PLOS GENETICS

RESEARCH ARTICLE
Substrate-specific effects of natural genetic
variation on proteasome activity

Mahlon A. Collins@® *, Randi Avery, Frank W. Albert *

Department of Genetics, Cell Biology, and Development, University of Minnesota, Minneapolis, Minnesota,
United States of America

* mahlon @umn.edu (MAC); falbert@umn.edu (FWA)

. Abstract

Check for Protein degradation is an essential biological process that regulates protein abundance and
uBdates removes misfolded and damaged proteins from cells. In eukaryotes, most protein degrada-
tion occurs through the stepwise actions of two functionally distinct entities, the ubiquitin
system and the proteasome. Ubiquitin system enzymes attach ubiquitin to cellular proteins,
targeting them for degradation. The proteasome then selectively binds and degrades ubiqui-
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00N 4010734 the yeast Saccharomyces cerevisiae, we built and characterized reporters that provide

high-throughput, ubiquitin system-independent measurements of proteasome activity.
Using single-cell measurements of proteasome activity from millions of genetically diverse
yeast cells, we mapped 15 loci across the genome that influence proteasomal protein degra-
dation. Twelve of these 15 loci exerted specific effects on the degradation of two distinct pro-
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differences affect the activity of the proteasome could improve our understanding of the
many traits influenced by protein degradation. However, most assays that measure pro-
teasomal protein degradation are not suitable for use in large samples or are affected by
changes in the activity of the ubiquitin system. Using yeast, we built reporters that provide
high-throughput measurements of proteasome activity independently of the ubiquitin
system. We used measurements of proteasome activity from millions of live, single cells to
identify regions of the genome with DNA variants that affect proteasomal protein degra-
dation. We identified 15 such regions, showing that proteasome activity is a genetically
complex trait. Using genome engineering, we found that one locus contained a variant in
the promoter of a proteasome subunit gene that affected the activity of the proteasome
towards multiple substrates. Our results demonstrate that individual genetic differences
shape proteasome activity and suggest that these differences may contribute to variation
in the many traits regulated by protein degradation, including gene expression, growth,
development, aging, and disease.

Introduction

Protein degradation helps maintain protein homeostasis by regulating protein abundance and
eliminating misfolded and damaged proteins from cells. The primary protein degradation
pathway in eukaryotes is the ubiquitin-proteasome system (UPS). The UPS consists of two
functionally distinct components, the ubiquitin system and the proteasome [1-4]. Ubiquitin
system enzymes target proteins for degradation by binding degradation-promoting signal
sequences (termed “degrons” [5]) and covalently attaching chains of the small protein ubiqui-
tin (Fig 1A) [2, 3, 6, 7]. The proteasome then degrades polyubiquitinated proteins using two
elements, the 19S regulatory particle and the 20S core particle [1, 8, 9]. The 19S regulatory par-
ticle selectively binds polyubiquitinated proteins [4, 10] then deubiquitinates, unfolds, and
translocates them to the 20S core particle, which degrades proteins to short peptides [11](Fig
1A). The UPS is responsible for 70-80% of intracellular protein degradation [4, 12] and influ-
ences the abundance of much of the proteome [13-15]. Therefore, UPS activity must be pre-
cisely and dynamically regulated at the levels of (1) substrate targeting by the ubiquitin system
[16-18] and (2) proteasomal protein degradation [19, 20]. Imbalances between UPS activity
and the proteolytic needs of the cell adversely impact cellular viability and are associated with
a diverse array of human diseases, including cancers, immune disorders, metabolic syndromes,
and neurodegenerative diseases [3, 20-23]. Determining the factors that create variation in
substrate targeting by the ubiquitin system and proteasomal protein degradation could thus
improve our understanding of the many traits influenced by protein degradation.

Until recently, it was largely unknown how natural genetic variation affects UPS protein
degradation. To begin to address this question, we mapped genetic influences on the N-end
Rule, a UPS pathway that recognizes degrons in protein N-termini (termed “N-degrons” [5,
24]). Our results showed that UPS activity is a genetically complex trait, shaped by variation
throughout the genome [25]. Some of the largest genetic effects on N-end rule substrates
resulted from variation in ubiquitin system genes. In particular, genes whose products process
(NTAI) and recognize N-degrons (UBRI and DOA10) and ubiquitinate substrates (UBC6)
each contained multiple causal variants that altered UPS activity, often in an N-degron-specific
manner [25]. Thus, individual genetic differences in the ubiquitin system are an important
source of substrate-specific variation in UPS protein degradation.
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Fig 1. Ubiquitin-dependent and -independent proteasomal protein degradation. A. UPS protein degradation resulting from (1) ubiquitin system targeting followed
by (2) proteasomal protein degradation. B. Proteins with ubiquitin-independent degrons are directly bound and degraded by the proteasome without ubiquitin system
targeting.

https://doi.org/10.1371/journal.pgen.1010734.g001

We do not know whether genetic effects on the proteasome are as prominent as those on
the ubiquitin system. Our understanding of how natural genetic variation influences protea-
some activity is largely limited to the clinical consequences of variation in proteasome genes.
Missense mutations in several proteasome genes that alter proteasome activity cause a spec-
trum of heritable disease phenotypes, including intellectual disability [26], lipodystrophy [27,
28], cataracts [29], recurrent fever [30], and morphological abnormalities [31]. Variation in
proteasome genes has also been linked to multiple common diseases, including myocardial
infarction [32], stroke [33], type 2 diabetes [34, 35], and cancer [36, 37]. However, these muta-
tions and polymorphisms were identified through targeted sequencing of a subset of protea-
some genes, leaving us with a biased, incomplete view of genetic influences on proteasome
activity. Genome-wide association studies have linked variation in the vicinity of proteasome
genes to a variety of organismal phenotypes [38-41]. However, these studies have neither fine-
mapped these loci to their individual causal variants nor determined whether they alter protea-
some activity.

A related question is whether variant effects on proteasome activity result in similar changes
in the degradation of distinct proteasome substrates. Variation in protein half-lives spans
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several orders of magnitude [42-44], in part as a result of proteasome-specific factors that are
independent of the ubiquitin system, such as how readily proteins are bound, unfolded, and
degraded by the proteasome. Substrate protein factors such as unstructured initiation region
length [45-47], biases in amino acid composition [48-50], where in the protein degradation is
initiated [45], and the stability of a protein’s fold [48, 51] can all alter how readily a specific
protein is degraded by the proteasome.

Proteasomes can also be assembled in multiple configurations that impart distinct affinities
for different classes of substrates. In yeast, the catalytically active 20S core particle may be
uncapped or singly or doubly capped with the 19S regulatory particle or the proteasome activa-
tor BIm10 [52]. 20S proteasomes capped with 19S regulatory particles have high affinity for
polyubiquitinated proteins [53-55]. In contrast, uncapped 20S proteasomes preferentially
degrade unfolded or intrinsically disordered substrates that have not been ubiquitinated [56-
58]. Blm10-capped 20S proteasomes preferentially degrade short peptides, rather than proteins
[59-61]. Genetic effects on the composition of the “proteasome pool” [62] could, therefore,
create substrate-specific changes in protein degradation.

Technical challenges have precluded a more systematic understanding of the genetics of
proteasomal protein degradation. The effects of natural DNA polymorphisms are often subtle,
necessitating large sample sizes for detection. Statistically powerful genetic mapping of cellular
traits such as proteasome activity requires assays that can provide quantitative measurements
from thousands of individuals [63]. At this scale, in vitro biochemical assays of proteasome
activity are impractical. Several synthetic reporter systems can measure UPS activity in vivo
with high throughput [64-66]. However, the output of these reporters reflects the activities of
both the ubiquitin system and the proteasome, potentially hindering detection of variants that
specifically affect the proteasome. In particular, QTLs often span dozens of genes and report
the composite signal of multiple linked variants. As a result, the effect of a causal variant may
not be reflected in a QTL if its effect direction is opposite one or more additional causal vari-
ants with larger effects. Multiple lines of evidence suggest that QTL regions often contain mul-
tiple causal variants [7, 25, 67, 68]. In our previous work, four QTL regions we fine-mapped to
causal ubiquitin system genes each contained multiple causal variants and were, along with
QTLs containing HAPI and MKT1, the most frequently detected and largest effect size QTLs
for the N-end Rule [25]. This suggests that variant effects on the ubiquitin system could mask
or obscure specific effects on the proteasome when mapping with UPS activity reporters.
Therefore, approaches that can directly and specifically measure proteasome activity are
needed to understand the genetics of this trait.

The proteasome degrades a handful of endogenous cellular proteins without ubiquitination,
providing a means of directly measuring proteasome activity independently of the ubiquitin
system (Fig 1B). These proteins contain ubiquitin-independent degrons, short peptides that
promote rapid proteasomal degradation without ubiquitination [69-73]. Ubiquitin-indepen-
dent degrons simultaneously function as proteasome recognition elements that engage the 19S
regulatory particle and unstructured initiation regions for 20S core particle degradation (Fig
1B) [70, 72-77]. The degradation-promoting effect of these peptides is transferable; conjugat-
ing a ubiquitin-independent degron to a heterologous protein converts it to a short-lived, ubi-
quitin-independent proteasome substrate [72, 73, 75, 77, 78]. This property has been leveraged
to create genetically encoded, high-throughput reporters of proteasome activity whose readout
is independent of ubiquitin system activity [70, 78, 79].

Here, we combined ubiquitin-independent degron-based proteasome activity reporters
with our recently developed, statistically powerful mapping strategy to study the genetics of
proteasome activity in the yeast S. cerevisiae. Our results reveal a polygenic genetic architecture
of proteasome activity that is characterized by a high degree of substrate specificity. One locus
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contained a causal variant that increased the expression of RPT6, a proteasome 19S subunit
gene, while other regions contained candidate causal genes with no known links to UPS pro-
tein degradation. Our results show that individual genetic differences are an important source
of variation in proteasome activity that may contribute to the complex genetic basis of the
many cellular and organismal traits influenced by protein degradation.

Results
Single-cell measurements reveal heritable variation in proteasome activity

We sought to develop a reporter system capable of measuring proteasome activity indepen-
dently of the ubiquitin system in vivo with high throughput and quantitative precision. To do
so, we built a series of tandem fluorescent timers (TFTs), fusions of two fluorescent proteins
with distinct spectral profiles and maturation kinetics [80, 81]. Our TFTs contained the faster-
maturing green fluorescent protein (GFP) superfolder GFP [82] (sfGFP) and the slower-
maturing red fluorescent protein (RFP) mCherry [83] (Fig 2A). The two fluorophores in the
TFT mature at different rates and, as a result, the RFP / GFP ratio changes over time. If the
TFT’s degradation rate is faster than the RFP’s maturation rate, the TFT’s output, expressed as
the —log, RFP / GFP ratio, is directly proportional to its degradation rate (Fig 2B). The sfGFP /
mCherry TFT can measure the degradation of substrates with half-lives ranging from several
minutes to several hours [84], making it an ideal reporter system for studying short-lived pro-
teasomal substrates. The TFT’s output is also independent of the construct’s expression level
[84], making it possible to use TFTs in genetically diverse cell populations without confound-
ing from genetic influences on reporter expression, which are expected in a genetically diverse
cell population [14, 25, 84-87].

