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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 years1, until recently it had only
been feasible to analyze the function of systematic mutations using amber suppresser strains
of E. coli2. 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 microarray3 and
now more commonly by deep sequencing is used to determine the relative abundance of
mutants in response to selective pressures4; 5; 6; 7; 8; 9; 10; 11; 12.

To measure the fitness effects in cells of all possible point mutants for regions of genes, we
developed an approach we refer to as EMPIRIC5; 6. 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 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 Hsp906. 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 other proteins13. 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 E314.
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 growth15. K48-linked poly-ubiquitin serves as a
degradation signal16 with four K48-linked ubiquitins sufficient to target substrates for
proteasome-mediated degradation17. Protein degradation by the ubiquitin-proteasome
system is an important regulator of the composition of the proteome18. As such, the
ubiquitin-proteasome system is required for homeostasis under constant conditions as well
as rapid cellular responses to altered external conditions19. 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 cycle20; and degradation of IκB serves as a key
signal in many immune responses21. Disruptions to protein degradation pathways can lead
to a variety of disorders including neurodegeneration22 and cancer19. Protein degradation
pathways have emerged as promising targets for therapeutic drugs, including proteasome
inhibitors that are currently in clinical use as anti-cancer agents23.

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 ubiquitin24; 25; 26; 27. 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 proteins28; 29; 30. There are many different ubiquitin-binding
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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 humans29

are the ubiquitin-interacting motif31 (UIM) that consists of a single α-helix32, and the
ubiquitin-associated33 (UBA) domain that forms a three-helix bundle34; 35. Many UBDs
bind to a hydrophobic patch on the surface of ubiquitin that includes residues L8, I44 and
V7029; 36; 37.

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 linkage37. 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 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 denaturation38 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 substitutions39, mutations that
increase bulk40, and some hydrophobic to polar substitutions41; 42. 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 growth41. 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 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 strain15. 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 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 yeast15), or a control plasmid lacking
ubiquitin (Figure 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.

We examined the robustness of bulk competitions by analyzing a nine amino acid region
(Figure 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 sequencing5 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 fitness6. The fitness effects of WT synonyms (silent mutations)
and stop codons (nonsense mutations) served as important internal positive and negative
controls (Figure 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 43. 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 (s<
−0.5), we observed a strong correlation between repeat measures of the effects of ubiquitin
amino acid substitutions on yeast growth rate (Figure 1e). Compared to fit mutants, strongly
deleterious mutants (s<−0.5) showed larger differences in the experimental repeat
(Supplementary Figure 1A). 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 yeast44; 45) are subject to effective selection.

Analyzing mutants across the ubiquitin coding sequence
By investigating multiple different regions in parallel (Figure 2), we were able to analyze all
positions in ubiquitin at the same time. We separated the ubiquitin gene into eight regions
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each encoding 9–10 amino acids that were amenable to our sequencing-based approach
(Figure 2a and Supplementary Table S1). 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 2b). In order to assess reproducibility and selection in each region
we analyzed both WT synonyms and stop codons (Supplementary Figure 1B). In all regions,
WT synonyms were consistently highly 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 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 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 S2). 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. We were able
to directly analyze selection coefficients for the majority of possible amino acid
substitutions (85% - colored in Fig 2b). These quantified mutants exhibited a bi-modal
distribution of fitness effects (Figure 2c), which has been commonly observed in many
different fitness studies 2; 46; 47; 48; 49.

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 S3). 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 2b). 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 2D), indicating that depleted mutations that were not over-represented in the
plasmid library (solid grey boxes in Figure 2b) are likely unfit. The dominant negative
growth effects of ubiquitin mutants are both intriguing and mechanistically unclear as they
occur at multiple different structural locations. Experiments focused on these mutants will
likely be an exciting area of future research. As indicated in Figure 2b, a small number of
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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 mutation13. In our EMPIRIC analyses, only the WT amino
acids at positions 48 and 76 (outlined in dashed red lines in Figure 2b) are compatible with
robust growth. There are three amino acid substitutions between the yeast and human
versions of ubiquitin (outlined in maroon in Fig 2b). 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 (Supplementary Figure S1). We find that monoculture growth rate was
strongly correlated with EMPIRIC fitness measurements (Figure 2e).

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 (Fig 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 3a). 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 3b). The
fitness-sensitive positions are located on the β-sheet face, which contains the hydrophobic
patch36 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 surface37 (Figure 3c).
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 observed function (Figure 2c). 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 small number of
charge reversals (D21K, D21R, D39R). Charge reversals are generally well tolerated on this
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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 chaperone50; 51. 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 proteins52. 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.

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 proteasome13. 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 3c) and was
positive for growth in plasmid swap experiments37.

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 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 binding53. Consistent with previous observations, the most sensitive sites to
mutation map to known binding interfaces including those with UBA and UIM domains
(Figure 4a,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 S4). 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 4c). 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 4d). Of note, the relationship between
surface burial and tolerance to substation appears to have multiple phases. At low fraction
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surface burial many mutations are tolerated and at a threshold around 0.3, amino 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 4d). 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-targeting17. 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 available54. 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 5). 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 effectors55. This potential mechanism is
consistent with both an observed “open” conformation of K48-linked tetra-ubiquitin56 and
from NMR studies demonstrating that binding by UBDs can require access to interfaces
unavailable in the “closed” conformation57.

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 6a,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 atoms58; 59. 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
dynamics60.

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
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structural region (Figure 6c). 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 state39. Of note, a broader folding transition state of
ubiquitin was reported in studies using engineered double histidine substitutions and
divalent metals as probes61. 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 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 reported39; 42 observations of
individual ubiquitin mutant impacts on the thermodynamic stability difference between
folded and unfolded conformations (Figure 6d and Supplementary Table S5). 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 growth41. 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 the observation that polar interactions in protein interiors
can have a large influence on protein dynamics59.

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 6d). Within this stability regime, we mapped mutants with either minimal or
severe growth effects onto structure (Figure 6e). 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 6e). 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 dynamics62; 63 suggesting that it is capable of sampling many different
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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 partners64. NMR studies on linked ubiquitin also observed
conformational dynamics in the C-terminal region63, consistent with a potential role in
mediating receptor binding to poly-ubiquitin.

Conclusion
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.

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 GPD 1 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 described6. 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 strain15. 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 described65. In order to minimize doubly transformed
cells66, 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 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
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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 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 described6.

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 described6 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 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
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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.

Growth Rate of Individual Mutants in Monoculture
We measured the growth rate of 19 different point mutants in monoculture after shutoff in
dextrose (Supplementary Figure S1). 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 colleagues68. We analyzed ubiquitin interfaces
by quantifying the surface area buried69 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
package70 to calculate ASA for each residue of every ubiquitin molecule both in the
complex and in isolation. The resulting changes in ASA upon complex formation are
provided in Supplementary Information (Table S4).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Mutations provide a powerful probe of protein mechanism

• Bulk competition and deep sequencing was used to monitor ubiquitin mutants

• Sensitivity to mutation correlated with binding interfaces at surface positions

• In the core, positions near critical binding sites were most sensitive to mutation

• Binding interactions impose dominant binding constraints throughout ubiquitin
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Figure 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.
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 3.
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 4.
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 5.
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)
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Figure 6.
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 ΔΔG 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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