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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) and an 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 2-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.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

Determining how genes function together as bio-
logical 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 the complexity of protein interaction networks
[1,2]. For example, many phenotypes are mediated
by multiple genes [3], and numerous genes exhibit
pleiotropy [4]. Tremendous progress has been made
in mapping the connections (also known as edges)
between genes and gene products by both genetic [5—
7] and biochemical approaches [8,9]. Epistatic anal-
yses of gene knockout combinations have provided a
broad understanding of the impacts of node deletions
on network function [5]. In addition, approaches have
been developed to analyze the effects of disrupting
individual network edges by identifying mutations that

0022-2836/© 2014 Elsevier Ltd. All rights reserved.

eliminate a specific interaction [10—12]. However, for
most complex biological networks, the elasticity func-
tion [13,14] relating network edge strength (e.g., the
affinity of a specific protein—protein interaction) to
overall network function (e.g., growth rate) 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 and an overall
network function. Of note, we assess overall network
function by quantifying yeast growth rate as a measure
of experimental fitness under defined environmental
conditions. In this work, we report experiments with
ubiquitin and the E1 enzyme that provide funda-
mental insights into regulated protein degradation in
eukaryotes.

Systematic investigations of the relationships among
gene or protein sequence, function, and fithess provide
new opportunities to bridge molecular, systems, and
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Fig. 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) Molecular representation of the adenylation domain of E1 shown in surface representation and colored purple
complexed with ubiquitin shown in cartoon form with amino acids 40-48 that were chosen as an initial test shown in cyan.
(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 (R? = 0.96) in a full experimental repeat.

evolutionary biology [15—18]. While a wealth of studies
demonstrate that the fitness effects of mutations are
mediated by biochemical changes [19-25], most
systematic studies of mutants have focused predom-
inantly on either growth effects [14,26,27] or biochem-
ical effects [11,28-30]. The relationships between
mutant effects on biochemical properties and exper-
imental 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 [24,31-33], 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 [19]. However, for the majority of genes (par-
ticularly those that perform multiple functions or
whose functions are not fully appreciated), the rela-
tionships between a mutation's impact on biochemical
properties and fithess remain unclear. In theory, each
activity of a multi-functional protein may contribute
independently to fitness and may 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 par-
ticular gene product. Distinguishing these possibilities
provides insights into network function and can be
accomplished by systematically investigating the

effects of mutations on both biochemical function
and experimental fitness.

We determined the effects of all possible point
mutants in ubiquitin on activation by the E1 enzyme
using a biochemical assay and compared this new
functional map to a corresponding map of experi-
mental fitness effects in yeast that we had previously
determined [27]. Through its ability to covalently link
to other proteins, ubiquitin contributes to multiple im-
portant cellular processes including regulated protein
degradation [34]. 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 [35,36]. In this work, we developed a
biochemical screen for the relative effects of ubiquitin
mutations on E1 reactivity. We find that most ubiquitin
variants that were deficient for E1 activation in this
screen also failed to support robust yeast growth,
consistent with the essential role of this reaction [37].
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 an ubiquitin mutant and
yeast growth rate is non-linear. Despite this non-linear
elasticity function [13,14], the effects of most ubiquitin
mutants on E1 activation were similar to their effects on
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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 mutations are responsible for the observed
fitness defect.

Results and Discussion

Investigating E1 reactivity

We developed a bulk competition approach to in-
terrogate the effects of all possible ubiquitin point
mutations on E1 reactivity (Fig. 1). Comprehensive
site saturation libraries of ubiquitin point mutations in
eight pools of 9—10 consecutive amino acid positions
that can be efficiently interrogated with short read
sequencing [27,38] were transferred to a yeast-dis-
play system. Importantly, this yeast-display setup
(Fig. 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
structure [36] (Fig. 1b). Display cells were reacted
with a limiting concentration of yeast E1 (Ubal)
(Supplementary Fig. S1), labeled with fluorescent
antibodies targeted to E1 and an HA epitope used to
assess display efficiency, and were separated by flow
cytometry into pools of E1-reactive cells and HA-dis-
playing cells (Fig. 1c). Plasmids encoding the mutated
ubiquitin library were recovered and the mutated region
was sequenced [38]. Differences in observed mutant
frequency from E1-reactive cells and HA-displaying
cells were used to assess the effects of each ubiquitin
point mutation on E1 reactivity.