To relate the TFT’s output to proteasome activity, we fused the ubiquitin-independent
degrons from the mouse ornithine decarboxylase (ODC) and yeast Rpn4 proteins to our TFT's
(Fig 2C). When expressed in yeast, the mouse ODC degron is recognized, bound, and
degraded by the proteasome [69, 75, 78]. This property has previously been used to measure
proteasome activity in vivo in yeast cells [88]. We fused amino acids 410 through 461 of mouse
ODC to the TFT’s C-terminus, consistent with the sequence requirements of the ODC degron
[70], to create the ODC TFT (Fig 2C). The Rpn4 protein contains a ubiquitin-independent
degron in amino acids 1 to 80 [72, 73]. We fused this sequence to the TFT’s N-terminus to cre-
ate the Rpn4 TFT (Fig 2C). We reasoned that the distinct degron positions (C- and N-termi-
nal), sequences, recognition mechanisms, and inferred 19S regulatory particle receptors [70,
72, 89] would allow us to identify potential substrate-specific genetic effects on proteasome
activity.

We characterized the ODC and Rpn4 TFTs in live, single cells by flow cytometry. We first
evaluated the sensitivity of each TFT by comparing each TFT’s output in the BY laboratory
strain and a BY strain lacking the RPN4 gene (hereafter “BY rpn4A”). RPN4 encodes a tran-
scription factor for proteasome genes and deleting RPN4 reduces proteasome activity [71, 76,
90]. Deleting RPN4 strongly reduced the output from the ODC and Rpn4 TFTs in BY rpn4A
(mean difference versus BY = 1.71 and 0.53, respectively; t-test p = 1.4e-6 and 1.6e-13, respec-
tively; Fig 2D and 2E), showing that our TFTs provide sensitive in vivo measurements of pro-
teasome activity. Consistent with previous reports [74, 77, 78], in the BY strain the ODC TFT
was more rapidly degraded than the Rpn4 TFT (mean difference = 1.05; t-test p = 6.9e-10; Fig
2D and 2E). Taken together, our results show that our TFT's provide quantitative, substrate-
specific, in vivo readouts of proteasome activity.

To understand how natural genetic variation affects proteasome activity, we measured the
output of the ODC and Rpn4 TFTs in two Saccharomyces cerevisiae strains. We compared BY,
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Fig 2. Design and characterization of proteasome activity reporters. A. Schematic of the production and maturation
of a TFT. B. A bar plot created with simulated data showing how differences in a TFT’s degradation rate influence the
reporter’s RFP and GFP levels, as well as the -log, RFP / GFP ratio. C. Diagram of mouse ODC and yeast Rpn4
showing the location of each protein’s ubiquitin-independent degron. “AZB” = antizyme binding site, “AS” = active
site, “AD” = transcriptional activation domain, “C,H,” = C,H, zinc finger DNA binding domain. D. Density plots of
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proteasome activity from 10,000 cells for each of 8 independent biological replicates per strain per reporter for the
indicated strains and TFTs. Thin, opaque lines show individual biological replicates and thicker, transparent lines
show the group average for the indicated strains. E. The median from each biological replicate in D. is plotted as a
stripchart. t-test p-values are shown for the indicated strain versus BY.

https://doi.org/10.1371/journal.pgen.1010734.g002

which is closely related to the S288C reference strain, and the genetically divergent vineyard
strain, RM, whose genome differs from BY at an average of 1 out of every 200 base pairs [91].
The RM strain showed higher proteasome activity towards the ODC and Rpn4 TFTs than BY
(mean difference = 0.23 and 0.35, respectively; t-test p = 1.9¢-4 and 1.2e-8, respectively; Fig 2D
and 2E). We observed a significant interaction between strain background and proteasome
substrate such that the magnitude of the BY / RM strain difference was greater for the Rpn4
TFT than the ODC TFT (two-way ANOVA interaction p = 0.013). Together, these results
show that individual genetic differences create heritable, substrate-specific variation in protea-
some activity.

Bulk segregant analysis identifies complex, polygenic influences on
proteasome activity

To map genetic influences on proteasome activity, we used our ODC and Rpn4 TFTs to per-
form bulk segregant analysis, a statistically powerful genetic mapping method that compares
large numbers of individuals with extreme values for a trait of interest selected from a geneti-
cally diverse population [25, 86, 87, 92, 93]. In our implementation, the method identifies
quantitative trait loci (QTLs), regions of the genome with one or more DNA variants that
influence a trait, for proteasome activity. We created genetically diverse cell populations by
mating BY strains harboring either the ODC or Rpn4 TFT with RM and sporulating the result-
ing diploids (Fig 3A). Using the resulting populations of haploid, genetically recombined prog-
eny, we collected pools of 20,000 cells from the 2% tails of the proteasome activity distribution
using fluorescence-activated cell sorting (FACS) (Fig 3B-3E). We then whole-genome
sequenced each pool to determine the allele frequency difference between the high and low
proteasome activity pools at each BY / RM DNA variant. At QTLs affecting proteasome activ-
ity, the allele frequencies will be significantly different between pools, while at unlinked loci
the allele frequencies will be the same. We called significant QTLs using a logarithm of the
odds (LOD) threshold previously determined to produce a 0.5% false discovery rate for TFT-
based genetic mapping [25] (see “Materials and methods”) and retained only QTLs detected at
genome-wide significance in both of two independent biological replicates. We determined
the direction of QTL effects by computing the difference in RM allele frequency between the
high and low proteasome activity pools at each QTL peak position. When this value is positive,
the RM allele of the QTL results in higher proteasome activity, while negative values indicate
QTLs where the RM allele decreases proteasome activity. We identified 11 QTLs for the ODC
TFT and 7 QTLs for the Rpn4 TFT (Fig 4, Tables 1 and S1). For the ODC TFT, the RM allele
increased proteasome activity for 6 of 11 QTLs, while for the Rpn4 TFT, the RM allele
increased proteasome activity for 2 of 7 QTLs. The distribution of proteasome activity QTL
effect sizes, as reflected by the allele frequency difference between pools, was continuous and
consisted predominantly of QTLs with small effects (Fig 4, Tables 1 and S1). Together, our
mapping results demonstrate that proteasome activity is a polygenic trait, shaped by variation
throughout the genome.
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Fig 3. Mapping genetic influences on proteasome activity using bulk segregant analysis. A. Schematic of the experimental approach. B. / C. Proteasome activity
distributions for the ODC TFT (B.) and Rpn4 TFT (C.). Vertical lines show the gates used to collect cells with extreme high or low proteasome activity. D. / E. Backplot
of cells collected using the gates in B. / C. onto a scatter plot of GFP and RFP for the ODC (D.) and Rpn4 (E.) TFTs.

https://doi.org/10.1371/journal.pgen.1010734.9003

Genetic influences on proteasome activity are predominantly substrate-
specific

To study substrate specificity in the genetic architecture of proteasome activity, we evaluated
the overlap in the sets of QTLs obtained with the ODC and Rpn4 TFTs. We defined overlap-
ping QTLs as those whose peaks were within 100 kb of each other and that had the same direc-
tion of effect. We then calculated the overlap fraction for the two sets of QTLs by dividing the
number of overlapping QTLs by the number of overlapping QTLs plus the non-overlapping
QTLs for each reporter. Only three proteasome activity QTLs, V, VIIA, and XII, overlapped
between the sets of QTLs detected with the ODC and Rpn4 TFTs (overlap fraction = 0.2, Fig 4,
Tables 1 and S1), suggesting a high degree of substrate specificity.

To put this result in context, we examined overlap among our previously-described UPS N-
end Rule activity QTLs [25]. The N-end Rule is divided into two primary branches based on
how N-degrons are generated and recognized [94-97]. Based on the molecular mechanisms of
Arg/N-degron processing and recognition, we hypothesized that QTLs affecting Arg/N-
degrons would have predominantly substrate-specific effects. For example, 2 of 12 Arg/N-
degrons require deamidation by Ntal [97] and 4 of 12 Arg/N-degrons require arginylation by
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Fig 4. Proteasome activity QTLs detected with the ODC and Rpn4 TFTs. A. The line plot shows the loess-smoothed allele frequency difference between the high
and low proteasome activity pools across the S. cerevisiae genome for each of two independent biological replicates per reporter. Asterisks denote QTLs, which are
allele frequency differences exceeding an empirically-derived LOD score significance threshold (indicated in B.) in each of two independent biological replicates for a
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asterisks denote QTLs detected with both TFTs with the same direction of effect, which are termed “overlapping QTLs”. B. As in A., but for the LOD score for
proteasome activity QTLs. The red horizontal line denotes the LOD score significance threshold used to call QTLs at a 0.5% FDR.

https://doi.org/10.1371/journal.pgen.1010734.9004

Atel [98]. QTLs affecting Ntal or Atel would, therefore, be expected to influence, at most,
17% and 33% of Arg/N-degrons. Similarly, the E3 ligase Ubr1 has multiple binding sites and
QTLs affecting these sites or their allosteric regulation [99] would also be expected to affect
only a subset of Arg/N-degrons [25]. In contrast, Doal0, the E3 ligase for Ac/N-degrons, has a
single RING-CH-type finger domain that has not been shown to differentially target distinct
Ac/N-degrons. Similarly, the NatA complex acetylates 4 of 8 Ac/N-degrons [100], suggesting a
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Table 1. Proteasome activity QTLs detected with the ODC and Rpn4 TFTs. The table lists all detected QTLs, sorted first by reporter, then by chromosome. Lowercase
letters following chromosome numbers are used to distinguish QTLs on the same chromosome. “LOD?, logarithm of the odds; “AFD”, RM allele frequency difference
(high proteasome activity pool minus low proteasome activity pool) at the QTL peak position. “Peak Position”, “Left Index”, and “Right Index” refer to base pair positions
on the indicated chromosome. Each number is the average value calculated from two independent biological replicates for a given QTL.

