 

hours in synthetic media with 2% raffinose to an OD600 of 1.  At this point, a sample of 

control (uninduced) cells were collected and frozen at -80 °C. The remaining culture was 

grown in synthetic media with 1% galactose and 1% raffinose for 2 hours at 30 °C.  

Samples were collected by centrifugation, washed once with TBS and stored at -80 °C.  

Frozen samples were lysed by vortexing with glass beads and treatment with 2% SDS 

buffer with 1 mM PMSF at 95 °C for 5 minutes. After removing cell debris by 

centrifugation, the protein concentration in each sample was determined using a BCA 
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assay (Pierce).  Samples (20 μg of total protein from each lysate) were analyzed by 

Western blotting with anti-HisG antibody (Invitrogen 46-1008). Multigauge (Fuji) 

densitometry software was used to quantify both free and conjugated ubiquitin species.  

Structural analyses. 

Structural analyses were performed with Pymol (Schrödinger) or Chimera 

(UCSF), and these programs were also used to generate all molecular images. The 

average surface area buried at structurally characterized ubiquitin interfaces was 

calculated from surface area measurements described in chapter II (table 2.4). 
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Chapter IV - Resistance to vemurafenib resulting from a novel 

mutation in the BRAFV600E kinase domain 

 

This chapter has been published by Timothy R. Wagenaar*, Leyuan Ma*, Benjamin 

Roscoe, Sung Mi Park, Daniel N. Bolon and Michael R. Green 
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Summary 

Resistance to the BRAF inhibitor vemurafenib poses a significant problem for the 

treatment of BRAFV600E-positive melanomas. It is therefore critical to prospectively 

identify all vemurafenib resistance mechanisms prior to their emergence in the clinic. The 

vemurafenib resistance mechanisms described to date do not result from secondary 

mutations within BRAFV600E. To search for possible mutations within BRAFV600E 

that can confer drug resistance, we developed a systematic experimental approach 

involving targeted saturation mutagenesis, selection of drug-resistant variants, and deep 

sequencing. We identified a single nucleotide substitution (T1514A, encoding L505H) 

that greatly increased drug resistance in cultured cells and mouse xenografts. The kinase 

activity of BRAFV600E/L505H was higher than that of BRAFV600E, resulting in cross-

resistance to a MEK inhibitor. However, BRAFV600E/L505H was less resistant to 

several other BRAF inhibitors whose binding sites were further from L505 than that of 

PLX4720. Our results identify a novel vemurafenib-resistant mutant and provide insights 

into the treatment for melanomas bearing this mutation. 

Significance 

The oncogenic BRAF kinase mutation BRAFV600E is found at high frequency in 

melanomas. Vemurafenib, a BRAF kinase inhibitor, has shown remarkable clinical 

efficacy in the treatment for BRAFV600E-positive melanoma. Inevitably, however, 

resistance emerges. Therefore, prospectively identifying possible vemurafenib resistance 

mechanisms is critical for developing more effective therapeutic approaches. Toward this 

end, we developed a systematic saturation mutagenesis approach to search for second-site 
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mutations within BRAFV600E that could confer drug resistance. Using this method, we 

identify and characterize a novel vemurafenib-resistant BRAFV600E mutant, which 

arises by a single nucleotide substitution, and provide insights into the potential treatment 

of melanomas bearing this mutation. 

Introduction 

BRAF is a serine–threonine kinase that functions as an immediate downstream 

effector of RAS (reviewed in Dhomen and Marais, 2007).151 BRAF activates the MAP 

kinase extracellular signal-regulated kinase (MEK), which in turn phosphorylates and 

activates extracellular signal-regulated kinases 1 and 2 (ERK1 and ERK2). Oncogenic 

BRAF mutations are found in a significant number of human cancers, with a particularly 

high frequency (50–70%) occurring in melanomas.152 The most frequent oncogenic 

mutation occurs within the BRAF kinase domain and is the substitution of a valine for 

glutamic acid at amino acid 600 (V600E). The mutation leads to unchecked kinase 

activity and constitutive activation of the downstream MEK and ERK kinases. 

Vemurafenib (also called PLX4032) is a selective inhibitor of BRAFV600E that 

can elicit marked melanoma tumor regression, resulting in improved progression-free and 

overall survival in patients with metastatic disease.153,154 However, the durability of the 

vemurafenib response is limited by acquired drug resistance.155 Thus, elucidating the 

basis of resistance to vemurafenib, and other BRAF inhibitors, is essential to developing 

more effective therapies for the treatment of melanoma. 

A common mechanism of resistance to small molecule protein kinase inhibitors is 

the acquisition of a second-site mutation that interferes with drug binding.43 Such drug-
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resistant variants, isolated from patients or in cell- or animal-based experiments, typically 

arise from a single, non-synonymous nucleotide mutation within the protein kinase 

domain. Several vemurafenib resistance mechanisms have been described and, in most 

cases, are due to alternative activation of MEK-ERK signaling .155 Other vemurafenib 

resistance mechanisms include amplification of the BRAFT1799A allele (encoding 

BRAFV600E)156 and generation of aberrantly spliced BRAFV600E variants.157 

Surprisingly, however, drug-resistant amino acid substitution mutants within the 

BRAFV600E protein-coding region have not been isolated from vemurafenib-resistant 

melanomas or melanoma cell lines, suggesting that they are either impossible or 

improbable relative to other resistant pathways. Here, we describe a systematic, structure-

based saturation mutagenesis approach to identify single, second-site nucleotide 

substitutions within BRAFV600E that can confer vemurafenib resistance. 
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Results 

A structure-based, targeted, saturation mutagenesis screen identifies PLX4720-

resistant BRAFV600E mutants 

Our experimental strategy is summarized in Figure 4.1(A) and discussed below. 

Guided by the structure of BRAFV600E bound to PLX4720 (PDB: 3C4C and Figure 

4.1B), a tool compound for vemurafenib that elicits comparable actions to its clinical-

grade counterpart158, we performed targeted saturation mutagenesis of 77 amino acids 

surrounding the PLX4720-binding site. Eight mutant pools were generated—

corresponding to amino acids 458–466, 467–476, 477–486, 501–510, 511–520, 527–536, 

579–587, and 588–596—in which each amino acid was mutated to all possible 64 

codons. The mutant pools were transferred into a retroviral vector containing 

BRAFV600E and then stably transduced into the human melanoma cell line A375, which 

is homozygous for BRAFV600E and highly sensitive to PLX4720.159 Cells were cultured 

for 3 weeks in the presence of 10 μM PLX4720, at which point resistant clones emerged 

for six of the eight pools (Figure 4.1C). Pools encoding mutants corresponding to amino 

acids 458–466 and 467–476 did not result in any detectable PLX4720-resistant colonies 

above background. 
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Figure 4.1. A structure-based, targeted, saturation mutagenesis screen identifies 