In order to achieve the throughput required to
systematically scan all ubiquitin point mutants, we
utilized a display system that enabled a fluorescen-
ce-activated cell sorting (FACS) and deep sequenc-
ing 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 not
necessarily the transfer and attachment of displayed
ubiquitin to E1's catalytic cysteine. In addition, the
display of multiple copies of the same ubiquitin mol-
ecule on the surface of each display cell will con-
strain 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, for ubiquitin
variants capable of both adenylation and transfer to the
catalytic cysteine).

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
ubiquitin variants were in competition with each other.
Ubiquitin mutations that could be efficiently sequenced
in the same reaction were assayed together resulting in
eight pools of ubiquitin mutations that were competed
with E1 separately. 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 ubiquitinto E1in
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 syno-
nyms exhibit similarly robust E1 reactivity and stop
codons exhibit baseline levels of E1 reactivity (Fig. 1d
and Supplementary Table 1), 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 (R? = 0.96) measurements in a
full experimental repeat (Fig. 1d) and was used to
interrogate the E1 reactivity of mutants across all of
ubiquitin (Fig. 2a and Supplementary Tables 1 and 2).
We also developed an independent assay using
purified proteins to measure the E1 reactivity of
individual mutants relative to wild type (Supplemen-
tary Fig. S2). Analyses of a panel of mutants indicated
that yeast-display E1 reactivity measurements of
ubiquitin mutants in different regions correlate rea-
sonably well (R? = 0.6) with measurements made
with purified proteins (Fig. 2b). Multiple factors may
contribute to distinctions in E1 activation observed
in the yeast display and purified protein analyses
including noise in each experiment (experimental
variation in display and purified assays were both
about 5%; see Fig. 1d and Supplementary Fig. S2e),
variations in selection strength for different regions
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Fig. 2. 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) 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, 144M, 144V, K48R), and red diamonds (H68N, H68Q,
H68S, L69S, R72S, G75D). Overall estimates from bulk competitions positively correlate (R? = 0.6) with those using purified
proteins. (c) 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. Sensitive positions that tolerate less than 25% of
analyzed amino acid substitutions were color coded purple and all other positions were color coded blue. (d) Mapping
sensitive (purple) and tolerant (blue) positions on the ubiquitin surface onto the structurally [36] characterized complex with E1
(shown in transparent gray). (e) 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 (d)] stand out as sensitive for E1 activation despite not burying side-chain surface at the binding interface. (f) The
wild-type amino acids at these positions (K11, K27, and G35) all form intramolecular interactions that likely contribute to the
ground state structure and/or dynamics of ubiquitin.

of ubiquitin in the yeast-display experiments, and  cate that the bulk yeast-display studies distinguish
biochemical distinctions due to yeast surface versus  highly active from weakly active variants but that
solution reaction conditions. These analyses indi- smaller distinctions in relative activation efficiency
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Fig. 3. Relating the effects of ubiquitin mutations on E1 reactivity to experimental fitness. (a) Comparison of the effects
of ubiquitin mutations on E1 reactivity and yeast experimental fithess. (b—f) Ubiquitin mutations at four positions located at
the E1 interface were analyzed further using purified components. (b) lllustration indicating the location of ubiquitin amino
acids E34, G35, R72, and G75. E34 and G35 are located at the periphery of the interface between ubiquitin and E1. R72is
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 reactivities for a panel of mutants at these positions were determined using
purified proteins and binary competitions with wild-type ubiquitin (see also Supplementary Fig. S2). (d) The experimental
fitness of this panel of mutants was analyzed by monitoring the growth rate of each variant in isolation. (e) The E1
activation potential of purified wild type (WT) and 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.

may not be determined with confidence from the bulk  the sensitivity of each ubiquitin position, we calcu-
competitions. lated the fraction of mutations at each position in
ubiquitin that were proficient for E1 activation (within

Mapping mutant effects on E1 activation to  20% of the average wild-type synonym). Of note,
structure 90% of wild-type synonyms but no stop codons
classify as E1 proficient under this definition. Most