Reporter Chromosome LOD AFD Peak Position Left Index Right Index
ODC TFT IIa 9.76 0.10 69800 32850 107100
ODC TFT IIb 7.13 -0.12 418100 358850 462650
ODC TFT IVa 5.64 -0.10 85150 30400 127400
ODC TFT \Y% 12.83 -0.15 291350 247700 325650
ODC TFT VIla 8.14 -0.15 20000 0 52800
ODC TFT VIIb 28.74 0.23 409000 390050 431700
ODC TFT X 16.36 0.18 666850 649350 691550
ODC TFT XII 8.13 0.11 768150 666200 846700
ODC TFT XIIIa 18.96 0.19 47800 25200 75850
ODC TFT XIIIb 7.96 0.13 410900 377350 450100
ODC TFT XIVa 8.81 -0.11 441750 381400 501600
Rpn4 TFT IVb 12.64 -0.13 240600 213200 309150
Rpn4 TFT \% 10.09 -0.13 259650 218250 294900
Rpn4 TFT VIla 10.21 -0.15 88550 53550 141350
Rpn4 TFT VIlc 6.80 -0.11 882500 840650 926150
Rpn4 TFT XII 40.11 0.23 672850 661800 685750
Rpn4 TFT XIVb 16.58 0.15 544150 497300 574600
Rpn4 TFT XV 30.00 -0.22 167400 142600 186200

https://doi.org/10.1371/journal.pgen.1010734.t001

potentially higher rate of QTL sharing for Ac/N-degrons compared to Arg/N-degrons. Consis-
tent with these predictions, we previously showed that variation at NTAI and UBRI differen-
tially affects Arg/N-degrons, while variation at DOA10 and the Ac/N-degron E2 ubiquitin-
conjugating enzyme UBC6 affects Ac/N-degrons similarly [25]. To test if the distinct patterns
of substrate specificity we observed in these specific examples extend to the full sets of QTLs
detected for Arg/N-degrons and Ac/N-degrons, we computed the QTL overlap fraction
among all pairs of Arg/N-degrons or Ac/N-degrons with at least 7 QTLs (to match the mini-
mum number of TFT QTLs detected with an individual proteasome activity reporter) using
the QTL overlap criteria above. QTLs for Ac/N-degrons overlapped across multiple reporters
(median overlap fraction = 0.54; Fig 5A), while Arg/N-degron QTLs were more substrate spe-
cific (median overlap fraction = 0.21; Fig 5A). The distributions of overlap fractions for Arg/
N-degrons and Ac/N-degrons were highly distinct (Fig 5A), making them an ideal reference to
gauge the substrate-specificity of proteasome activity QTLs.

The overlap fraction for the two sets of proteasome activity QTLs (0.2) was close to the
median overlap for Arg/N-degrons (0.21, Fig 5A). Thus, genetic influences on proteasome
activity are as substrate-specific as those on N-degrons that are engaged by a broad variety of
molecular mechanisms in the ubiquitin system [94]. Overlap among the two sets of protea-
some activity QTLs was considerably lower than that for Ac/N-degrons (Fig 5A). Crucially,
the current proteasome and previous N-end Rule QTLs were detected with a similar experi-
mental design with similarly high statistical power. Therefore, these comparisons across data-
sets provide an estimate of substrate specificity that is immune to potential inflation from
QTLs that truly affect multiple substrates but may appear to be substrate-specific because they
happened to be detected with only one or a few reporters. The chromosome XIVa and XIVb
QTLs, which occur at similar positions but have opposing effects on the degradation of the
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Rpn4 and ODC TFTs (Fig 4A), provide further evidence that genetic effects on proteasome

activity are highly substrate-specific.

Effects of proteasome activity QTLs on the UPS N-end rule

We previously showed that four QTLs affecting the degradation of N-end Rule substrates con-
tained causal variants in ubiquitin system genes [25]. As expected, these QTLs did not meet

our criteria for overlap with any proteasome activity QTLs (S2 Table). However, many N-end
Rule QTLs did not contain ubiquitin system genes, suggesting that they may result from
genetic effects on processes unrelated to ubiquitin system targeting. To understand whether
variation in N-end Rule activity could be explained by genetic effects on proteasome activity,

we examined the overlap between the proteasome activity QTLs identified here and our previ-
ously-identified N-end Rule QTLs [25]. The set of N-end Rule QTLs comprises 149 QTLs
detected with the 20 possible N-degron TFTs. However, many N-end Rule QTLs detected with
distinct reporters overlap. To account for this, we applied our criteria for QTL overlap, which
reduced the 149 N-end Rule QTLs detected with multiple reporters to 35 distinct, non-over-
lapping QTL regions. Eleven proteasome activity QTLs overlapped one of these 35 N-end Rule
QTL regions (31%), suggesting that genetic effects on proteasome activity play a prominent
role in shaping the activity of the UPS N-end Rule (Fig 5B).
Conversely, 4 of 15 proteasome activity QTLs did not overlap any N-end Rule QTLs, dem-
onstrating that genetic variation can specifically alter the turnover of ubiquitin-independent
proteasome substrates (Fig 5B). In particular, the chromosome V QTL altered the degradation
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of both the ODC and Rpn4 TFTs, but no N-end Rule TFT's (Fig 5). These results suggest that
multiple mechanisms can independently influence ubiquitin-independent versus ubiquitin-
dependent proteasomal protein degradation.

Overlapping proteasome activity and N-end rule QTLs identify candidate
causal genes for proteasome activity

QTLs often span large intervals, complicating efforts to identify the underlying causal genes
and variants. We reasoned that we could use overlapping proteasome activity and N-end Rule
QTLs to more precisely estimate QTL peak positions and nominate candidate causal genes. To
this end, we computed the overlaps between the sets of proteasome activity QTLs and N-end
rule QTLs and used this information to identify candidate causal genes (Fig 5B). Two protea-
some activity QTLs that were also detected with multiple N-degron TFT's occurred in genomic
regions harboring variation that affects a multitude of traits in the BY / RM cross. The chromo-
some XIVa QTL was detected with the ODC TFT, 6 Arg/N-degron TFTs, and 2 Ac/N-degron
TFTs (Fig 5B). The QTL’s average peak position at base pair 462,767 was located approxi-
mately 4.5 kb from the MKT1I gene. MKT1 encodes a multifunctional RNA binding protein
involved in 3> UTR-mediated RNA regulation [101, 102] and variation at MKT1I affects multi-
ple organismal traits in yeast, including sporulation efficiency and growth [103, 104]. The
MKT1 locus also occurs in a gene expression QTL “hotspot” that influences the expression of
thousands of genes [85, 86] in the BY / RM cross. The chromosome XV QTL was detected
with the Rpn4 TFT, 7 Arg/N-degron TFTs, and 1 Ac/N-degron TFT (Fig 5B). This set of QTL
peaks clustered tightly at the average peak position of base pair 164,256. This position is
approximately 7 kb away from IRA2, which encodes a negative regulator of RAS signaling
[105]. Variation in IRA2 affects the expression of thousands of genes in this cross of strains
[106] via multiple causal variants that interact epistatically [67]. The QTL intervals for the
chromosome XIVa and XV QTLs do not contain any genes encoding proteasome subunits or
proteasome assembly factors. Therefore, the QTLs at MKTI and IRA2 illustrate that some
genetic effects on proteasome activity likely result from complex, indirect molecular mecha-
nisms involving altered gene expression.

The chromosome VIIb QTL detected with the ODC TFT had the highest number of over-
lapping N-end rule QTLs, with QTLs detected in the same region with 4 Arg/N-degron and 7
Ac/N-degron TFTs (Fig 5B). The high number of overlapping N-end Rule QTLs for both Arg/
N-degrons and Ac/N-degrons suggested that this QTL contained variation that broadly affects
UPS protein degradation. The average chromosome VIIb QTL peak position at base pair
411,250 is within the RPT6 open reading frame. RPT6 encodes a subunit of the proteasome’s
19S regulatory particle, suggesting that this QTL influences proteasome activity via direct
effects on a proteasome subunit.

Proteasome activity is shaped by a causal variant in the RPT6 promoter

We selected the chromosome VIIb QTL for further experimental dissection. There are no mis-
sense RPT6 variants between BY and RM. However, a single non-coding variant occurs at base
pair 411,461 (Fig 6A) in an intergenic region between RPT6 and the adjacent ALG13, which
encodes an enzyme involved in oligosaccharide biosynthesis. We hypothesized that this inter-
genic variant (hereafter, “RPT6 -175”) was the causal nucleotide for the chromosome VIIb
QTL.

To test the effect of RPT6 -175 on proteasome activity, we used CRISPR-Cas9 to create BY
strains with either the BY or RM alleles at RPT6 -175. We tested the effect of the RPT6 -175
RM allele on the ODC and Rpn4 TFTs, as well as a subset of Ac/N-degron and Arg/N-degron
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https://doi.org/10.1371/journal.pgen.1010734.9006
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reporters with which the chromosome VIIb QTL was also detected. The RPT6 -175 RM allele
significantly increased proteasome activity towards the ODC TFT as compared to the BY
RPTG6 -175 allele (mean difference = 0.79; p = 2.8e-6; Fig 6B), but did not increase proteasome
activity towards the Rpn4 TFT (mean difference = 0.17; p = 0.42; Fig 6B). Among the tested N-
degrons, the RPT6 -175 RM allele significantly increased the degradation of the proline, serine,
and threonine Ac/N-degron TFTs (mean difference = 0.44, 0.37, and 0.72, respectively;
p=0.021, 1.1e-3, and 4.9e-5, respectively), while its effect on the degradation of the tryptophan
Arg/N-degron was not statistically significant (mean difference = 0.26; p = 0.062; Fig 6B).

We hypothesized that the RM allele of RPT6 -175 increases proteasome activity by increas-
ing RPT6 expression. Increasing the expression of individual proteasome subunits is a well-
established means of increasing proteasome activity [107-110]. In particular, increasing RPT6
expression in human cells increases proteasome activity [110] and the turnover of proteasome
substrates [111]. To understand the effect of the RPT6 -175 RM allele on Rpt6 levels, we cre-
ated yeast strains with the BY or RM allele at RPT6 -175 and added an N-terminal tag encoding
the green fluorescent protein mNeon to the chromosomal RPT6 locus. Because RPT6 -175
occurs in an intergenic region with putative promoters for RPT6 and the divergently oriented
ALG13 (Fig 6A), we also created strains expressing an N-terminally mNeon-tagged Algl3 with
the BY or RM allele at RPT6 -175. We then used flow cytometry to measure Rpt6 and Alg13
expression. The RPT6 -175 RM allele significantly increased Rpt6 abundance (median log,
fold change = 0.12; p = 6.4e-4; Fig 6C), but did not affect Algl3 abundance (median log, fold
change = -0.01; p = 0.61; Fig 6D). Therefore, RPT6 -175 likely increases proteasome activity by
increasing RPT6 expression.

To better understand how RPT6 expression levels influence proteasomal protein degrada-
tion, we measured how plasmid-based overexpression of RPT6 affected proteasome activity.
We created plasmids containing RPT6 expressed from its native promoter or the strong, con-
stitutively active ACT1 promoter. To measure RPT6’s expression level, we created yeast strains
in which both the plasmid and chromosomal copy of RPT6 was tagged with mNeon and mea-
sured each gene’s abundance using flow cytometry. As expected, plasmid-based overexpres-
sion RPT6 led to a significant increase in RPT6 expression compared to strains with an
otherwise identical empty vector lacking the extra gene copy (fold change over empty vec-
tor = 1.55; p = 1.7e-16; Fig 7A and 7B). Likewise, overexpressing RPT6 from the ACT1 pro-
moter led to significant increases in the levels of Rpt6 above either strains with an empty
vector or the native promoter overexpression plasmid (fold changes over empty vector and
RPT6 promoter = 3.47 and 2.09, respectively; p = 1.6e-25 and 4.8e-19, respectively; Fig 7A and
7B). Together with our RPT6 -175 edited strains, these plasmid overexpression strains thus
allowed us to determine how Rpt6 abundance influences proteasome activity across a wide
range of expression levels.