PLX4720-resistant BRAFV600E mutants. (A) Schematic summary of the PLX4720 

resistance screen. (B) Structure of BRAF complexed with PLX4720 (yellow); amino 

acids surrounding the drug-binding site are colored magenta. (C) Images of A375 cells 

transduced with retroviruses expressing BRAFV600E or pools of mutagenized 

BRAFV600E and grown in media containing PLX4720. Cells were fixed and stained 

with crystal violet. (D) Scatter plot showing enriched BRAFV600E mutants after 

PLX4720 selection from two independent biological replicates. Mutants that occur due to 

single nucleotide substitution are indicated by a red dot. (E) Amino acid sequence of the 

mutagenized region of human BRAFV600E showing the PLX4720-resistant mutants 

isolated from the screen showing a >fivefold enrichment. Mutants that occur by single 

nucleotide substitution are indicated by a red dot. (F) Location of the amino acids whose 

mutants are enriched >fivefold (shown in pink, except for L505 in red) in the BRAF–

PLX4720 structure. 
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Figure 4.1. A structure-based, targeted, saturation mutagenesis screen identifies 

PLX4720-resistant BRAFV600E mutants. 
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To identify the mutated amino acid(s) that conferred PLX4720 resistance, cells 

from the resistant cell populations were pooled, genomic DNA was isolated, and 

BRAFV600E variants were identified by massively parallel sequencing. We anticipated 

that, following drug selection, the sequences of PLX4720-resistant BRAFV600E mutants 

would be enriched relative to PLX4720-sensitive BRAFV600E variants. To control for 

possible unequal representation of the variants in the starting population, deep sequencing 

was also performed on genomic DNA isolated from transduced cells prior to drug 

selection. Figure 4.1(D) displays the relative enrichment of BRAFV600E variants 

following PLX4720 selection from two independent biological replicates. The use of 

replicate experiments enabled us to distinguish between reproducible enrichment, 

resulting from a drug-resistant mutation, and non-reproducible enrichment, resulting from 

a random variation in the sequence pool. For example, silent substitutions that did not 

alter the BRAFV600E protein sequence were occasionally enriched in one replicate, but 

rarely in both (Figure 4.2). Mutations that were enriched in both replicates across all 

measured synonymous codons with a net false discovery rate of < 1% were considered 

statistically significant. The results, summarized in Table S1, identified 25 different 

amino acids encompassing 55 variants, 18 of which could arise by a single-base 

substitution; mutants that were enriched >fivefold are shown in Figure 4.1(E). Figure 

4.1F displays the positions of the 10 amino acids, whose substitutions were enriched 

>fivefold, on the BRAF–PLX4720 structure. 
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Figure 4.2. Drug enrichment of silent mutations that did not change the parental 

BRAFV600E protein sequence. 
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Figure 4.2. Drug enrichment of silent mutations that did not change the parental 

BRAFV600E protein sequence. 
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Sensitivity of the BRAFV600E/L505H mutant to BRAF and MEK inhibitors 

 

We analyzed the 12 most enriched mutants and a subset of less enriched mutants, 

by stable expression in A375 cells followed by determination of the cellular PLX4720 

median inhibitory concentration (IC50). Figure 4.3(A) shows that the strongest PLX4720 

resistance was associated with substitutions at amino acids L485, L505, and F516. 

Notably, there was an excellent correlation between the normalized enrichment obtained 

from deep sequencing and the relative IC50. 
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Figure 4.3. Sensitivity of the BRAFV600E/L505H mutant to BRAF and MEK inhibitors. 

(A) Relative cellular IC50 of A375 cells transduced with a subset of candidate PLX4720-

resistant mutants plotted against their relative deep sequencing enrichment. (B–E) 

Immunoblots showing levels of phospho-MEK (p-MEK), total MEK (t-MEK), phospho-

ERK1/2 (p-ERK1/2), and total ERK1/2 (t-ERK1/2) in A375 cells transduced with a 

retrovirus expressing BRAFV600E, BRAFV600E/L505H, BRAFV600E/F516G, or 

BRAFV600E/T529N and treated with increasing doses of PLX4720 (B), SB590885 (C), 

RAF265 (D), or U0126 (E). α-Tubulin (TUBA) was monitored as a loading control. 
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Figure 4.3. Sensitivity of the BRAFV600E/L505H mutant to BRAF and MEK inhibitors. 
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We elected to further characterize BRAFV600E/L505H, which was the single 

nucleotide substitution mutant most resistant to PLX4720 (see Supplementary Table 

S4.1). For comparison, we also analyzed the most PLX4720-resistant mutant identified in 

our screen, BRAFV600E/F516G (Figure 4.3A), which arises from multiple nucleotide 

substitutions, and BRAFV600E/T529N, a previously characterized mutant derived by 

directed mutagenesis of the gatekeeper residue.160 As expected, the cellular proliferation 

assay of Figure 4.4 shows that A375 cells expressing BRAFV600E/L505H, 

BRAFV600E/F516G, or BRAFV600E/T529N were all more resistant to PLX4720 

compared with A375 cells expressing BRAFV600E. As expected, in the absence of 

PLX4720, proliferation of A375 cells expressing BRAFV600E was comparable to that of 

A375 cells expressing BRAFV600E/L505H, BRAFV600E/F516G, or 

BRAFV600E/T529N (Figure 4.4). 
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Figure 4.4. PLX4720 resistance of A375 cell lines expressing BRAFV600E, 

BRAFV600E/L505H, BRAFV600E/F516G or BRAFV600E/T529N. 
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Figure 4.4. PLX4720 resistance of A375 cell lines expressing BRAFV600E, 

BRAFV600E/L505H, BRAFV600E/F516G or BRAFV600E/T529N. 
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We next confirmed the relative sensitivity of the various BRAFV600E mutants to 

PLX4720 by monitoring phosphorylation of the downstream signaling components, MEK 

and ERK1/2. Figure 4.3(B) shows, as expected, that in A375 cells, PLX4720 potently 

inhibited BRAFV600E with marked reduction in phosphorylated MEK and ERK1/2 

(phospho-MEK and phospho-ERK1/2, respectively) by 0.8 μM PLX4720. By contrast, 

BRAFV600E/L505H and BRAFV600E/F516G required an approximately 100–150-fold 

higher concentration of PLX4720 to obtain similar reduction in phospho-MEK and 

phospho-ERK1/2 (Figure 4.3B and Figure 4.5A). Notably, the PLX4720 sensitivity of 

BRAFV600E/T529N was comparable to that of BRAFV600E, which likely explains why 

this mutant was not isolated in our screen. By comparison with the results with PLX4720, 

the BRAFV600E/L505H mutant had only a modest (5–7-fold) effect on resistance to two 

other BRAF inhibitors: SB590885 (Takle et al., 2006) and RAF265 (Amiri et al., 2006) 

(Figure 4.3C, D and Figure 4.5B, C). 
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Figure 4.5. Phospho-MEK or phospho-ERK1/2 IC50 curves for the immunoblots shown 

in Figure 2B–E. 
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Figure 4.5. Phospho-MEK or phospho-ERK1/2 IC50 curves for the immunoblots shown 

in Figure 2B–E. 
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A possible approach for treatment of vemurafenib-resistant melanomas is the use 

of a MEK inhibitor.155,161 We therefore analyzed the sensitivity of BRAFV600E/L505H 

to the MEK inhibitor U0126.162 Notably, BRAFV600E/L505H exhibited increased 

resistance to U0126 compared with BRAFV600E, as evidenced by elevated phospho-

ERK levels (Figure 4.3E and Figure S4.5D). By contrast, relative to BRAFV600E, the 

BRAFV600E/F516G mutant was comparably sensitive and the BRAFV600E/T529N 

mutant was actually more sensitive to U0126 (Figure 4.3E and Figure 4.5D). 