Structural mapping indicates a general correspon- positions on the surface of ubiquitin either tolerated
dence between E1 reactivity and contact surfaces  almost every amino acid substitution or were highly
observed [36] between E1 and ubiquitin. To estimate  sensitive to mutation (Fig. 2c and Supplementary
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Fig. S3a). 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. 2d). 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. 2e), 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 were
strongly sensitive to mutation. Conversely, the major-
ity 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. 2e and f). The side chains
at these three positions all make intramolecular
contacts that may impact ubiquitin structure and
dynamics: both K11 and K27 form salt bridges
between different secondary structure elements, and
G35 is part of a turn structure and has a main-chain
conformation (positive phi angle) energetically dis-
favored for non-glycine amino acids (Fig. 2f). These
structural analyses are consistent with the chemical
intuition that the functional sensitivity of a position to
mutation is primarily determined by direct binding
interfaces [39], as well as structural integrity [40] and
dynamics [41].

In the solvent-inaccessible core of ubiquitin, most
positions exhibited a similar pattern of mutational
tolerance for E1 reactivity (Supplementary Fig. S3b—d).
Of the 16 core positions, 13 have aliphatic side chains
in wild-type ubiquitin (six Leu, four lle, and three Val)
that form a hydrophobic cluster known to be a driving
force for stabilizing native protein structures [42,43].
Consistent with observations that the protein folding
stability of wild-type ubiquitin is far greater than required
for yeast growth [27,44], we observed that modest
substitutions to other aliphatic side chains were
generally well tolerated for activation by E1 (Supple-
mentary Fig. S3b). In contrast, substitutions to polar
amino acids were 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 (Supplementary
Fig. S3c and d) where long polar amino acid side
chains may be able to access solvent without dis-
rupting the structure.

Relationship between ubiquitin mutant effects
on E1 activation and experimental fitness

The fitness effects of ubiquitin mutations integrate
overimpacts on the entire ubiquitin interaction network.
For this reason, ubiquitin mutants with identical impacts

on E1 activation can have different fithess effects
(e.g., due to different effects of each mutation on
binding to and recycling by the proteasome [41,44—
46]). Comparing the upper bound of fithess effects to
E1 reactivity (see red broken line in Fig. 3a, which
presumes that negative measures of E1 activation are
due to experimental noise) provides an estimate of the
underlying elasticity relationship demarcated by ubig-
uitin mutations that primarily impact E1 activation. Of
note, the red broken line in Fig. 3a represents our
conceptualization of the behavior of mutations that
impact E1 activation alone and is not the result of an
explicit fit to the data. Our conceptualization is
illustrated as a curve because this represents the
general shape of elasticity relationships that have
been observed for other proteins [14,19,32]. Our
systematic scan of ubiquitin mutations indicates that
the elasticity function relating E1 activation efficiency
to growth rate is non-linear and that E1 reactivity can
be reduced to levels below the threshold for measure-
ment in our screen with minimal impacts on fitness.

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 mutations (Fig. 3b—f). We chose non-con-
servative mutations located at the structurally
determined interface with E1 (Fig. 3b) that exhibited
E1 activation defects in display competitions. We
independently determined the E1 reactivity of each
mutant in our panel using purified proteins (Supple-
mentary Fig. S4). Consistent with our bulk experi-
ments, each mutation in this panel reduced E1
reactivity compared to wild type (Fig. 3c). Both the
E34G and G35N ubiquitin mutations reduced E1
activation by roughly 40%, but both support yeast
growth rates as the sole ubiquitin in cells that are
indistinguishable from wild type (Fig. 3c and d). The
R72S and G75D mutations caused severe defects
(~50-fold) for E1 reactivity relative to wild type. Of
these two severely E1-deficient mutations, R72S
supported yeast growth albeit at a rate 30% slower
than wild type and G75D exhibited null-like growth
based on monoculture experiments (Fig. 3d and
Supplementary Fig. S4).