To measure the effect of RPT6 overexpression on proteasome activity, we created plasmids
to overexpress RPT6 from its native promoter or the ACT1 promoter, but without an mNeon
tag. We built strains harboring one of these plasmids or an empty vector control plasmid as
well as either the genomically-integrated ODC or Thr N-degron TFT and measured the degra-
dation of each TFT by flow cytometry. Increasing RPT6 expression either via the native RPT6
or the ACTI promoter increased the degradation of both the ODC (mean difference = 1.14
and 0.83, respectively; p = 3.9e-7 and 1.8e-4; Fig 7A) and Thr N-degron TFT's (mean differ-
ence = 0.94 and 1.11, respectively; p = 7.7e-6 and 7.3e-7, respectively; Fig 7A), further suggest-
ing that the effect of the causal RPT6 -175 variant results from its effects on RPT6 expression.
The causal variant’s effect on RPT6 expression is small, even in the context of natural variants
[68]. This raises the possibility that we may not have detected true RPT6 -175 effects on the
Rpn4 and Trp N-degron TFTs (Fig 6B) due to incomplete statistical power. Nevertheless, our
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https://doi.org/10.1371/journal.pgen.1010734.9007

results further establish that increasing the expression of individual proteasome subunits gen-
erally and increasing Rpt6 specifically is sufficient to increase proteasome activity.

Interestingly, the significant increase in Rpt6 levels resulting from a second copy of RPT6
driven by the ACT1 versus RPT6 promoter did not further enhance the degradation of either
the ODC or Thr TFTs (mean difference = 0.31 and -0.17; p = 0.14 and 0.53, respectively; Fig
7B). Thus, by using multiple levels of RPT6 overexpression, we have revealed limits to the
extent to which increasing RPT6 expression can drive increased proteasome activity.

To better understand the molecular properties, evolutionary history, and population char-
acteristics of RPT6 -175, we performed several additional analyses. To understand how RPT6
-175 might increase RPT6 expression, we scanned the RPT6 promoter with either the BY or
RM allele at RPT6 -175 for putative transcription factor binding motifs. The RPT6 promoter
containing the RM, but not BY, allele at RPT6 -175 contains a putative binding site for Yap1
(Fig 8A). Yapl is a stress-associated transcription factor that indirectly increases proteasome
activity during cellular stress, in part, by increasing expression of the proteasome gene tran-
scription factor RPN4 [112-114]. A multi-species alignment of the RPT6 promoter, showed
that the RPT6 -175 BY allele is highly conserved among yeast species (Fig 8B). The BY allele is
also present in the ancestral Taiwanese S. cerevisige isolate, further indicating that the RPT6
-175 RM allele is derived. We then examined RPT6 -175 allelic status in a global panel of 1,011
S. cerevisiae isolates [115] to better understand its population characteristics and evolutionary
origin. Across all strains, the RPT6 -175 RM allele has a 33.7% population frequency (Fig 8C).
However, among the “Wine / European” clade that contains RM, the RPT6 -175 RM allele has
a population frequency of 91.6% (Fig 8C). No other clades have a comparably high RPT6 -175
RM allele frequency (Fig 8C). Thus, a derived variant whose ancestral allele is highly conserved
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across yeast species can increase proteasome function, a result that stands in contrast to the
often-deleterious consequences of new mutations.

Discussion

Much of the proteome undergoes regulated turnover via proteasomal protein degradation
[13-15]. Proteasome activity is thus a critical determinant of the abundance of individual pro-
teins and, by extension, the functional state of the cell. Physiological variation in proteasome
activity enables cells to adapt to changing internal and external environments, such as during
cellular stress [107, 116, 117], while pathological variation in proteasome activity is linked to a
diverse array of human diseases [3, 20, 23, 118]. However, a full understanding of the factors
that determine proteasome activity has remained elusive. In particular, the challenges of mea-
suring proteasomal protein degradation in large samples has limited our understanding of the
genetics of proteasome activity. By combining high-throughput proteasome activity reporters
with a statistically powerful genetic mapping method, we have established individual genetic
differences as an important source of variation in proteasome activity. Our results add to the
emerging picture of the complex effects of genetic variation on protein degradation, which
include widespread effects on the activity of the ubiquitin system [25] and, as we show here,
the proteasome.

This work provides several new insights into how individual genetic differences shape the
activity of the proteasome. Previous studies identified rare mutations in proteasome genes as
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the cause of a variety of monogenic disorders [27-29, 31, 118, 119]. However, it was unclear to
what extent these mutations are representative of genetic effects on proteasome activity. Our
results suggest that disease-causing mutations and disease-linked polymorphisms with large
effects on proteasome activity represent one extreme of a continuous distribution of variant
effects. Aberrant proteasome activity is a hallmark of numerous common human diseases [3,
20, 23]. Our results raise the possibility that the risk for these diseases may be subtly influenced
by common variants that create heritable variation in proteasome activity. Our unbiased,
genome-wide genetic mapping also identified QTLs containing no genes with previously-
established connections to the regulation of proteasome activity. In particular, the chromo-
some XIVa and XV QTLs do not contain any genes encoding proteasome genes or proteasome
assembly factors. Instead, the peaks of these QTLs occur near MKT1 and IRA2, which encode
an RNA-binding protein and a RAS signaling regulator respectively, further highlighting the
complexity of genetic effects on proteasome activity and providing support for recent models
of the genetics of complex traits, which emphasize the predominant role of weak, indirect
trans-acting effects [120].

The proteasome activity QTLs we have identified add new insight into how genetic varia-
tion shapes the molecular effectors of cellular protein degradation. We recently mapped the
genetics of the UPS N-end rule pathway and discovered multiple DNA variants that alter the
activity of four functionally distinct components of the ubiquitin system [25]. Here, we extend
this result by showing that genetic variation also shapes protein degradation through effects on
the proteasome. Although many stimuli, such as protein misfolding or heat shock, cause coor-
dinated changes in the activity of the ubiquitin system and the proteasome, recent work shows
that these two systems can also be regulated independently and function autonomously of one
another [19, 121]. For example, ubiquitination can initiate events besides proteasomal protein
degradation, including lysosomal protein degradation, altered protein subcellular localization,
and signaling cascade activation [121-123]. Likewise, a number of cellular proteins are bound
and degraded by the proteasome without modification by the ubiquitin system [74]. Thus, pre-
dicting how genetic variation shapes the turnover of individual proteins will require consider-
ation of genetic effects on both the ubiquitin system and the proteasome.

Our work further establishes the highly substrate-specific effects of natural genetic variation
on protein degradation. This substrate specificity likely results from diverse mechanisms
involving both direct and indirect effects on each step in the cascade of molecular events in
UPS protein degradation, from substrate targeting by the ubiquitin system to proteasomal pro-
tein degradation. Our previous work [25] revealed that causal variants in ubiquitin system
genes create direct, substrate-specific effects on UPS protein degradation by altering the
sequence or expression of ubiquitin system genes whose products process, recognize, and ubi-
quitinate distinct sets of UPS substrates. We find a similarly high degree of substrate specificity
among the set of proteasome activity QTLs (Figs 4 and 5), raising the question of how direct
and indirect genetic mechanisms cause substrate-specific effects on the proteasome. Direct
effects on the proteasome could arise through effects on substrate selection by the protea-
some’s 19S regulatory particle. Efficient degradation of the proteasome substrates tested here
and in our previous study [25] require the proteasome’s 19S regulatory particle [72, 124],
which contains multiple substrate receptors. The Rpn4 degron is not bound by the canonical
19S receptors for polyubiquitin chains, Rpn10 [125] and Rpn13 [126], but instead is bound by
Rpn2 and Rpn5 [72]. Genetic variation affecting 19S receptor abundance, affinity, or activity
could therefore create direct, substrate-specific effects on the proteasome.

However, we think it is likely that many substrate-specific variant effects on protein degra-
dation arise through indirect mechanisms. As an example, we mapped proteasome activity
QTLs containing MKT1 and IRA2, regions of the genome known to contain variation that
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affects the expression of thousands of genes, including numerous UPS genes, in this cross of
yeast strains [85, 87, 127-129]. Understanding how such highly pleiotropic QTL regions shape
protein degradation is a difficult, but important challenge for future studies, particularly for
understanding how genetic effects on protein degradation contribute to organismal traits,
such as health, aging, and disease, traits that are likely shaped by the collective effects of many
variants with small, indirect effects.

Based on the high degree of substrate specificity in the ubiquitin system and the proteasome
[13, 14], we anticipate that the degradation of individual proteins will also be shaped by genetic
effects that are highly substrate-specific. Understanding how natural genetic variation affects
the proteome through effects on the degradation of individual proteins will thus require
reporters that can sensitively measure the degradation of proteins with half-lives ranging from
several minutes to several hours [42, 43]. The mCherry / sfGFP TFT is well-suited to this pur-
pose. Previous studies have shown that this TFT should be capable of measuring the degrada-
tion of approximately 80% of yeast proteins based on their half-lives [84] and assuming the
protein tolerates the TFT tag. Recently, a genome-wide TFT tagging approach successfully
used the mCherry / sfGFP timer to measure the turnover of approximately 70% (around 4,000
proteins) of the yeast proteome [130], suggesting that degradation QTLs for most proteins
could be mapped using this reporter. TFTs with red fluorescent proteins that mature over lon-
ger time scales, such as mRuby [131] or dsRed [132], could be used to measure the degradation
of longer-lived proteins [84].

We identified QTLs for proteasome activity using bulk segregant analysis, an approach that
has previously been used to characterize the genetic basis of variation in a host of molecular,
cellular, and organismal traits [87, 91-93, 133]. By assaying large numbers of individuals, bulk
segregant analysis provides high statistical power to detect variant effects on a trait [91, 92].
Here, we used high-throughput reporters to measure proteasome activity in millions of recom-
binant progeny from a cross of the BY and RM S. cerevisiae strains, which allowed us to repro-
ducibly identify proteasome activity QTLs. Moreover, bulk segregant analysis is efficient in
terms of time, labor, and resources as compared to linkage or association mapping. In particu-
lar, by generating two “bulks” with extreme phenotypes, we could detect proteasome activity
QTLs through pooled whole-genome sequencing, rather than genotyping individual meiotic
progeny. However, the choice of bulk segregant analysis also involves limitations that arise
from using pooled whole-genome sequencing. Because we do not ascertain the genotypes of
individual meiotic progeny, we cannot readily estimate the heritability of proteasome activity
or the variance explained by the QTLs we detect. For the same reason, we are unable to detect
genetic interactions between loci. Recent advances [134] could enable efficient, statistically
powerful mapping of proteasome activity using individual meiotic progeny in future studies,
which would address these limitations.