To determine whether the differences in MEK/ERK signaling were biologically 

relevant, we performed two additional experiments. First, we monitored expression of 

three representative ERK target genes (FOSL1, SPRY2, and DUSP6), a biologically 

relevant output of the BRAF-MEK-ERK signaling pathway.163 Gene expression was 

measured by quantitative RT-PCR (qRT-PCR) following treatment of A375 cells with a 

drug concentration that differentially affected the various BRAFV600E mutants. 

Consistent with the results of Figure 4.3(B), at a PLX4720 concentration of 20 μM, 

expression of FOSL1, SPRY2, and DUSP6 was greatly reduced in cells expressing 

BRAFV600E or BRAFV600E/T529N compared with cells expressing 

BRAFV600E/L505H or BRAFV600E/F516G (Figure 4.6). Similarly, treatment with 

SB590885 (0.8 μM) or U0126 (4 μM) reduced FOSL1, SPRY2, and DUSP6 expression 

to a greater extent in cells expressing BRAFV600E or BRAFV600E/T529N relative to 

cells expressing BRAFV600E/L505H or BRAFV600E/F516G. Finally, treatment with 

RAF265 (2.4 μM) reduced ERK target gene expression to a greater extent in cells 
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expressing BRAFV600E, BRAFV600E/F516G, or BRAFV600E/T529N relative to cells 

expressing BRAFV600E/L505H. 
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Figure 4.6. Analysis of ERK target gene expression following drug treatment in A375 

cell lines expressing BRAFV600E, BRAFV600E/L505H, BRAFV600E/F516G or 

BRAFV600E/T529N. 
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Figure 4.6. Analysis of ERK target gene expression following drug treatment in A375 

cell lines expressing BRAFV600E, BRAFV600E/L505H, BRAFV600E/F516G or 

BRAFV600E/T529N. 
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In a second set of experiments, we measured the relative drug resistance of A375 

cells expressing the various BRAFV600E mutants. Figure 4.7A–D shows that cells 

expressing either BRAFV600E/L505H or BRAFV600E/F516G were relatively more 

resistant to PLX4720, SB590885, RAF265, and U0126 than cells expressing 

BRAFV600E or BRAFV600E/T529N. Collectively, these results indicate that the 

differences in MEK-ERK signaling (Figure 4.3B) correlated well with both ERK target 

gene expression (Figure S4) and relative drug resistance (Figure 4.7A–D) of cells 

expressing the mutants. 

Finally, we also confirmed the PLX4720 resistance of the BRAFV600E/L505H 

mutant in an additional BRAFV600E-positive human melanoma cell line, MALME-3M. 

The results show that MALME-3M cells expressing BRAFV600E/L505H were 

substantially more resistant to PLX4720 than cells expressing BRAFV600E (Figure 

4.7E). 
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Figure 4.7. Relative drug resistance of BRAFV600E mutants in A375 cells, and 

confirmation of PLX4720 resistance of the BRAFV600E/L505H mutant in an additional 

BRAFV600E-positive human melanoma cell line. 
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Figure 4.7. Relative drug resistance of BRAFV600E mutants in A375 cells, and 

confirmation of PLX4720 resistance of the BRAFV600E/L505H mutant in an additional 

BRAFV600E-positive human melanoma cell line. 
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Characterization of the BRAFV600E/L505H mutant in 293T cells and Ba/F3 cells 

 

As described above, the initial characterization of BRAFV600E/L505H was 

performed in the A375 cell line. However, we found that A375 cells transduced with 

BRAFV600E were approximately six-fold more resistant to PLX4720 compared with 

parental A375 cells (Figure 4.8). Consistent with our results, previous reports have shown 

that BRAFV600E amplification leads to vemurafenib resistance.156 We therefore 

considered that the elevated levels of endogenous BRAFV600E in A375 cells might 

confound an accurate determination of the resistance conferred by PLX4720-resistant 

alleles, and elected to analyze the BRAFV600E/L505H mutant in two other cell lines that 

lacked BRAFV600E. 

First, we transiently expressed BRAFV600E/L505H in human embryonic kidney 

293T cells, which contain wild-type BRAF and have relatively low levels of phospho-

MEK and phospho-ERK1/2. As expected, the expression of BRAFV600E resulted in the 

activation of MEK-ERK signaling, as evidenced by increased levels of phospho-MEK 

and phospho-ERK1/2 (Figure 4.9A). Interestingly, 293T cells expressing 

BRAFV600E/L505H had substantially higher levels of phospho-MEK and phospho-

ERK1/2 compared with 293T cells expressing BRAFV600E, despite similar levels of 

BRAF protein, indicating that the L505H substitution increases BRAFV600E kinase 

activity. Even in the absence of the V600E mutation, the L505H substitution 

(BRAFL505H) led to elevated levels of phospho-MEK (Figure 4.9A). 
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Figure 4.8 Increased PLX4720 resistance of A375 cells expressing BRAFV600E. 
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Figure 4.8. Increased PLX4720 resistance of A375 cells expressing BRAFV600E. 
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Figure 4.9. Characterization of the BRAFV600E/L505H mutant in 293T cells. (A) 

Immunoblots showing levels of p- and t-MEK, p- and t-ERK1/2, and myc-tagged BRAF 

in 293T cells transfected with empty vector, wild-type BRAF, BRAFL505H, 

BRAFV600E, or BRAFV600E/L505H. (B, C) Immunoblots showing levels of p- and t-

MEK, p- and t-ERK1/2, and myc-tagged BRAF in 293T cells transiently transfected with 

BRAFV600E or BRAFV600E/L505H and treated with PLX4720 (B) or U0126 (C). 

 

  



159 
 

Figure 4.9. Characterization of the BRAFV600E/L505H mutant in 293T cells. 
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Treatment of 293T cells expressing BRAFV600E with PLX4720 resulted in dose-

dependent inhibition of MEK phosphorylation, with phospho-MEK levels being nearly 

undetectable by 2 μM PLX4720 (Figure 4.9B). By comparison, 293T cells expressing 

BRAFV600E/L505H displayed persistent phospho-MEK levels even at a PLX4720 

concentration of 50 μM (see also Figure S4.10A). Finally, consistent with the results in 

A375 cells, BRAFV600E/L505H was substantially more resistant to U0126 compared 

with BRAFV600E (Figure 4.9C and Figure 4.10B). 

Previous studies have shown that stable expression of BRAFV600E renders 

Ba/F3 cells, a BRAF wild-type, interleukin-3 (IL-3)-dependent pro-B cell line, dependent 

on BRAF-MEK-ERK signaling following IL-3 deprivation.160 To examine the effects of 

PLX4720 on cellular proliferation, we stably expressed BRAFV600E and 

BRAFV600E/L505H in Ba/F3 cells, to generate Ba/F3-BRAFV600E and Ba/F3-

BRAFV600E/L505H cells, respectively. As expected, expression of either BRAFV600E 

or BRAFV600E/L505H led to robust activation of MEK-ERK signaling (Figure 4.11A). 