To further investigate the E1 activation potential of
R72S and G75D, we tested them individually in
purified form with varying concentrations of E1
(Fig. 3e). At low E1 concentrations, both R72S and
G75D ubiquitin reacted poorly with E1 compared to
wild type providing an additional confirmation of the
activation defects of these mutations. At higher
concentrations, R72S was capable of reacting with
E1. We did not observe reaction of G75D ubiquitin with
E1 even at concentrations 100-fold greater than those
where we observed reaction with wild type or at
concentrations 10-fold greater than for the R72S
variant. The G75D ubiquitin variant was recently
recovered in a phage display selection for E1 reactivity
[47], which may be due to the use of non-covalent and
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Fig. 4. 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 gray) and
E1 (shown in dark green) based on 3CMM.PDB [36]. (b and c) lllustrations of contacts between ubiquitin and two common
ubiquitin binding domains (UBA and UIM) based on 1QOW.PDB [54] and 200B.PDB [55], respectively. (d and e) The
impacts of ubiquitin mutations in these two regions on experimental fithess compared with effects on reactivity with either
limiting E1 (d) or excess E1 (e). Ubiquitin mutations deficient for activation with limiting E1 are shown as purple squares
and mutations at position 72 are highlighted with a light-blue diamond in (d) and (e). (f) For ubiquitin mutations deficient for
reactivity with limiting E1, the distribution of E1 reactivity observed in experiments with excess E1.

unstable [48] Fos-Jun-mediated association between
ubiquitin and phage patrticles or other distinctions be-
tween the experimental setups. Our observations with
purified proteins show that purified G75D ubiquitin was
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 [49—51]. Consistent with the
importance of R72 in E1 activation, our binary com-
petitions with purified proteins (Fig. 3c) 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 such as ubiquitin transfer to
E2 or E3 [52].

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 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 [53]. 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 pro-
vide 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., E2s and E3s) in the conjugation
process. While epitope-tagged wild-type ubiquitin
readily accumulated as conjugated species, we did
not observe appreciable accumulation of conju-
gates of either R72S or G75D (Fig. 3f), consistent
with our observations that both of these mutations
cause severe defects for E1 activation relative to
wild type.
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Fig. 5. Similar impacts of ubiquitin mutations on E1 reactivity and experimental fitness. (a) Distribution of the effects of
ubiquitin mutations on E1 reactivity with limiting E1 (top) and previously determined [27] effects on yeast growth rate
(bottom). Stop codons were not included in the E1 or fithess 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 the effects of ubiquitin mutations on E1 reactivity and yeast growth rate. 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 144 and V70 are almost always fully buried at the binding interface. Positions surrounding 144 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 and f) Domains that commonly mediate binding to
ubiquitin bind to smaller surface regions of ubiquitin than E1.

Investigating activation potential of ubiquitin
mutants with excess E1

To delineate the effects of ubiquitin mutations 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. 4a).
Excess E1 in these experiments provides the
opportunity for each displayed mutant to react with
minimal competition from other variants and distin-
guishes ubiquitin mutants with severe E1 activation
defects from those with competitive activation
defects that may not compromise fithess on their
own. The regions we chose to study in these
experiments were located at structurally character-
ized interfaces with other ubiquitin binding partners

[56] including ubiquitin-associated domains (UBA)
and ubiquitin-interacting motifs (UIM) as illustrated
in Fig. 4b and c.

The relationship between the effects of mutations
on fitness and activation efficiency with limiting E1 in
these two regions (Fig. 4d) is similar to the pattern
observed across all positions in ubiquitin (Fig. 3a). 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. 4d). 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 [36,49,50]. As expected based on
these previous observations, only the wild-type amino
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acid at position 72 was compatible with proficient E1
activation under limiting conditions (Fig. 4d). 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 compe-
titions (Fig. 4d).

With excess E1, the relationship between the
effects of ubiquitin mutations on activation and fitness
shifted distinctly (Fig. 4e and Supplementary Tables 3
and 4). Excess E1 caused an increase in the E1
reactivity observed for many ubiquitin mutations. All
ubiquitin mutations that caused severe activation
defects with excess E1 also exhibited deficient growth
in yeast, suggesting that E1 activation in this set of
ubiquitin mutations is below the level required for even
modest yeast growth. While this class of ubiquitin
mutations 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. 4b and c).