Using CRISPR-Cas9 based allelic engineering, we resolved a QTL on chromosome VII to a
noncoding causal nucleotide that increases RPT6 expression. Our results are consistent with
previous studies in human cells, where overexpressing RPT6 results in large increases in pro-
teasome activity [110] and the turnover of proteasomal substrates [111]. Here, we observe sim-
ilar effects by overexpressing RPT6 in yeast, adding to a growing body of evidence that has
established increasing proteasome subunit expression as a robust mechanism for increasing
proteasome activity. In yeast, overexpression of the SCLI gene, which encodes the al 20S core
particle, also increases proteasome activity and promotes resistance to cellular stress [107]. In
D. melanogaster, overexpression of the DMEI gene, which encodes the 35 subunit of the 20S
core particle, increases proteasome activity and extends lifespan [135]. Similar effects occur in
C. elegans, where overexpression of PBS-5, which encodes the 85 subunit [136], and the 19S
subunit encoding RPN-6 [137] each increase proteasome activity and promote resistance to
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cellular stressors. In human cells, overexpression of 5 of 6 Rpt subunits (Rpt1-4 and Rpt6) of
the 19S regulatory particle, PSMA4, which encodes the o4 subunit of the 20S core particle, and
PSMD11, which encodes the 19S subunit Rpn2, all increase proteasome activity [108-110].

While increasing proteasome subunit expression is thus an established means of increasing
proteasome activity, the mechanism(s) of this effect are not well-understood. They may
involve coordinated increases in the expression of additional proteasome genes or enhanced
proteasome assembly. In the case of RPT6, one possibility is that increasing expression levels
increases the number of 19S regulatory particles and, in turn, the fraction of 26S proteasomes.
The proteasome pool comprises uncapped 20S core particle and 20S singly or doubly capped
with 19S regulatory particles (“26S proteasomes”) or other proteasome activators such as
Blm10. Estimates of the fraction of uncapped 20S proteasomes in the proteasome pool vary
across species and cell types, but are generally no less than 30% [58, 62, 138, 139], suggesting
that a large fraction of the proteasome pool could be converted to 26S proteasomes. Moreover,
the 268 fraction is dynamic and responsive to changes in 19S subunit expression. For example,
in human cells, decreasing the expression of either of the 19S subunits Rpt6 and Rpn2 reduces
the fraction of 26S proteasomes [140]. Current models of proteasome assembly posit that the
20S core particle can serve as a template for assembling the 19S regulatory particle [141-143].
Rpt6 plays a critical role in this process—insertion of its C-terminal tail into the a2-a3 pocket
is the first step in assembling the 19S regulatory particle’s base that sits atop the 20S core parti-
cle [142-144]. After insertion, Rpt6 functions as an anchor to which other RPT heterodimers
are added [142-144]. These findings suggest that increasing RPT6 expression could increase
the 26S proteasome fraction by promoting the formation of an assembly intermediate that acts
as a scaffold for further 19S assembly onto the 20S core.

Importantly, our measures of proteasome activity at multiple levels of RPT6 overexpression
suggest limits to the extent to which proteasome activity can be increased by overexpressing a
single proteasome subunit (Fig 7). We observed no additional increase in proteasome activity
when overexpressing RPT6 from the ACT1 versus RPT6 promoter, despite the former produc-
ing a greater than 2-fold increase in Rpt6 abundance over the latter (Fig 7). Previous studies
have reported increased expression of multiple proteasome genes [136] and more efficient pro-
teasome assembly [137] in response to overexpression of single proteasome subunits. Poten-
tially, these mechanisms become saturated at high levels of individual subunit overexpression,
such that the overexpressed subunit is subject to degradation through quality control pathways
that monitor subunit stoichiometry or other subunits become rate-limiting for proteasome or
19S assembly [145].

We have developed a generalizable strategy for mapping genetic effects on proteasomal pro-
tein degradation with high statistical power. The elements in our reporters function in many
other eukaryotic organisms, including human cells [72, 75, 84]. Deploying the reporter systems
developed here in genetically diverse cell populations may provide new insights into the
genetic basis of a variety of cellular and organismal traits, including the many diseases marked
by aberrant proteasome activity.

Materials and methods
Tandem Fluorescent Timer (TFT) proteasome activity reporters

We used TFTs, fusions of two fluorescent proteins with distinct spectral profiles and matura-
tion kinetics, to measure proteasome activity. The most common TFT implementation con-
sists of a faster-maturing green fluorescent protein (GFP) and a slower-maturing red
fluorescent protein (RFP) [80, 81, 84, 130]. Because the two fluorescent proteins mature at dif-
ferent rates, the RFP / GFP ratio changes over time. If the TFT’s degradation rate is faster than
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the RFP’s maturation rate, the negative log, RFP / GFP ratio is directly proportional to the
TFT’s degradation rate [80, 84]. The RFP / GFP ratio is also independent of the TFT’s expres-
sion level, [80, 84], enabling high-throughput, quantitative measurements of TFT turnover in
genetically diverse cell populations [25, 84]. TFTs in the present study contained superfolder
GFP (sfGFP) [82] and the RFP mCherry [83] separated by an unstructured 35 amino acid pep-
tide sequence to minimize fluorescence resonance energy transfer [84].

To measure proteasome activity with our TFTs, we fused the ubiquitin-independent
degrons from the mouse ornithine decarboxylase (ODC) and yeast Rpn4 proteins to our
sfGFP-mCherry TFTs. ODC, an enzyme involved in polyamine biosynthesis, contains a ubi-
quitin-independent degron in its C-terminal 37 amino acids [69, 70, 78, 146]. Rpn4, a tran-
scription factor for proteasome genes, contains a ubiquitin-independent degron in its N-
terminal 80 amino acids [71, 72, 76]. Both degrons are recognized and bound by the 19S regu-
latory particle without ubiquitin conjugation and function as unstructured initiation regions
[46] for 20S core particle degradation. Attaching either degron to a heterologous protein con-
verts it into a short-lived proteasomal substrate. ODC degron-protein fusions have half-lives
of approximately 6 minutes [147]. While the half-life of Rpn4 degron-protein fusions has not
been precisely determined, previous results suggest it is between 10 and 20 minutes [72, 148].

We used a previously described approach [25] to construct TFT reporters and yeast strains
harboring genomically integrated TFTs. Each TFT contained the constitutively active TDH3
promoter, the ADH1 terminator, codon-optimized sfGFP and mCherry, and the KanMX
selection module that confers resistance to the antibiotic G418 [149]. TFTs were constructed
so that the ubiquitin-independent degron was immediately adjacent to mCherry (Fig 2C), con-
sistent with established guidelines for optimizing TFT function [81]. We used BFA0190 as the
plasmid backbone for all TFT plasmids S3 Table. BFA0190 contains 734 bp of sequence
upstream and 380 bp of sequence downstream of the LYP1 ORF separated by a Swal restric-
tion site. We inserted TFT reporters into BFA0190 by digesting the plasmid with Swal and
inserting TFT components between the LYPI flanking sequences using isothermal assembly
cloning (Hifi Assembly Cloning Kit; New England Biolabs [NEB], Ipswich, MA, USA). The 5’
and 3" LYPI flanking sequences in each TFT plasmid contain natural SacI and BglII restriction
sites, respectively. We produced linear DNA transformation fragments by digesting TFT-con-
taining plasmids with SacI and BglII and gel purifying the fragments (Monarch Gel Extraction
kit, NEB). Genomic integration of each linear transformation fragment results in deletion of
the LYPI gene, allowing selection for TFT integration at the LYPI locus using the toxic amino
acid analogue thialysine (S-(2-aminoethyl)-L-cysteine hydrochloride) [150-152] and G418
[149]. All plasmids used in this study are listed in S3 Table.

Yeast strains and handling

Yeast strains. We used two genetically divergent Saccharomyces cerevisiae yeast strains
for characterizing our proteasome activity TFTs and mapping genetic influences on protea-
some activity. The haploid BY strain used here (genotype: MATa his3A hoA) is a laboratory
strain that is closely related to the S. cerevisiae S288C reference strain. The haploid RM strain
used here is a vineyard isolate with genotype MATa canlA:STE2pr-SpHIS5 his3A:NatMX
AMNI1-BY hoA:HphMX URA3-FY. BY and RM differ, on average, at 1 nucleotide per 200 base
pairs, such that approximately 45,000 single nucleotide variants (SNVs) between the strains
can serve as markers in a genetic mapping experiment [86, 87, 91, 92]. We also engineered a
BY strain lacking the RPN4 gene (hereafter “BY rpn4A”) to characterize the sensitivity and
dynamic range of our TFT reporters. We replaced the RPN4 gene with the NatMX cassette,
which confers resistance to the antibiotic nourseothricin (clonNAT) [149]. To do so, we
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Table 2. Strain genotypes.

Short Name Genotype Antibiotic Resistance Auxotrophies
BY MATa his3A hoA histidine
RM MATa canlA:STE2pr-SpHIS5 his3A:NatMX hoA:HphMX clonNAT, hygromycin histidine
BY rpn4A MATa his3A hoA rpnd4A:NatMX clonNAT histidine

https://doi.org/10.1371/journal.pgen.1010734.t1002

transformed BY with a DNA fragment created by PCR amplifying the NatMX cassette from
plasmid from Addgene plasmid #35121 (a gift from John McCusker) using primers with 40 bp
of homology to the 5" upstream and 3’ downstream sequences of RPN4 using the transforma-
tion procedure described below. To create strains in which the chromosomal copy of RPT6 is
N-terminally tagged with mNeon (Allele Biotechnology, San Diego, CA, USA), we PCR ampli-
fied the RPT6 promoter from BY or RM genomic DNA, the mNeon open reading frame from
plasmid BFA0129, the RPT6 open reading frame from BY genomic DNA, and the KanMX
resistance cassette from plasmid BFA0254. We then created transformation fragments con-
taining these elements using splicing overlap extension PCR [153]. These DNA fragments
were transformed into the BY strain using the procedure described below. Strain genotypes
are presented in Table 2. S4 Table. lists the full set of strains used in this study.

The media formulations for all experiments are listed in Table 3. Synthetic complete media
powders (SC -lys and SC -his -lys -ura) were obtained from Sunrise Science (Knoxville, TN,
USA). We added the following reagents at the following concentrations to yeast media where
indicated: G418, 200 mg / mL (Fisher Scientific, Pittsburgh, PA, USA); clonNAT (nourseothri-
cin sulfate, Fisher Scientific), 50 mg / L; thialysine (S-(2-aminoethyl)-L-cysteine hydrochloride;
MilliporeSigma, St. Louis, MO, USA), 50 mg / L; canavanine (L-canavanine sulfate, Millipore-
Sigma), 50 mg / L.