Interestingly, total levels of BRAF were reduced in Ba/F3-BRAFV600E/L505H cells 

compared with Ba/F3-BRAFV600E cells, perhaps due to cytotoxicity of the 

BRAFV600E/L505H mutant. Nonetheless, MEK-ERK signaling was comparable or 

higher in Ba/F3-BRAFV600E/L505H cells compared with Ba/F3-BRAFV600E cells, 

again indicating that the BRAFV600E/L505H mutant has elevated kinase activity. As in 

293T cells, even in the absence of the V600E mutation, the L505H substitution 

(BRAFL505H) led to elevated levels of phospho-MEK (Figure 4.11B). Treatment of 

Ba/F3-BRAFV600E cells with PLX4720 resulted in a dose-dependent reduction in 
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phospho-MEK and phospho-ERK1/2 levels (Figure 4.11C). Notably, Ba/F3-

BRAFV600E/L505H cells required a ~20- to 25-fold higher concentration of PLX4720 

to achieve similar reduction in phospho-MEK and phospho-ERK1/2 compared with 

Ba/F3-BRAFV600E cells (Figure 4.11C and Figure 4.12). 
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Figure 4.10. Phospho-MEK or -ERK1/2 IC50 curves for the immunoblots shown in 

Figure 4.9B, C. 
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Figure 4.10. Phospho-MEK or -ERK1/2 IC50 curves for the immunoblots shown in 

Figure 4.9B, C. 
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Figure 4.11. Characterization of the BRAFV600E/L505H mutant in Ba/F3 cells. (A) 

Immunoblots showing levels of p- and t-MEK, p- and t-ERK1/2, and myc-tagged BRAF 

in parental Ba/F3 cells [(−); cultured with IL-3] or Ba/F3 cells stably expressing 

BRAFV600E or BRAFV600E/L505H (cultured without IL-3). (B) Immunoblots showing 

levels of p- and t-MEK, p- and t-ERK1/2, and myc-tagged BRAF in Ba/F3 stably 

expressing empty vector, wild-type BRAF or BRAFL505H (cultured with IL-3). (C) 

Immunoblots showing levels of p- and t-MEK, p- and t-ERK1/2, and myc-tagged BRAF 

in Ba/F3 cells cultured without IL-3, stably expressing BRAFV600E or 

BRAFV600E/L505H and treated with PLX4720. (D) Growth of parental Ba/F3 cells (−) 

or Ba/F3 cells stably expressing BRAFV600E or BRAFL505H/V600E and cultured with 

(+) or without (−) IL-3. (E, F) Cellular IC50 of parental Ba/F3 cells [(−); cultured with 

IL-3] and Ba/F3 cells stably transduced with BRAFV600E or BRAFV600E/L505H 

(cultured without IL-3) and treated with PLX4720 (E) or vemurafenib (F). Error bars 

indicate SEM. 
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Figure 4.11. Characterization of the BRAFV600E/L505H mutant in Ba/F3 cells. 
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Figure 4.12. Phospho-MEK IC50 curve for the immunoblots shown in Figure 4.11(C). 
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Figure 4.12. Phospho-MEK IC50 curve for the immunoblots shown in Figure 4.4(C). 
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Consistent with previous studies160, stable expression of BRAFV600E or 

BRAFV600E/L505H in Ba/F3 cells conferred IL-3-independent proliferation (Figure 

4.11D), enabling determination of the effect of PLX4720 on cellular proliferation. 

Notably, the cellular PLX4720 IC50 was 40-fold higher for Ba/F3-BRAFV600E/L505H 

cells compared with Ba/F3-BRAFV600E cells (Figure 4.11E). As expected, similar 

resistance was observed when vemurafenib was used instead of PLX4720 (Figure 4.11F). 

 

Sensitivity of the BRAFV600E/L505H mutant to PLX4720 in mouse xenografts and 

to other BRAF inhibitors in cell culture 

To determine whether the BRAFV600E/L505H mutant also conferred resistance 

to PLX4720 in vivo, we performed mouse xenograft experiments. Ba/F3-

BRAFV600E/L505H cells or Ba/F3-BRAFV600E cells were injected into the flanks of 

immunocompromised mice, and PLX4720 or control vehicle was administered 

intraperitoneally. PLX4720 markedly reduced growth of Ba/F3-BRAFV600E tumors, as 

expected, whereas Ba/F3-BRAFV600E/L505H tumors were resistant to PLX4720 

(Figure 4.13A, B). Notably, even in the absence of PLX4720, the growth of Ba/F3-

BRAFV600E/L505H tumors was faster than that of Ba/F3-BRAFV600E tumors (Figure 

4.13), which is likely due to the elevated kinase activity of BRAFV600E/L505H. 
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Figure 4.13. Sensitivity of the BRAFV600E/L505H mutant to PLX4720 in mouse 

xenografts and to other BRAF inhibitors in cell culture. (A) Tumor growth in mice 

subcutaneously injected with Ba/F3-BRAFV600E or Ba/F3-BRAFV600E/L505H cells 

and then intraperitoneally injected daily with either vehicle or PLX4720. For 

BRAFV600E ± PLX4720, P < 0.05; for BRAFV600E/L505H ± PLX4720, P > 0.05; for 

BRAFV600E versus BRAFV600E/L505H (vehicle), P < 0.05 at day 27. (B) Tumor 

weight after the final injection of either vehicle or PLX4720. Results are plotted with 

group mean, and SEM indicated by the horizontal and vertical lines, respectively. For 

BRAFV600E ± PLX4720, P < 0.05; for BRAFV600E/L505H ± PLX4720, P > 0.05; for 

BRAFV600E versus BRAFV600E/L505H (vehicle), P < 0.05. 
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Figure 4.13. Sensitivity of the BRAFV600E/L505H mutant to PLX4720 in mouse 

xenografts and to other BRAF inhibitors in cell culture. 
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Finally, the BRAFV600E/L505H mutant conferred a much lower level of 

resistance to several other BRAF inhibitors in Ba/F3 cells. For example, the cellular 

IC50s for SB590885 and GDC0879 were only fourfold higher (Figure 4.14A, B) and the 

cellular IC50 for RAF265 was only threefold higher (Figure 4.14C) in Ba/F3-

BRAFV600E/L505H cells compared with Ba/F3-BRAFV600E cells. 
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Figure 4.14. Sensitivity of the BRAFV600E/L505H mutant to other BRAF inhibitors can 

be explained by differences in steric clash imposed by the L505H substitution. (A–C) 

Cellular IC50 of parental Ba/F3 cells [(−); cultured with IL-3] and Ba/F3 cells stably 

transduced with BRAFV600E or BRAFV600E/L505H (cultured without IL-3) and 

treated with SB590885 (A), GDC0879 (B), or RAF265 (C). Error bars indicate SEM. (D, 

E) Position of the α-C helix of BRAFV600E bound to SB590885 (blue; D) or the 

GDC0879 analog (green; E) superimposed on the structure of the BRAFV600E kinase 

domain (gray) bound to PLX4720 (black). The position of the L505 residue is shown in 

red. 
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Figure 4.14. Sensitivity of the BRAFV600E/L505H mutant to other BRAF inhibitors can 

be explained by differences in steric clash imposed by the L505H substitution. 
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Discussion 

The comprehensive identification of drug-resistant mutations in cancers is an 

important step toward the development of improved therapeutic strategies. Here, we 

describe a systematic, structure-based experimental strategy to identify drug-resistant 

mutants within the oncogenic protein kinase BRAFV600E to its inhibitor vemurafenib. 