We observed many ubiquitin mutations that caused
activation defects at limiting E1 but were capable of
activation with excess E1 (Fig. 4e and f). This class of
ubiquitin mutation has competitive activation defects
that were 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 mutations that
caused competitive E1 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. 4e). The location
of R72 in a deeply buried cleft in the structure with E1
(Fig. 4a) and at the periphery of structures of ubiquitin
with other binding domains (Fig. 4b and c) suggests
that mutations at position 72 may primarily impact E1
activation within the ubiquitin interaction network.
Consistent with this structural inference, the activation
observed with excess E1 of ubiquitin mutants at
position 72 disproportionately correlates with fitness
effects compared to mutants at other positions.

Correspondence between ubiquitin mutant
effects on E1 activation and fitness

The overall distribution of the effects of ubiquitin
mutations on E1 reactivity under conditions of
limiting E1 is similar to the distribution of experimen-
tal fitness effects (Fig. 5a). Both distributions are
bi-modal with a main peak near wild type (defined as
1) and null (defined as 0). In principle, the similar
profiles of mutant effects on fitness and this E1 function
could be due to a strong or linear relationship where E1
activation is rate limiting for yeast growth. However,
this idea is incompatible with our observation that

purified R72S ubiquitin reduces E1 activation 50-fold
while impairing growth rate less than 2-fold, as well as
observations of many other mutations that in bulk
experiments (Figs. 3a and 5d and e) exhibit either
strong competitive E1 defects with robust growth or
proficient E1 activation with poor growth. 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 fithess 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. 5a
and 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
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. 5b and Supple-
mentary Table 5). The large number of mutations 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 be-
tween E1 reactivity and fitness is consistent with the
structurally characterized interfaces between ubiquitin
and many binding partners that previous analyses
have shown often center on the isoleucine 44 of
ubiquitin [56].

Common ubiquitin binding interface

Structural analyses indicate that ubiquitin almost
universally contacts partner proteins via a common
binding surface (Fig. 5¢c—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 144 and V70 in ubiquitin are almost always
fully buried at the interface (Fig. 5¢) and surrounding
positions are buried in a fraction of these structures
depending on the shape and orientation of the binding
partner (Fig. 5d—f and Supplementary Table 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-in-
teracting motifs (UIM) as illustrated in Fig. 5d—f.

One-third (3300 A?) of the total surface area of
ubiquitin is buried by contact with E1 [36], including
the hydrophobic patch formed by L8, 144, and V70
that is required for binding to proteasomal [57] and
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Fig. 6. E1 inefficiently activates ubiquitin variants with known biochemical defects in downstream pathways. (a)
Molecular illustration of contacts between ubiquitin amino acids 144 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 144 forms direct
binding contacts with almost all structurally characterized ubiquitin binding partners. Conservative substitutions to 144 and
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 [(c) and Supplementary Fig. S7]. (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.

many other ubiquitin receptors [56]. 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 A?)
[58]. The strong evolutionary conservation of EfT,
whose protein sequence is 50% identical between
human and yeast [36], suggests that the large

ubiquitin-E1 interface has been subject to stringent
purifying selection in nature. The structural interface
between ubiquitin and E1 is among the surfaces that
exhibit the strongest evolutionary conservation in
these proteins (Supplementary Fig. S5). 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 interac-
tion network.
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While E1 poorly activates most ubiquitin variants that
were growth deficient, we observed a small fraction of
ubiquitin variants that were activated efficiently by E1
but that were incompatible with robust growth. Of the
939 ubiquitin point mutants that were E1 proficient
(Fig. 5b), only 58 (6%) were growth deficient (Supple-
mentary Fig. S6). These E1-proficient and growth-
deficient ubiquitin point mutations were frequently
located at the periphery of the interface between
ubiquitin and the adenylation domain of E1 (Supple-
mentary Fig. S6), consistent with the chemical
intuition that peripheral contacts have smaller contri-
butions to binding and reactivity than central contact
points [59].