Yeast transformations. We used the lithium acetate / single-stranded carrier DNA / poly-
ethylene glycol (PEG) method for all yeast transformations [154]. In brief, yeast strains were
inoculated into 5 mL of YPD liquid medium for overnight growth at 30°C. The next day, we
diluted 1 mL of each saturated culture into 50 mL of fresh YPD and grew cells for 4 hours.
Cells were washed in sterile ultrapure water and then in transformation solution 1 (10 mM
Tris HCI [pH 8.0], 1 mM EDTA [pH 8.0], and 0.1 M lithium acetate). After each wash, we pel-
leted the cells by centrifugation at 3,000 rpm for 2 minutes in a benchtop centrifuge and

Table 3. Media formulations.

Media Name Abbreviation Formulation

Yeast-Peptone-Dextrose YPD 10 g / L yeast extract
20 g/ L peptone
20 g/ L dextrose

Synthetic Complete sC 6.7 g / L yeast nitrogen base
1.96 g/ L amino acid mix -lys
20 g/ L dextrose

Haploid Selection SGA 6.7 g/ L yeast nitrogen base
1.74 g / L amino acid mix -his -lys -ura
20 g/ L dextrose

Sporulation SPO 1 g/ L yeast extract

10 g/ L potassium acetate

0.5 g / L dextrose
https://doi.org/10.1371/journal.pgen.1010734.t1003
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discarded supernatants. After washing, cells were suspended in 100 L of transformation solu-
tion 1 along with 50 ug of salmon sperm carrier DNA and approximately 1 ug of each linear
transforming DNA fragment or approximately 300 ng of each transforming plasmid and incu-
bated at 30°C for 30 minutes with rolling. Subsequently, 700 uL of transformation solution 2
(10 mM Tris HCI [pH 8.0], 1 mM EDTA [pH 8.0], and 0.1 M lithium acetate in 40% PEG) was
added to each tube, followed by a 30 minute heat shock at 42°C. Transformed cells were then
washed in sterile, ultrapure water, followed by addition of 1 mL of liquid YPD medium to each
tube. Cells were incubated in YPD for 90 minutes with rolling at 30°C to allow for expression
of antibiotic resistance cassettes. We then washed the cells with sterile, ultrapure water and
plated 200 uL of cells on solid SC -lys medium with G418 and thialysine for genomic integra-
tion of the TFTs, YPD plus G418 for chromosomal RPT6 mNeon tagging, and YPD plus clon-
NAT for RPT6 overexpression plasmids. We single-colony purified multiple independent
colonies (biological replicates) from each transformation plate for further analysis as indicated
in the text. Transformation at each targeted genomic locus was verified by colony PCR [155]
using the primers listed in S5 Table.

Yeast mating and segregant populations. We used a modified synthetic genetic array
(SGA) methodology [151, 152] to create populations of genetically variable, haploid recombi-
nant cells (“segregants”) for genetic mapping. BY strains with either the ODC or Rpn4 TFT
were mixed with the RM strain on solid YPD medium and grown overnight at 30°C. We
selected for diploid cells (successful BY / RM matings) by streaking mixed BY / RM cells onto
solid YPD medium containing G418, which selects for the KanMX cassette in the TFT in the
BY strain, and clonNAT, which selects for the NatMX cassette in the RM strain. Diploid cells
were inoculated into 5 ml of liquid YPD and grown overnight at 30°C. The next day, cultures
were washed with sterile, ultrapure water, and resuspended in 5 mL of SPO liquid medium
(Table 3). We induced sporulation by incubating cells in SPO medium at room temperature
with rolling for 9 days. After confirming sporulation by brightfield microscopy, we pelleted 2
mL of cells, which were then washed with 1 mL of sterile, ultrapure water, and resuspended in
300 uL of 1 M sorbitol containing 3 U of Zymolyase Iytic enzyme (United States Biological,
Salem, MA, USA) to degrade ascal walls. Asci were digested for 2 hours at 30°C with rolling.
Spores were then washed with 1 mL of 1 M sorbitol, vortexed for 1 minute at the highest inten-
sity setting, and resuspended in sterile ultrapure water. We confirmed the release of cells from
asci by brightfield microscopy and plated 300 ul of cells onto solid SGA medium containing
G418 and canavanine. This media formulation selects for haploid cells with (1) a TFT via
G418, (2) the MATa mating type via the Schizosaccharomyces pombe HIS5 gene under the con-
trol of the STE2 promoter (which is only active in MATa cells), and (3) replacement of the
CANI gene with S. pombe HIS5 via the toxic arginine analog canavanine [151, 152]. Haploid
segregants were grown for 2 days at 30°C and harvested by adding 10 mL of sterile, ultrapure
water and scraping the cells from each plate. Each segregant population cell suspension was
centrifuged at 3000 rpm for 10 minutes and resuspended in 1 mL of SGA medium. We added
450 uL of 40% (v / v) sterile glycerol solution to 750 uL to each segregant culture and stored
this mixture in screw cap cryovials at -80°C. We stored 2 independent sporulations each of the
ODC and Rpn4 degron TFT-containing segregants (derived from our initial matings) as inde-
pendent biological replicates.

Flow cytometry and fluorescence-activated cell sorting

Flow cytometry. We characterized our proteasome activity TFT's using flow cytometry.
For all flow cytometry experiments, we inoculated yeast strains into 400 uL of liquid SC -lys
medium with G418 for overnight growth in 2 mL 96 well plates at 30°C with 1000 rpm mixing

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 22/36


https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

Table 4. Flow cytometry and FACS settings.

Parameter Laser Line (nm) Laser Setting (V) Filter

forward scatter (FSC) 488 500 488/ 10
side scatter (SSC) 488 275 488/ 10
sfGFP / mNeon 488 500 525/ 50
mCherry 561 615 610/ 20

https://doi.org/10.1371/journal.pgen.1010734.t004

on a MixMate (Eppendorf, Hamburg, Germany). The next day, 4 uL of each saturated culture
was inoculated into a fresh 400 yL of G418-containing SC -lys media and cells were grown for
an additional 3 hours prior to flow cytometry. We performed all flow cytometry experiments
on an LSR II flow cytometer (BD, Franklin Lakes, NJ, USA) equipped with a 20 mW 488 nm
laser with 488 / 10 and 525 / 50 filters for measuring forward and side scatter and sfGFP fluo-
rescence, respectively, as well as a 40 mW 561 nm laser and a 610 / 20 filter for measuring
mCherry fluorescence. Table 4 lists the parameters and settings for all flow cytometry and fluo-
rescence-activated cell sorting (FACS) experiments.

All flow cytometry data was analyzed using R [156] and the flowCore R package [157]. We
filtered each flow cytometry dataset to exclude all events outside of 10% + the median forward
scatter (a proxy for cell size). This gating approach captured the central peak of cells in the FSC
histogram and removed cellular debris, aggregates of multiple cells, and restricted our analyses
to cells of the same approximate size [25].

For flow cytometry experiments related to reporter characterization, we recorded 10,000
cells each from 8 independent biological replicates per strain for the ODC and Rpn4 degron
TFTs. We extracted the median from each independent biological replicate and used these val-
ues for statistical analyses. The statistical significance of between strain differences for the
ODC and Rpn4 degron TFT's was assessed using a two-tailed t-test without correction for mul-
tiple testing. We used an ANOVA with strain (BY or RM) and reporter (ODC or Rpn4 degron
TFT) as fixed factors to assess the statistical significance of the interaction of genetic back-
ground with reporter.

For flow cytometry experiments related to fine-mapping the chromosome VIIb QTL, we
used the following procedures. We recorded 10,000 cells each from 12 independent biological
replicates per strain (BY RPT6 -175 BY and BY RPT6 -175 RM) per guide RNA per reporter
(ODC and Rpn4 TFTs, as well as proline, serine, threonine, and tryptophan N-degron TFTs).
We observed that, consistent with previous results [25], the output of the TFT's changed over
the course of each flow cytometry experiment. We used a previously-described approach in
which the residuals of a regression of the TFT’s output on time were used to correct for this
effect [25, 87]. We then Z-score normalized the sets of median values for each reporter, setting
the mean equal to the median of a control BY strain engineered to contain the BY RPT6 -175
allele. The effect of the RPT6 -175 genotype was assessed using a linear mixed model imple-
mented in the R packages ‘lme4’ [158] and ‘Imertest’ [159] using RPT6 -175 genotype and
guide RNA as fixed effects and plate as a random effect. We used a similar approach to mea-
sure mNeon tagged Rpt6 or Algl3 abundance in strains engineered to contain either the BY or
RM allele at RPT6 -175, except that the statistical significance of the difference between strains
was assessed using a t-test uncorrected for multiple testing. For experiments measuring protea-
some activity during RPT6 overexpression, we evaluated statistical significance between strains
using a linear mixed model with plasmid (empty vector, RPT6 overexpression via the RPT6
promoter, or RPT6 overexpression via the ACTI promoter) as a fixed factor and plate as a ran-
dom effect with Benjamini-Hochberg correction of p values [160].
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Fluorescence-Activated Cell Sorting (FACS). We used FACS to collect pools of segre-
gant cells for genetic mapping by bulk segregant analysis [86, 87]. We thawed and inoculated
segregant populations into 5 mL of SGA medium containing G418 and canavanine for over-
night growth at 30°C with rolling. The following morning, we diluted 1 mL of cells from each
segregant population into a fresh 4 mL of SGA medium containing G418 and canavanine.
Diluted segregant cultures were grown for 4 hours prior to sorting on a FACSAria II cell sorter
(BD). Plots of side scatter (SSC) height by SSC width and forward scatter (FSC) height by FSC
width were used to remove doublets from each sample and cells were further filtered to contain
cells within + 7.5% of the central FSC peak. We empirically determined that this filtering
approach excluded cellular debris and aggregates while retaining the primary haploid cell pop-
ulation. We also defined a fluorescence-positive population by retaining only those TFT-con-
taining cells with sfGFP fluorescence values higher than negative control BY and RM strains
without TFTs. We collected pools of 20,000 cells each from the 2% high and low proteasome
activity tails (Fig 3B-3E) from two independent biological replicates for each TFT. Pools of
20,000 cells were collected into sterile 1.5 mL polypropylene tubes containing 1 mL of SGA
medium that were grown overnight at 30°C with rolling. After overnight growth, we mixed
750 uL of cells with 450 yL of 40% (v / v) glycerol and stored this mixture in 2 mL 96 well plates
at -80°C.