This method can be broadly applied for evaluating resistance to inhibitors of other 

proteins and has several important advantages over previous experimental approaches. 

Traditional drug resistance studies generate mutants by either (i) random methods (e.g., 

error prone PCR) that produce undesired mutants with multiple amino acid substitutions 

and do not necessarily generate all relevant single mutants (because of sampling 

limitations and biases in random mutagenesis), or (ii) directed mutagenesis based on 

results from related targets (e.g., gatekeeper mutations in protein kinases) that do not 

broadly sample sequence space164. Using systematic, structure-based saturation 

mutagenesis, we experimentally generate all relevant mutants without complications from 

undesired multiple amino acid substitutions. Furthermore, coupling the mutagenesis with 

a comprehensive deep sequencing readout directly quantifies the enrichment of each 

mutant in response to drug treatment. Thus, our systematic approach not only broadly 

samples sequence space but also quantifies the contribution of each mutant to drug 

resistance. 

Using this method, we have shown that vemurafenib resistance can occur by a 

novel second-site mutation, T1514A (encoding L505H), within the BRAFV600E kinase 

domain. A series of cell proliferation and biochemical assays were used to demonstrate 
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the PLX4720 resistance of the BRAFV600E/L505H mutant in three human melanoma 

cell lines, human 293T cells, and mouse Ba/F3 cells. The similarity of the results 

obtained in diverse cell lines indicates that the PLX4720 resistance of the 

BRAFV600E/L505H mutant, which is the major focus of our study, is independent of 

cell type. The L505H mutant increased the kinase activity of both wild-type BRAF and 

BRAFV600E. Interestingly, a search of the Catalogue of Somatic Mutations in Cancer 

(COSMIC) database165 revealed that the T1514A mutation was recently found in an 

individual with prostate cancer,166 suggesting that the elevated kinase activity of 

BRAFL505H may contribute to cancer development. 

We found that BRAFV600E/L505H was relatively resistant to MEK inhibition, 

which is likely due its increased kinase activity. By contrast, the BRAFV600E/L505H 

mutant had a lesser effect on sensitivity to several other BRAF inhibitors, such as 

SB590885, RAF265, and GDC0879. Inspection of the crystal structure of the 

BRAFV600E kinase domain bound to PLX4720 reveals that the propyl group of the 

sulfonamide moiety of the drug extends toward L505 in the BRAF α-C helix (Figure 4.1E 

and Figure 4.14D, E). By contrast, the crystal structure of BRAFV600E bound to 

SB590885 (PDB: 2FB8)167 (Figure 4.14D) or an analog of GDC0879 (PDB: 3D4Q)168 

(Figure 4.14E) reveals that neither drug is proximal to L505. Thus, resistance of the 

BRAFV600E/L505H mutant to PLX4720, but not SB590885 or GDC0879, can be 

explained by differences in steric clash imposed by the L505H substitution. Collectively, 

these results indicate that such BRAFV600E/L505H-containing melanomas will be more 

responsive to other BRAF inhibitors than to a MEK inhibitor. 
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It is important to prospectively identify the various mechanisms that can result in 

vemurafenib resistance prior to their emergence in the clinic. This information is essential 

both to accurately assess the growing population of treated patients that will become 

drug-resistant and to develop better drugs or drug combinations to overcome diverse 

resistance mechanisms. Based upon our results, we predict that the L505H mutant will be 

found in some vemurafenib-resistant melanomas particularly if the BRAFV600E-

independent resistance pathways can be inhibited. Consistent with this prediction, Tian 

Xu and colleagues have recently described the isolation of the BRAFV600E/L505H 

mutant in a melanoma cell line derived from an individual with vemurafenib-resistant 

melanoma (Choi J., Landrette S., Wang T., Evans P., Bacchiocchi A., Bjornson R., 

Cheng E., Stiegler A.L., Gathiaka S., Acevedo O., Boggon T.J., Krauthammer M., 

Halaban R., Xu T., unpublished data). These findings clearly demonstrate the power of 

our experimental approach for the prospective identification of drug-resistant mutants. 
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Methods 

Cell culture 

A375 and Ba/F3 cells were cultured in RPMI-1640 (Sigma-Aldrich, St. Louis, 

MO, USA) supplemented with 10% fetal bovine serum (FBS) (Atlanta Biologicals, 

Flowery Branch, GA, USA), 1 mM sodium pyruvate, and Pen/Strep (Sigma). Media for 

Ba/F3 cells were additionally supplemented with 10 ng/ml murine IL-3 (Peprotech, 

Rocky Hill, NJ, USA). The identity of the Ba/F3 cell line was confirmed by IL-3 

withdrawal experiments and fluorescence-activated cell sorting (FACS) analysis (Figure 

S9). 293T cells were cultured in DMEM (Sigma) with 10% FBS, 1 mM sodium pyruvate 

and Pen/Strep. 

Transient and stable transfections 

Retroviruses expressing BRAFV600E (Addgene, Cambridge, MA, USA) and all 

variants were generated by transient transfection of 293T cells using Effectene (Qiagen, 

Valencia, CA, USA). Retroviral supernatants were collected 48 h post-transfection, 

filtered, and supplemented with 5 or 10 μg/ml polybrene for infection of Ba/F3 or A375 

cells, respectively. For infection of Ba/F3 cells, cells were centrifuged for 90 min at 1000 

× g. At 24 h post-infection, cells were selected with puromycin at 2 μg/ml. Transient 

transfections of 293T cells were performed using Effectene. 

Mutagenesis screen 

Saturation mutagenesis was used to generate point mutant libraries for individual 

amino acids. To facilitate mutagenesis, a portion of BRAFV600E (nucleotides 1270–

1900) was cloned into pRNDM14, a minimal cloning plasmid, bracketed by SacI and SphI 
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restriction sites. Cassette mutagenesis was performed on this plasmid as previously 

described.13,14 The mutant pools were then transferred into the retroviral vector pBABE-

Puro-BRAFV600E (Addgene #15269) by sequence and ligation-independent cloning 

(SLIC).149 Briefly, the mutagenized cassette was excised using SacI and SphI, treated 

with T4 DNA polymerase to create 5′ single-stranded overhangs (approximately 30 nt) 

and then purified on a silica column. A pBABE-Puro-BRAFV600E SLIC vector was 

created by replacing BRAF nucleotides 1300–1870 with an ApaI restriction site. The 

construct was linearized and treated with T4 DNA polymerase as described above. The 

treated mutagenized cassette library and pBABE SLIC vector were annealed, and the 

entire reaction transformed into bacteria. Based on plating of a small fraction of the 

bacteria, this procedure routinely resulted in > 30 000 transformants, which was sufficient 

to transfer our libraries without compromising diversity. Focused deep sequencing was 

used to determine the representation of each mutation in the pBABE plasmid libraries 

and indicated that all mutations were present well above noise level. Individual mutations 

were generated by the same method and confirmed by Sanger sequencing. 