Discriminating activation by E1

We investigated the effects of ubiquitin mutations
at two positions (144 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 [36]. 144 is at the center of a hydrophobic
patch on the surface of ubiquitin that forms central
contacts with most structurally characterized ubiquitin
binding domains [56,57], and K48 is the site of covalent
linkage to form ubiquitin polymers that target sub-
strates for proteasome-mediated degradation [60]. In
the structurally characterized complex with E1, 144 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. 6a).
While hydrophobic contacts stabilize interfaces, they
tend to tolerate slight changes to geometry and often
permit conservative substitutions [26—29]. Using binary
competitions with purified proteins, we observed that
E1 reactivity was sensitive to even the most conser-
vative substitutions of lle to Val at position 44 (Fig. 6b
and Supplementary Fig. S4). 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 [61]. 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. 6b and Supplementary Fig. S2).

While ubiquitin mutations at positions 44 and 48
almost universally caused strong activation defects
with limiting E1, many were capable of activation
with excess E1. With excess E1, eight substitutions
at isoleucine 44 (Q, H, T, A, V, L, M, and W) and all
substitutions except D and E at lysine 48 could be
activated in experiments with excess E1 to an extent
similar to wild-type ubiquitin and greater than R72S
and many other mutations that were capable of
supporting moderate yeast growth rates (Supple-
mentary Table 4). These observations indicate that
the strong fitness defects of most mutations at

positions 44 and 48 were caused by biochemical
defects other than E1 activation, consistent with the
known biochemical function of K48 in forming critical
polymers and 144 in binding to essential receptors
[56,57].

We investigated how mutants at positions 44 and
48 accumulated in vivo. We observed that ubiquitin
mutants at 144 or K48 exhibited decreased accumu-
lation as conjugated species in cells co-expressing
wild-type ubiquitin (Fig. 6¢c and Supplementary Fig.
S7). Together with our observation that these muta-
tions caused a competitive E1 defect in vitro, we infer
that E1 likely contributes to the limited conjugation of
these ubiquitin variants in vivo.

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 errors [62] and/or chemical damage
(e.g., deamination of glutamine to glutamate) [63]
(Fig. 6d). Of note, the E1 quality filtering that we
propose occurs on the protein pool of ubiquitin
generated from the wild-type ubiquitin gene. Esti-
mates of the rate of transcription and translational
errors [64] suggest that ~0.1% of ubiquitin protein
molecules generated from the wild-type gene will
contain an amino acid substitution error. The average
observed fithess effect of an amino acid substitution in
ubiquitin (s.,g = —0.25) leads to a rough estimate of
the 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~ 107°) would be subject to natural
selection based on estimates of the effective popula-
tion size of yeast [65] and the nearly neutral model
[66]. Of note, the rates for most amino acid substitution
errors (e.g., Serto Thr) are largely unknown, making it
challenging to infer potential selection at this level of
resolution. Nonetheless, the available overall approx-
imations of protein synthesis errors and fithess costs
indicate that quality filtering by E1 could impact fithess
by a magnitude sufficient for selection in natural pop-
ulations of yeast.

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 144) 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 interfaces [67] makes it
unlikely that biophysical preferences alone would
lead to a near-universal ubiquitin binding surface that
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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 and follow-up
studies with individual ubiquitin mutations demon-
strate that E1 can selectively filter ubiquitin protein
molecules with substitutions at position 48 that cause
known biochemical defects when activated and
attached to substrates [60]. 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. From a
theoretical perspective, large protein interfaces
should provide a general opportunity to quality filter
by preferentially binding to molecules without errors or
damage that weaken binding affinity. Indeed, the large
contact area previously observed between E1 and
ubiquitin provides strong support for the proposed
quality filtering model, though to our knowledge,
this type of quality control mechanism has not been
previously described in the literature. Our systematic
analyses explicitly demonstrated the sensitivity of the
ubiquitin interface with E1 to mutation eliminating the
possibility that some sites at the interface may not
have been sensitive to mutation. All positions at an
interface can contribute to relative affinity (e.g., AAG of
binding compared to wild type) and this in turn
contributes directly to competitive or relative reactivity
for systems under equilibrium control [27,39,68].
Thus, all positions at interfaces have the potential to
contribute strongly to competitive affinity and reactiv-
ity. Consistent with this idea, the interface between
ubiquitin and E1 is conserved relative to other
surfaces on these proteins (Supplementary Fig. S5).
This type of interface-mediated quality filtering may
reduce potential toxic consequences from flawed
macromolecules in other systems with large contact
surfaces (e.g., ribbosome assembly). Of note, the
expression of flawed proteins can impose a fithess
cost even in the absence of aberrant function [69] that
is of sufficient magnitude to be under selection in
natural populations [66]. 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 [70], may be unavailable for ubiquitin due to
the inherent ubiquitin recycling function of the
proteasome [71,72].