Genomic DNA isolation, library preparation, and whole-genome
sequencing

To isolate genomic DNA from sorted segregant pools, we first pelleted 800 uL of each pool by
centrifugation at 3,700 rpm for 10 minutes. Supernantants were discarded and cell pellets were
resuspended in 800 yL of a 1 M sorbitol solution containing 0.1 M EDTA, 14.3 mM S-mercap-
toethanol, and 500 U of Zymolyase lytic enzyme (United States Biological) to digest cell walls.
Zymolyase digestions were carried out by resuspending cell pellets with mixing at 1000 rpm
for 2 minutes followed by incubation for 2 hours at 37°C. After completing the digestion reac-
tion, we pelleted and resuspended cells in 50 L of phosphate-buffered saline. We then used
the Quick-DNA 96 Plus kit (Zymo Research, Irvine, CA, USA) to extract genomic DNA
according to the manufacturer’s protocol, including an overnight protein digestion in a 20 mg
/ mL proteinase K solution at 55°C prior to loading samples onto columns. DNA was eluted
from sample preparation columns using 40 yL of DNA elution buffer (10 mM Tris-HCI [pH
8.5],0.1 mM EDTA). DNA concentrations for each sample were determined with the Qubit
dsDNA BR assay kit (Thermo Fisher Scientific, Waltham, MA, USA) in a 96 well format using
a Synergy H1 plate reader (BioTek Instruments, Winooski, VT, USA).

We used genomic DNA from our segregant pools to prepare a short-read library for whole-
genome sequencing on the Illumina Next-Seq platform using a previously-described approach
[25, 86, 87]. The Nextera DNA library kit (Illumina, San Diego, CA, USA) was used according
to the manufacturer’s instructions with the following modifications. We fragmented and
added sequencing adapters to genomic DNA by adding 5 ng of DNA to a master mix contain-
ing 4 yL of Tagment DNA buffer, 1 yL of sterile molecular biology grade water, and 5 yL of
Tagment DNA enzyme diluted 1:20 in Tagment DNA buffer and incubating this mixture on a
SimpliAmp thermal cycler (Thermo Fisher Scientific) using the following parameters: 55°C
temperature, 20 uL reaction volume, 10 minute incubation. We PCR amplified libraries prior
to sequencing by adding 10 uL of the tagmentation reaction to a master mix containing 1 4L of
an Illumina i5 and i7 index primer pair mixture, 0.375 yL of ExTaq polymerase (Takara), 5 uL
of ExTaq buffer, 4 yL of a ANTP mixture, and 29.625 uL of sterile molecular biology grade
water. To multiplex samples for sequencing, we generated all 96 possible index oligo
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combinations using 8 i5 and 12 i7 index primers. Libraries were PCR amplified on a Sim-
pliAmp thermal cycler (Thermo Fisher Scientific) using the following parameters: initial dena-
turation at 95°C for 30 seconds, then 17 cycles of 95°C for 10 seconds (denaturation), 62°C for
30 seconds (annealing), and 72°C for 3 minutes (extension). The DNA concentration of each
reaction was quantified using the Qubit dsSDNA BR assay kit (Thermo Fisher Scientific). We
pooled equimolar amounts of each sample, ran this mixture on a 2% agarose gel, and extracted
and purified DNA in the 400 bp to 600 bp region using the Monarch Gel Extraction Kit (NEB)
according to the manufacturer’s instructions.

The pooled library was submitted to the University of Minnesota Genomics Center (UMGC)
for quality control assessment and Illumina sequencing. UMGC staff performed three quality
control (QC) assays prior to sequencing. The PicoGreen dsDNA quantification reagent (Thermo
Fisher Scientific) was used to determine library concentration, with a concentration > 1 ng/uL
required to pass. The Tapestation electrophoresis system (Agilent Technologies, Santa Clara, CA,
USA) was used to determine library size, with libraries in the range of 200 to 700 bp passing.
Finally, the KAPA DNA Library Quantification kit (Roche, Basel, Switzerland) was used to deter-
mine library functionality, with libraries requiring a concentration > 2 nM to pass. The submit-
ted library passed each QC assay. The library was sequenced on a Next-Seq 550 instrument in
mid-output, 75 bp paired-end mode, generating 153,887,828 reads across all samples, with a
median of 9,757,090 and a range of 5,994,921 to 14,753,319 reads per sample. The mean read
quality for all samples was > 30. The median read coverage of the genome was 21, with a range
of 16 to 25 across all samples. Raw whole-genome sequencing data was deposited the NIH
Sequence Read Archive under Bioproject accession PRINA885116.

QTL mapping

We used a previously-described approach to identify QTLs from our whole-genome sequenc-
ing data [25, 86, 87]. We initially filtered our raw reads to retain only those with a mean base
quality score greater than 30. Filtered reads were aligned to the S. cerevisiae reference genome
(sacCer3) with the Burroughs-Wheeler alignment tool [161]. We used samtools [162] to first
remove unaligned reads, non-uniquely aligned reads, and PCR duplicates, and then to produce
vcf files containing coverage and allelic read counts at each of 18,871 high-confidence, reliable
SNPs [63, 92], with BY alleles as reference and RM alleles as alternative alleles.

QTLs were called from allele counts using the MULTIPOOL algorithm [163]. MULTI-
POOL estimates a logarithm of the odds (LOD) score by calculating a likelihood ratio from
two models. In the noncausal model, the locus is not associated with the trait and the high and
low proteasome activity pools have the same frequency of the BY and RM alleles. In the causal
model, the locus is associated with the trait, such that the BY and RM allele frequencies differ
between pools. QTLs were defined as loci with a LOD > 4.5. In a previous study [25], we
empirically determined that this threshold produces a 0.5% false discovery rate (FDR) for
TFT-based genetic mapping by bulk segregant analysis. We used the following MULTIPOOL
settings: bp per centiMorgan = 2,200, bin size = 100 bp, effective pool size = 1,000. As in previ-
ous studies [86, 87], we excluded variants with allele frequencies higher than 0.9 or lower than
0.1 [25, 86, 87]. QTL confidence intervals were defined as a 2-LOD drop from the QTL peak
(the position in the QTL interval with the highest LOD value). We computed the RM allele fre-
quency difference (AAF) between the high and low proteasome activity pools at each allele to
visualize QTLs. We also used AAF at each QTL peak to determine the magnitude and direction
of the QTL’s effect. When the RM allele frequency difference at a QTL is positive, the RM allele
of the QTL is associated with higher proteasome activity. Negative RM allele frequency differ-
ences indicate QTLs where the RM allele is associated with lower proteasome activity. Because
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allele frequencies are affected by random counting noise, we smoothed allele frequencies along
the genome using loess regression prior to calculating AAF for each sample.

QTL fine-mapping by allelic engineering

We used CRISPR-Cas9 to edit the RPT6 -175 locus in the BY strain. Guide RNAs (gRNAs) tar-
geting RPT6 were obtained from the CRISPR track of the UCSC Genome Browser [164]. To
control for potential off-target edits by CRISPR-Cas9, we used two unique guide RNAs to
engineer each allelic edit. We selected two gRNAs in the RPT6 open-reading frame (ORF)
based on their proximity to the RPT6 -175 variant (PAM sequences 226 and 194 bp from
RPTG6 -175), their CRISPOR specificity scores [165] (100 each, where 100 is the highest possible
predicted specificity), and their predicted cleavage scores [166] (66 and 56, where > 55 indi-
cates high predicted cleavage efficiency). We inserted each gRNA into a plasmid that expresses
Cas9 under the control of the constitutively active TDH3 promoter as follows. We digested
backbone plasmid BFA0224 [167] with the restriction enzymes Hpal and BsmBI (NEB) to
remove the backbone vector’s existing gRNA. The cut vector was gel purified using the Mon-
arch Gel Extraction kit (NEB) according to the manufacturer’s instructions. We then per-
formed isothermal assembly cloning using the HiFi Assembly Kit (NEB) with the gel purified
vector backbone and oligos encoding each gRNA (OFA1198 or OFA1199; S5 Table) to create
plasmids BFA0242 and BFA0243 (S3 Table). Plasmids were miniprepped from DH5a E. coli
cells using the Monarch Plasmid Miniprep kit (NEB). The sequence identities of BFA0242 and
BFA0243 were confirmed by Sanger sequencing.

We created repair templates for co-transformation with BFA0242 and BFA0243 as follows.
We first extracted genomic DNA from BY and RM using the “10 minute prep” protocol [168].
Genomic DNA from each strain was used as a template for PCR amplification of the RPT6
promoter using oligos OFA1204 and OFA1207 (S5 Table). To prevent Cas9 cutting after edit-
ing of the RPT6 -175 locus, we introduced two synonymous substitutions into the RPT6 ORF
by converting the serine codons TCC and AGT to TCA at base pairs 22-24 and 49-51, respec-
tively. Synonymous substitutions were introduced using splicing overlap by extension PCR
[153] with primers OFA1208 and OFA1209. Full repair templates were then amplified using
either the BY or RM RPT6 promoter and the BY RPT6 ORF as templates in a splicing overlap
extension by PCR reaction with primers OFA1204 and OFA1205 (S5 Table). The sequence
identify of all repair templates was verified by Sanger sequencing.

To create BY strains with edited RPT6 alleles, we co-transformed 150 ng of either plasmid
BFA0242 or BFA0243 with 1.5 ug of repair template using the transformation protocol above.
The transformation reaction was streaked onto solid SC medium lacking histidine to select for
the HIS3 selectable marker in BFA0242 or BFA0243. Colonies from transformation plates
were single-colony purified on solid medium lacking histidine, then patched onto solid YPD
medium. To verify allelic edits, we performed colony PCR using oligos 1204 and 1206 (S5
Table). Reaction products were gel purified using the Monarch Gel Extraction kit (NEB) and
Sanger sequenced using oligos OFA1204 and OFA1206 to confirm both the sequence of the
RPT6 promoter and the synonymous substitutions in the RPT6 ORF. Strains with the desired
edits were then transformed to contain TFT reporters as indicated above. We tested 12 inde-
pendent biological replicates per strain per guide RNA per TFT. For subsequent statistical
analyses, we pooled strains with the same allelic edit engineered with unique guide RNAs.

We constructed plasmids to overexpress RPT6 via the gene’s native promoter or the strong,
constitutively active ACT1 promoter (S4 Table). To do so, we digested the backbone plasmid
BFA001 (Addgene plasmid #35121—a gift from John McCusker) with HindIII and Ndel
(NEB). We then PCR amplified the low copy CEN origin of replication and the ACT1

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 26/36


https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

promoter from plasmid BFA0129. The RPT6 promoter and open reading frame were amplified
from genomic DNA extracted from the BY strain using the “10 minute prep protocol” [168].
We PCR amplified the NatMX [149] cassette, which confers resistance to the antibiotic clon-
NAT, from BFA001. The mNeon [169] GFP was amplified from plasmid BFA0254. Plasmids
were assembled using isothermal assembly cloning (Hifi Assembly Cloning Kit; NEB) and
their sequence identity was verified by whole-plasmid sequencing (Plasmidsaurus, Eugene,
OR, USA). The overexpression plasmids thus contain the low copy CEN replication origin,
RPT6 under the control of the RPT6 or ACT1 promoter, and the NatMX resistance cassette.
For experiments quantifying Rpt6 abundance, we used plasmids BFA0263 and BFA0264 in
which Rpt6 is tagged with mNeon, while for experiments measuring proteasome activity dur-
ing RPT6 overexpression, we used plasmids BFA0267 and BFA0268 in which Rpt6 is not
tagged with a fluorophore. In parallel, we also constructed an empty vector control plasmid
(BFA0271), which contains the HindIII and Ndel digested BFA001 backbone, the CEN repli-
cation origin, and the NatMX resistance cassette (S3 Table). To tag the chromosomal and plas-
mid RPT6 gene copies, we appended mNeon to the protein’s N-terminus to avoid interference
with the protein’s C-terminal tail, which serves an important role in proteasome 19S regulatory
particle assembly [142-144]. Previous studies have successfully used N-terminal Rpt6 tagging
to measure the protein’s abundance and proteasome activity [170-173]. We also tagged the
chromosomal ALG13 open reading frame using a similar procedure. Algl3 contains a C-ter-
minal degron that is necessary for the protein’s proteasomal degradation [174]. Because failure
to degrade excess ALG13 produces glycosylation defects [174], we appended the mNeon tag to
the protein’s N-terminus.