Retroviral particles were generated by transient transfection of 293T cells using 

Effectene as described above. A375 cells (3 × 106) were transduced at a multiplicity of 

infection of three with the retroviral BRAFV600E mutant pools in 100-mm plates, 

selected for stable integration with puromycin, and cultured in the presence of 10 μM 

PLX4720 for 3 weeks. Drug-resistant colonies were isolated and pooled, and genomic 

DNA was extracted. 
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The library version of BRAF was PCR-amplified from genomic DNA and 

prepared for Illumina sequencing as described.14 Briefly, PCR was used to introduce an 

MmeI site immediately 5′ to randomized regions and a 3′ Illumina primer binding site 

250 bases downstream. This product was digested with MmeI and ligated to adapters that 

included a barcode and a 5′ Illumina primer binding site. This product was PCR-

amplified with Illumina Sequencing Primers, gel-purified, and submitted for short single-

read (36 bases) analysis using a Solexa-Illumina GA Massively Parallel Deep Sequencer. 

Raw sequencing files in fastq format were processed essentially as described.14 All 

sequences were subjected to quality filtering requiring a PHRED score of ≥20 at all read 

positions. In addition, sequence reads where more than one codon differed from the 

parental construct were eliminated from analysis. The remaining sequences were 

analyzed to determine the number of reads for each point mutant in the plasmid library, 

as well as in transduced cells prior to and following treatment with drug. Mutations that 

created internal MmeI sites or that were severely under-represented in cells (100-fold 

relative to median wild-type synonym) without drug were omitted from analysis. Of the 

1160 possible protein point mutations (58*20), all but five (478A, 486D, 486E, 511W, 

and 580W) were successfully analyzed. The ratio of each codon substitution from cells 

after and before treatment with drug was used as a metric of drug resistance. The median 

enrichment of silent substitutions was used to normalize the data (resulting in the median 

synonymous substitution having an enrichment score of 1). Based on the distribution of 

enrichments for synonymous substitutions, we set a false discovery threshold for each 

codon observation. Amino acid substitutions were considered enriched in drug if all 
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observed synonymous substitutions were above a statistical cutoff such that the net P-

value was < 0.01. 

 

Structural images 

Images of BRAF bound to PLX4720 were generated from Protein Data Bank 

(PDB) entry 3C4C158 using the Pymol software package (Delano Inc., San Carlos, CA, 

USA) 

 

Drug treatment 

PLX4720 (Selleckchem, Houston, TX, USA), SB590885 (Tocris, Minneapolis, 

MN, USA), RAF265 (Selleckchem), U0126 (Cell Signaling, Beverly, MA, USA), 

GDC0879 (Selleckchem), and vemurafenib/PLX4032 (Selleckchem) were prepared in 

DMSO at 20 mM. 1 × 103 A375 or 1.5 × 104 Ba/F3 cells were plated per well of a 96-

well plate in 100 μl volume, and 24 h later, 50 μl of drug was added to the cells. 

 

Cellular and pMEK IC50 determination 

 

Cells expressing BRAFV600E or BRAFV600E mutants were cultured in the 

presence of serially diluted drug for 72 h, and viability was measured by Alamar Blue 

assay (Invitrogen, Grand Island, NY, USA). In Figure 2A, Trp and Met mutants were 

excluded from consideration. For Figures 2F, 4E, F and 6A–C, data were plotted in 

GraphPad Prism and a dose–response curve was fit with nonlinear regression. To 
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determine p-MEK IC50, the phospho-MEK immunoblots were quantified in ImageJ 

(NIH) and the densitometry used to plot the data. 

 

Immunoblotting 

Cells were lysed with cell lysis buffer [1%NP-40, 10% glycerol, 150 mM NaCl, 

50 mM Tris–HCl (pH 7.4), 1 mM EDTA] supplemented with complete protease inhibitor 

tablet (Roche, Indianapolis, IN, USA) and phophatase inhibitor cocktails 2 and 3 

(Sigma). Cell extract was quantified with bicinchoninic acid (Pierce, Rockford, IL, USA), 

and equal amounts of protein were loaded in each lane. Blots were probed with the 

following primary antibodies: phosphorylated MEK (S217/221), total MEK, 

phosphorylated ERK1/2 (T202/Y204), total ERK1/2, myc (all from Cell Signaling 

Technology), and tubulin. 

 

Cell growth assays 

Parental Ba/F3 cells or Ba/F3 cells stably transduced with BRAFV600E or 

BRAFV600E/L505H and cultured in the presence or absence of 10 ng/ml IL-3 were 

assessed for growth by counting. 

 

qRT-PCR analysis 

Total RNA was isolated from A375 cells treated in the presence or absence of 

drug using TriPure Isolation Reagent (Roche). Reverse transcription was performed using 

SuperScript II Reverse Transcriptase (Invitrogen) followed by qPCR using Fast SYBR 
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Green Master Mix (Applied Biosystems, Foster City, CA, USA) using the following 

primers: FOS1L forward (5′-CACTCCAAGCGGAGACAGAC-3′) and reverse (5′-

AGGTCATCAGGGATCTTGCAG-3′); SPRY2 forward (5′-

ATGGCATAATCCGGGTGCAA-3′) and reverse (5′-

TGTCGCAGATCCAGTCTGATG-3′); and DUSP6 forward (5′-

AGCTCAATCTGTCGATGAACG-3′) and reverse (5′-GCGTCCTCTCGAAGTCCAG-

3′). The expression level of each gene was normalized to that of three internal control 

genes, B2M forward (5′-CGCTCCGTGGCCTTAGC-3′) and reverse (5′-

AATCTTTGGAGTACGCTGGATAGC-3′); TBP forward (5′-CACAG 

GAGCCAAGAGTGAAG-3′) and reverse (5′-CAAGGCCTTCTAACCTTATAGG-3′); 

and GUSB forward (5′-TTGAGCAAGACTGATACCACCTG-3′) and reverse (5′-

TCTGGTCTGCCGTGAACAGT-3′). The qRT-PCR data were normalized to the three 

internal control genes individually and then combined. 

 

Tumor formation assays 

Balb/c nu/nu mice (NCI; n = 5 per group) were injected subcutaneously with 6 × 

106 Ba/F3 cells transduced with BRAFV600E or BRAFV600E/L505H. Tumors were 

allowed to form for 14 days at which point animals received daily intraperitoneal 

injections of vehicle (water + 5% DMSO) or PLX4720 (50 mg/kg). Tumor dimensions 

were measured every 3–4 days, and tumor volume was calculated using the formula π/6 × 

(length) × (width)2. After the final dose, animals were sacrificed and tumors were 

excised and weighed. For statistical analysis, Wilcoxon rank sum test was performed in R 
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(www.r-project.org). Animal experiments were performed in accordance with the 

Institutional Animal Care and Use Committee (IACUC) guidelines. 