The selection we propose for quality filtering of
ubiquitin protein pools by E1 predicts feedback
selection such that ubiquitin mutations will often have
similar biochemical effects across many ubiquitin

functions (Fig. 6e). In this model, downstream ubiquitin
functions impose selection pressure for quality filtering
by E1, and quality filtering imposes feedback selection
on downstream 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 inter-
faces of ubiquitin with other binding partners.

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 [19,24,31-33], investigating potential inter-
dependencies in multi-functional proteins had posed
daunting technical challenges. This study demon-
strates that systematic analyses of the effects of
mutations on biochemical function and growth rates
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 [73,74]. 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
sequencing [38] was used to determine the enrichment or
depletion of each mutation in E1-reactive cells compared
to HA-displaying cells. The relative E1 reactivity of a panel
of individual ubiquitin variants was independently deter-
mined relative to wild-type ubiquitin using purified proteins.
The accumulation pattern of Hisg-ubiquitin variants in
yeast harboring untagged wild-type ubiquitin was moni-
tored by inducing expression of the epitope-tagged variant
followed by Western blotting.

Expression and purification of E1 (Uba1)

The yeast E1 (Ubal) open reading frame was cloned
with a biotin ligase acceptor peptide [75,76] 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) Escherichia coli together with pET24-birA to
co-express biotin ligase. Cells were grown at 37 °C in 2x
YT media to an ODgqg of 0.8. Cells were then induced with
1 mM isopropyl B-D-1-thiogalactopyranoside at 25° C
for 6 h, harvested by centrifugation, and resuspended in
IMAC binding buffer [20 mM potassium phosphate
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(pH 7.2), 300 mM sodium chloride, and 10 mM imidazole].
Bacterial pellets were lysed with a combination of lysozyme,
DNase |, and sonication in the presence of 1 mM phenyl-
methanesulfonyl fluoride to inhibit proteolysis. Biotinylated
Uba1 was then purified by cobalt immobilized metal affinity
chromatography followed by anion-exchange chromatogra-
phy. 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 were used throughout the text and figures.

Yeast surface display of ubiquitin point mutants

Systematic libraries of ubiquitin point mutants were
generated in the pCTCONZ2 yeast-display plasmid [73] 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 previously described
[27]. Ubiquitin mutant libraries were transferred into
pCTCON2 using sequence and ligation-independent clon-
ing (SLIC) [77]. To facilitate transfer, we constructed a
modified pPCTCON2 destination plasmid with the sequence
GCTAGCGATTCTAGAACTAGTAATATGCATGCTC
GAGTCATGTAATTAGTTAGGATCC immediately follow-
ing the HA tag and glycine-rich sequence in pCTCON2.
This vector was prepared for SLIC by digestion with Sphl
and treatment with T4 DNA polymerase as previously
described [77]. SLIC inserts were prepared by 8 cycles of
PCR with previously described [27] ubiquitin libraries in
p427GPD as template and forward (GATTCTAGAAC
TAGTAATATG) and reverse (TAACTAATTACATGACTC
GAGQG) primers that bind immediately upstream and down-
stream of the ubiquitin open reading frame in this template,
followed by treatment with T4 DNA polymerase as previously
described [77]. After annealing of prepared vector and
inserts, we transformed samples into competent bacteria
and prepared plasmid libraries in bulk as previously
described [38]. 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 analyses. The
starting ubiquitin libraries [27] were generated using a
cassette ligation strategy 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 x 1077 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 [77] as
previously described [27]. Following plasmid transforma-
tion, we pelleted yeast cells and washed them three times
in 1x Tris-buffered saline (TBS) to remove extracellular
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 h (to an ODggo 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 (CAAD) media. These
cultures were grown at 30 °C to near saturation for 24 h,
and then diluted 50-fold into 50 mL of fresh CAAD. Yeast
proliferation was then monitored by ODgqg reading and kept
in mid-log growth by dilution with fresh CAAD for 16 h. 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 ODggg of 0.5, and grown at 30 °C for a further
16 h. As a control for non-displaying 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 resuspendedin 100 pL of TBS. A2x 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]. We mixed 100 pL of E1 reaction mixture with
cells and incubated it at room temperature for 1 min, and the
reaction was quenched with an excess of free ubiquitin.
Following reaction, we washed yeast cells twice with 500 pL
of TBS containing 0.1% bovine serum albumin (TBSB). Cells
were resuspended in 100 pL of TBSB and incubated for
30 min on ice with a 1:100 dilution of both a-HA rabbit
polyclonal (Abcam 13834-100) and mouse monoclonal
a-biotin (Jackson Immuno Research 200-002-211) antibod-
ies. Cells were then collected by centrifugation, washed
twice with TBSB, and incubated in a 100-pL volume on ice
with a-rabbit-lgG-FITC and a-mouse-IgG-phycoerytherin
(Sigma F0382 and P9287). Labeled cells were diluted to
10° 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 +
phycoerytherin cells (HA-display positive and E1 reactive).
To ensure adequate library coverage, we sorted at least
150,000 cells of each population and collected them into
sterile SD media. Sorted yeast cells were amplified in
50 mL of SD-U-W media (display off) for 24 h at 30 °C to
an ODggo of approximately 1. These yeast samples were
collected by centrifugation and washed with TBS, and cell
pellets were stored at —80 °C.