 

Probability determinations 

The probabilities of mutation types for idealized libraries were calculated based 

on independent probabilities (Bayesian theory). For random mutagenesis, these 

probability estimates assume ideal conditions (a mutation rate of one base per gene). For 

a protein of N amino acids (3N nucleotides), the probability of a mutation at any base (p) 

is 1/3N, the probability of any position being wild-type (q) is 1-p, and the probability of 

all positions being wild-type is q3N. The dependence of this equation on protein length is 

negligible for proteins > 100 amino acids. The probability of having only one base 

mutated is p*q(3N−1). The probability of having two or more mutations is 1 – wild-type 

probability – single-mutant probability. 
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Chapter V – Systematic analysis of ubiquitin point mutants  

under temperature stress 

 

Benjamin P. Roscoe and Daniel N. Bolon 

 

The experimental results presented in this chapter are currently unpublished. I performed 

all of the experiments herein, and Dan Bolon and I analyzed the data and generated 

figures. Further experiments, including biochemical and biophysical analysis of single 

substitution ubiquitin variants as well as a repeat of the bulk competition experiments is 

necessary before preparation of a final manuscript. 
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Rationale: 

Chapter II of this dissertation describes the effect all ubiquitin point mutants on 

yeast growth rate under permissive conditions (30º C) in synthetic dextrose media.169 A 

major conclusion from this study is that many single amino acid substitutions were 

tolerated throughout the protein sequence, negatively correlated with client interaction 

density that we defined by analysis of the average surface burial of ubiquitin in 44 co-

crystal structures.169  That finding could not be predicted from phylogenetic comparisons, 

as ubiquitin is ultra-highly conserved with respect to protein sequence in eukaryotes 

(Figure 3.5a). The discrepancies between tolerated amino acid substitutions to a protein 

sequence in laboratory conditions versus that sampled over evolutionary time can have 

multiple explanations.  First, measurement errors in our experimental bulk competition 

fitness measurements (chapter III,) are higher than the minimum fitness defects that will 

cause purifying selection in a natural population (s≈10-6).74,141 A second explanation is 

that under different growth conditions there will be less tolerance for mutational change. 

In previous work from our lab, Ryan Hietpas, Ph.D. et al found that a 9 amino acid 

stretch of hsp90 was less tolerant to amino acid substitution under conditions of high 

salinity or temperature stress.170 

 In order to determine the effect of temperature stress on the tolerance of ubiquitin 

to amino acid substitutions, I performed a bulk competition experiment using the same 

randomized libraries and strategy described in chapter II169  at 36º C, a temperature that 

induces stress in yeast.171  
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Results and Discussion 

Comparison of ubiquitin amino acid substitutions at 30º C vs. 36º C 

 The tolerance of yeast  to ubiquitin amino acid substitutions was markedly 

reduced in bulk competition experiments at 36º C compared to growth competitions at 

30º C, with 141 tolerant substitutions (fitness > 0.9) at 30º C becoming deleterious 

(fitness < 0.5) at elevated temperature (table 5.1, figure 5.1&5.2a). Wild type synonyms 

all remained universally fit and stop codons were all deleterious. The overall pattern of 

amino acid position tolerance to mutation remained similar, with notable exceptions at 

positions K6 and K63, with neither tolerating any substitutions at elevated temperature. 

Lysine 63-linked ubiquitin is involved in DNA damage repair, and the K63R mutant as 

well as deletions of the Rsp5 HECT domain responsible for K63 linkage specificity in 

DNA repair have both previously been demonstrated to cause a temperature sensitive (ts) 

phenotype at 36º C in S. cerevisae (figure 5.1b, dashed red line).172   

 Temperature sensitive mutations were distributed throughout the protein, with 

similar fractions of temperature sensitive mutants in both the solvent-accessible 

surface/boundary residues and the solvent-inaccessible core residues (Figure 5.2b&c). 

This suggests that intermolecular interactions with binding partners as well as 

intramolecular structural perturbations are both likely mechanisms of temperature 

sensitive phenotypes. 
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 Figure 5.1. Heatmaps of ubiquitin point mutant effects on yeast growth rates at 30º and 

36º C. a) The ubiquitin gene was divided into eight separate libraries for bulk growth 

competition and deep sequencing analysis (described in chapter II). b) Heatmaps 

representing the amino acid substitution average relative growth rate scaled from null-

like (blue) to WT-like yellow at each temperature. Lysine linkage sites (K6 and K63) that 

were found to be critical at elevated temperatures are highlighted by red dashed 

rectangles. 
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Figure 5.1. Comparison of ubiquitin mutant fitness effects at 30º C vs. 36º C. 
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Figure 5.2. Comparison of ubiquitin point mutant effects on yeast growth at  

30º vs. 36º C. A. Correlation plot of ubiquitin point mutant relative growth rate at 30º vs. 

36º C. B. Pie chart representing fraction of temperature sensitive point mutants on the 

solvent-exposed surface and boundary residues of ubiquitin. C. Pie chart representing 

fraction of temperature sensitive point mutants in the solvent-inaccessible core of 

ubiquitin. D. Difference map of ubiquitin point mutant fitness classifications at 30º vs. 

36º C.  
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Figure 5.2. Comparison of ubiquitin point mutant effects on yeast growth at  

30º vs. 36º C. 
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Mapping temperature sensitive mutants to structure 

 We tabulated the number of temperature sensitive substitutions at each amino acid 

position of ubiquitin and mapped them to the crystal structure of monoubiquitin (figure 

5.3 a&b). Temperature sensitive substitutions appeared to be fairly evenly distributed 

across the structure (figure 5.3b).  This result was unexpected given the sensitivity of a 

common ubiquitin binding interface described in chapters II+III. Biochemical analysis of 

individual temperature sensitive mutants for folding defects, binding of known partner 

proteins (e.g. proteasome receptors) and in vivo polyubiqutin formation in yeast at both 

temperatures will be necessary to further investigate this finding.   
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Figure 5.3. Mapping temperature sensitive ubiquitin mutants to structure. A. Number of 

temperature sensitive mutants at each position of ubiquitin. B) Location of temperature 

sensitive mutants on the ubiquitin crystal structure 1UBQ.pdb. Positions with 1-4 

temperature sensitive mutants are colored in green, and positions with >4 temperature 

sensitive mutants are colored in blue. 
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Figure 5.3. Mapping temperature sensitive ubiquitin mutants to structure 
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Conclusions and future directions 

 This preliminary investigation clearly demonstrates the power of utilizing 

saturation mutagenesis and deep sequencing to discover temperature sensitive mutations 

in a single protein in yeast. We identified 141 temperature sensitive amino acid 

substitutions distributed in both the solvent-accessible surface/boundary residues and 

solvent-inaccessible core. This suggests that both inter- and intramolecular interactions 

likely contribute to observed temperature sensitive phenotypes. Future experiments to 

delineate these effects will be necessary to specify the specific causes of the temperature 

sensitive phenotype of individual mutants. For example, panels of both core and surface 

recombinant temperature sensitive mutants should be purified and analyzed by circular 

dichroism under chemical denaturation for changes in folding properties.  Analysis of 

previously reported thermodynamic folding defects and computational predictions of 

changes in free energy of ubiquitin point mutants did not correlate strongly with 

temperature sensitive mutants. Immunoblotting and/or immunoprecipitation of specific 

complexes for polyubiquitin accumulation of specific mutants at both temperatures may 

also help pinpoint specific defects.   
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Chapter VI – Discussion 

The research presented throughout this dissertation is unified by a single 

underlying experimental strategy, systematic mutagenesis of proteins focused on 

obtaining rich information on biochemical and cellular function through a deep-

sequencing readout. The two different biological systems studied in this work (yeast 

ubiquitin and BRAF V600E from human melanoma) are both supported by a rich body of 

mechanistic and structural studies, allowing us to comprehensively apply our data to give 

new insights into function in light of known biochemical mechanisms. This supports the 

value of systematic mutagenesis and focused deep sequencing as a way to explore the 

physical and chemical space requirements of the amino acid sequence of a protein. The 

strong correlation of residue tolerance to mutation in these systems in light of previously 

described functions in the literature suggests that extending this methodology to other 

lesser understood systems can result in rich interpretable data. Ongoing work in our 

group focused on the evolution of drug resistance in viral targets strongly supports this 

prediction. 

 The original research presented in chapter II reports the fitness effects of all 

possible point mutations to ubiquitin in yeast. Perhaps the most intriguing finding from 

this study is that ubiquitin tolerates many amino acid substitutions under the reported 

experimental conditions (30º C, synthetic dextrose media). These results demonstrate that 

it is possible for ubiquitin to acquire many neutral or near neutral amino acid 

substitutions in permissive conditions, adding to the body of literature supporting the 
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theory of near-neutral mutations providing a mechanism of adaptation under 

environmental selective pressures.13,21,22,76,173 

 A second finding from the systematic analysis of ubiquitin point mutants is that 

specific residue tolerance to mutation correlates strongly with the interaction surfaces of 

ubiquitin with binding partners (from ASA burial of 44 co-crystal structures in the PDB). 

This lends strong support to the theory that the mutational tolerance of a a specific 

residue in a protein is restrained by its molecular contacts, as proposed by E. Zuckerlandl 

in 1976.23 While this finding may seem intuitive, because of the previous technical 

challenges in generating and testing thousands of amino acid substitutions, our studies in 

ubiquitin are some of the most comprehensive analyses of the fitness effects of amino 

acid substitutions at each position in a gene. For other proteins with less characterized 

cellular interaction, these strategies will likely be very useful for discovering regions of 

proteins involved in previously unidentified processes. 

 The work in chapter III presents findings from examining the effect of all possible 

point mutants in ubiquitin residues 2-76 on the essential activation by the yeast E1 

ubiquitin activating protein (Uba1p). Because ubiquitin is a multifunctional protein with 

many steps to activation even for the canonical function of targeting client proteins to the 

26S proteasome for degradation,32 it is near impossible to predict which defects in 

function explain fitness defects. It can be inferred that because activation of ubiquitin by 

E1 is essential, that defects that prevent this activation will prevent cellular growth. 

However, the relationship between partial defects and the rate of growth defects was 

found to be complex. Mutants that had no discernible E1 activation activity were indeed 



197 
 

very deleterious for growth, however the yeast tolerated a reduction in ubiquitin 

activation by 98% in at least one mutant (R72S). Many other mutants had smaller but 

measurable defects in E1 activation, yet most were unable to grow. These results strongly 

suggests that while E1 activation is not rate limiting for yeast fitness, competitive defects 

in E1 activation predict downstream functional defects. Analysis of the available yeast E1 

: ubiquitin co-crystal structure56 indicated that E1 has a very large interaction surface 

compared to many other ubiquitin binding partners downstream. This led us to posit that 

E1 is sensitive to small competitive defects in ubiquitin activation, consistent with a 

model that suggests E1 molecules without this filtering capacity may be selected against 

in a natural yeast population. 

 Chapter IV of this dissertation describes a collaborative effort of the 

Daniel N. Bolon and Michael R. Green research groups to extend high throughput 

mutational screening to predict inhibitor resistant mutants in the oncogenic bRAF V600E 

kinase from human melanoma. Single point mutations are a common method of drug 

resistance in drug-binding targets.  Therefore, we used the structure of the inhibitor 

bound to bRAF V600E to target the drug binding portions of bRAF V600E mutagenesis. 

By selecting mutant library cell lines that were able to grow in the presence of the 

inhibitor, we were able to discover over a dozen novel mutants that conferred drug 

resistance. The findings from the high-throughput screen were validated by cell-based 

screens, probing of the kinase phosphorylation pathway, and tumor resistance in mice. 

One particularly resistant mutant, V600E L505H is acquirable through a single base 

substitution, and was recently discovered in a human melanoma cell line (Choi J., 
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Landrette S., Wang T., Evans P., Bacchiocchi A., Bjornson R., Cheng E., Stiegler A.L., 

Gathiaka S., Acevedo O., Boggon T.J., Krauthammer M., Halaban R., Xu T., 

unpublished data). These findings clearly demonstrate the power of our experimental 

approach for the prospective identification of drug-resistant mutants. 

Selection pressure over evolutionary time encompasses all environmental and 

competitive pressure to the ancestors of an organism over billions of years.  I believe it is 

presumptuous to believe that we can ever perfectly reconstruct the changing environment 

and timescales of evolutionary time, but I do believe that directed evolution experiments 

within the laboratory are able to provide strong evidence into how proteins can evolve 

under changing environments. In chapter V, the tolerance of ubiquitin in yeast to single 

point mutations is greatly reduced by a simple change in experimental conditions from 

permissive to heat stress temperatures. This suggests that the evolutionary conservation 

of ubiquitin may be able to be explained partially by changing environmental conditions, 

a hypothesis that is testable using these methods and a current direction of our research. 

Integrating the fitness effects of many point mutants across many conditions will likely 

help support population genetics models, especially as the mutational tolerance of many 

proteins is reported. Ryan Hietpas’ work in Hsp90 demonstrated a similar result, 

including some mutations that were more fit than wild type under conditions of high 

salinity.170 It should also be noted that many other factors lead to organismal fitness, 

including the genetic background of the organism that leads to its entire network of 

function, including factors such as relative expression level.111 



199 
 

 While the experiments described in the preceding chapters focus on amino acid 

substitutions at the protein level, many other applications can be imagined. The 

increasing throughput we demonstrated by introducing all point mutants to the ubiquitin 

gene in yeast can be applied to studies of codon preference in organisms, all well as 

studies of RNA machinery including ribosomal subunits and enzymes composed of RNA. 

It is also possible to apply these mutagenesis and sequencing strategies to nucleic acid 

regions of unknown or poorly understood function and test the effects on cells or 

organisms under many different conditions or genetic backgrounds, potentially 

discovering epigenetic effects of changes to chromosomal DNA. 

 In summary, I believe that our work, as well as the discoveries of other 

researchers investigating the role of amino acid sequence in function, will help bridge the 

divides between theoretical models of protein evolution and biochemistry. This 

dissertation provides evidence that this methodology has the potential to be applicable to 

human medicine in the context of drug resistance in cancer, a mechanism driven by 

mutation,20 often leading to amino acid substitutions in proteins involved in cellular 

signaling. Technology is paramount to furthering discovery in all of the scientific 

disciplines, but the most important part is applying the proper technology and 

methodology to the most important scientific problems. 

“Be technique agnostic.”  -Dean Tony Carruthers to the incoming GSBS class during 

orientation 2008. 
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