Quantifying mutant responses to selection by
sequencing

Plasmid DNA from yeast pellets was prepared for deep
sequencing as previously described [27,38]. Briefly,
plasmid DNA was isolated from yeast and the display
ubiquitin open reading frame was amplified with primers
specific to the pPCTCON2 promoter and terminator regions.
A second PCR step was used to focus on the randomized
region of each library, including addition of an Mmel site
adjacent to the mutated region. Three-base barcodes each
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differing by at least two bases were ligated to Mmel-di-
gested 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 [38]. Raw counts of
each mutation were normalized to the wild-type ubiquitin
sequence count. The relative enrichment or depletion of
each mutation 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, we linearly scaled
the apparent E1 reactivity's of mutations in each region
such that the average stop codon was 0 and that 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 ubig-
uitin) were displayed with similar efficiency. As previously
described [27], mutations that were low in abundance
in our libraries (mutant:WT ratio less than 278) or that
introduced an internal Mmel 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 rates of yeast supported by ubiquitin variants
were determined as previously described [27,41]. Briefly,
plasmid (p427GPD) encoded ubiquitin variants driven by a
constitutive promoter were transformed into a ubiquitin
shutoff strain (Sub328%%). Growth rates at 30 °C were
determined in SD media by following the change in ODggq
after 12 h of pre-equilibration under 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 Hisg 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. Compe-
tition 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 tem-
perature in E1 reaction buffer [25 mM Tris (pH 7.2),
50 mM sodium chloride, 5 mM magnesium chloride, and
5 mM ATP] supplemented with 0.1 mg/mL bovine serum
albumin. After 1 min, 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 kinetic competition
model (Supplementary Fig. S4) 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
Hisg-Myc epitope were cloned with a galactose-inducible
promoter [78] into p427 plasmids. These constructs were
transformed into W303 yeast cells that express wild-type
ubiquitin from endogenous loci. Following transformation,
we grew single colonies to saturation at 30 °C in SD media,
and then grew them at 30 °C for 16 h in synthetic media with
2% raffinose to an ODggg 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 h 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 phenylmethanesulfonyl fluoride at 95 °C
for 5 min. After removing cell debris by centrifugation, we
determined the protein concentration in each sample using a
BCA assay (Pierce). Samples (20 pg 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 (Schr6-
dinger) or Chimera (UCSF), and these programs were also
used to generate all molecularimages. The average surface
area buried at structurally characterized ubiquitin interfaces
was calculated from previously published surface area
measurements [27].

Supplementary data to this article can be found online at
http://dx.doi.org/10.1016/j.jmb.2014.05.019.
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