Data and statistical analysis

All data and statistical analyses were performed using R [156]. In all boxplots, the center line
shows the median, the box bounds the first and third quartiles, and the whiskers extend to 1.5
times the interquartile range. DNA binding motifs in the RPT6 promoter were assessed using
the Yeast Transcription Factor Specificity Compendium database [175]. We inferred the allelic
status of RPT6 -175 by comparing the BY and RM alleles to a likely-ancestral Taiwanese strain.
The frequency of the RM allele at RPT6 -175 was calculated across and within clades of a global
panel of 1,011 S. cerevisiae isolates [115]. Final figures and illustrations were made using
Inkscape (version 0.92; Inkscape Project).

Supporting information

S1 Table. Proteasome activity QTLs.
(XLSX)

$2 Table. Overlap of proteasome activity QTLs with known causal genes for N-end Rule
QTLs.
(XLSX)

§3 Table. Plasmids. List of plasmids used in the study.
(XLSX)

S4 Table. Yeast strains. List of yeast strains used in the study.
(XLSX)

S§5 Table. Oligonucleotides. List of oligonucleotides used in the study.
(XLSX)

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 27/36


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010734.s001
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010734.s002
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010734.s003
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010734.s004
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1010734.s005
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

Acknowledgments

We thank the members of the Albert laboratory for feedback on the project and manuscript.
We thank the University of Minnesota’s Flow Cytometry Resource and Genomics Center for
their contributions to the project.

Author Contributions

Conceptualization: Mahlon A. Collins, Frank W. Albert.
Formal analysis: Mahlon A. Collins.

Funding acquisition: Mahlon A. Collins, Frank W. Albert.
Investigation: Mahlon A. Collins, Randi Avery.
Methodology: Mahlon A. Collins, Frank W. Albert.
Resources: Frank W. Albert.

Supervision: Mahlon A. Collins, Frank W. Albert.
Validation: Mahlon A. Collins, Randi Avery.
Visualization: Mahlon A. Collins.

Writing - original draft: Mahlon A. Collins.

Writing - review & editing: Mahlon A. Collins, Frank W. Albert.

References

1. Finley D, Ulrich HD, Sommer T, Kaiser P. The ubiquitin-proteasome system of Saccharomyces cerevi-
siae. Genetics. 2012; 192(2):319-360. https://doi.org/10.1534/genetics.112.140467 PMID: 23028185

2. Hershko A, Ciechanover A. The ubiquitin system. Annu Rev Biochem. 1998; 67:425-479. https://doi.
org/10.1146/annurev.biochem.67.1.425 PMID: 9759494

3. Schwartz AL, Ciechanover A. The ubiquitin-proteasome pathway and pathogenesis of human dis-
eases. Annu Rev Med. 1999; 50:57-74. https://doi.org/10.1146/annurev.med.50.1.57 PMID:
10073263

4. Collins GA, Goldberg AL. The Logic of the 26S Proteasome. Cell. 2017; 169(5):792-806. https://doi.
org/10.1016/j.cell.2017.04.023 PMID: 28525752

5. Varshavsky A. Naming a targeting signal. Cell. 1991; 64(1):13-15. https://doi.org/10.1016/0092-8674
(91)90202-A PMID: 1986863

6. Ciechanover A, Orian A, Schwartz AL. Ubiquitin-mediated proteolysis: biological regulation via
destruction. Bioessays. 2000; 22(5):442—451. https://doi.org/10.1002/(SICI)1521-1878(200005)
22:5%3C442::AID-BIES6%3ES3.0.CO;2-Q PMID: 10797484

7. AbellNS, DeGorter MK, Gloudemans MJ, Greenwald E, Smith KS, He Z, et al. Multiple causal variants
underlie genetic associations in humans. Science. 2022; 375(6586):1247—-1254. https://doi.org/10.
1126/science.abj5117 PMID: 35298243

8. HannaJ, Finley D. A proteasome for all occasions. FEBS Lett. 2007; 581(15):2854—2861. https://doi.
org/10.1016/j.febslet.2007.03.053 PMID: 17418826

9. Inobe T, Matouschek A. Paradigms of protein degradation by the proteasome. Curr Opin Struct Biol.
2014; 24:156—-164. https://doi.org/10.1016/j.sbi.2014.02.002 PMID: 24632559

10. Coux O, Tanaka K, Goldberg AL. Structure and functions of the 20S and 26S proteasomes. Annu Rev
Biochem. 1996; 65:801-847. https://doi.org/10.1146/annurev.bi.65.070196.004101 PMID: 8811196

11. Kisselev AF, Akopian TN, Woo KM, Goldberg AL. The sizes of peptides generated from protein by
mammalian 26 and 20 S proteasomes. Implications for understanding the degradative mechanism
and antigen presentation. J Biol Chem. 1999; 274(6):3363-3371. https://doi.org/10.1074/jbc.274.6.
3363 PMID: 9920878

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 28/36


https://doi.org/10.1534/genetics.112.140467
http://www.ncbi.nlm.nih.gov/pubmed/23028185
https://doi.org/10.1146/annurev.biochem.67.1.425
https://doi.org/10.1146/annurev.biochem.67.1.425
http://www.ncbi.nlm.nih.gov/pubmed/9759494
https://doi.org/10.1146/annurev.med.50.1.57
http://www.ncbi.nlm.nih.gov/pubmed/10073263
https://doi.org/10.1016/j.cell.2017.04.023
https://doi.org/10.1016/j.cell.2017.04.023
http://www.ncbi.nlm.nih.gov/pubmed/28525752
https://doi.org/10.1016/0092-8674(91)90202-A
https://doi.org/10.1016/0092-8674(91)90202-A
http://www.ncbi.nlm.nih.gov/pubmed/1986863
https://doi.org/10.1002/(SICI)1521-1878(200005)22:5%3C442::AID-BIES6%3E3.0.CO;2-Q
https://doi.org/10.1002/(SICI)1521-1878(200005)22:5%3C442::AID-BIES6%3E3.0.CO;2-Q
http://www.ncbi.nlm.nih.gov/pubmed/10797484
https://doi.org/10.1126/science.abj5117
https://doi.org/10.1126/science.abj5117
http://www.ncbi.nlm.nih.gov/pubmed/35298243
https://doi.org/10.1016/j.febslet.2007.03.053
https://doi.org/10.1016/j.febslet.2007.03.053
http://www.ncbi.nlm.nih.gov/pubmed/17418826
https://doi.org/10.1016/j.sbi.2014.02.002
http://www.ncbi.nlm.nih.gov/pubmed/24632559
https://doi.org/10.1146/annurev.bi.65.070196.004101
http://www.ncbi.nlm.nih.gov/pubmed/8811196
https://doi.org/10.1074/jbc.274.6.3363
https://doi.org/10.1074/jbc.274.6.3363
http://www.ncbi.nlm.nih.gov/pubmed/9920878
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Zhao J, Zhai B, Gygi SP, Goldberg AL. mTOR inhibition activates overall protein degradation by the
ubiquitin proteasome system as well as by autophagy. Proc Natl Acad Sci U S A. 2015; 112
(52):15790-15797. https://doi.org/10.1073/pnas. 1521919112 PMID: 26669439

Christiano R, Arlt H, Kabatnik S, Mejhert N, Lai ZW, Farese RV, et al. A Systematic Protein Turnover
Map for Decoding Protein Degradation. Cell Rep. 2020; 33(6):108378. https://doi.org/10.1016/j.celrep.
2020.108378 PMID: 33176155

Kong KE, Fischer B, Meurer M, Kats I, Li Z, Ruhle F, et al. Timer-based proteomic profiling of the ubi-
quitin-proteasome system reveals a substrate receptor of the GID ubiquitin ligase. Mol Cell. 2021; 81
(11):2460-2476. https://doi.org/10.1016/j.molcel.2021.04.018 PMID: 33974913

Solomon V, Lecker SH, Goldberg AL, Goldberg AL. The N-end rule pathway catalyzes a major fraction
of the protein degradation in skeletal muscle. J Biol Chem. 1998; 273(39):25216—25222. https://doi.
org/10.1074/jbc.273.39.25216 PMID: 9737984

Smith SE, Koegl M, Jentsch S. Role of the ubiquitin/proteasome system in regulated protein degrada-
tion in Saccharomyces cerevisiae. Biol Chem. 1996; 377(7-8):437-446. PMID: 8922277

Kornitzer D, Ciechanover A. Modes of regulation of ubiquitin-mediated protein degradation. J Cell Phy-
siol. 2000; 182(1):1-11. https://doi.org/10.1002/(SICI)1097-4652(200001)182:1%3C1::AID-JCP1%
3E3.0.CO;2-V PMID: 10567911

Bett JS. Proteostasis regulation by the ubiquitin system. Essays Biochem. 2016; 60(2):143—-151.
https://doi.org/10.1042/EBC20160001 PMID: 27744330

Marshall RS, Vierstra RD. Dynamic Regulation of the 26S Proteasome: From Synthesis to Degrada-
tion. Front Mol Biosci. 2019; 6:40. https://doi.org/10.3389/fmolb.2019.00040 PMID: 31231659

Schmidt M, Finley D. Regulation of proteasome activity in health and disease. Biochim Biophys Acta.
2014; 1843(1):13-25. https://doi.org/10.1016/j.bbamcr.2013.08.012 PMID: 23994620

Shringarpure R, Davies KJ. Protein turnover by the proteasome in aging and disease. Free Radic Biol
Med. 2002; 32(11):1084—1089. https://doi.org/10.1016/S0891-5849(02)00824-9 PMID: 12031893

Zheng C, Geetha T, Babu JR. Failure of ubiquitin proteasome system: risk for neurodegenerative dis-
eases. Neurodegener Dis. 2014; 14(4):161-175. https://doi.org/10.1159/000367694 PMID: 25413678

Dantuma NP, Bott LC. The ubiquitin-proteasome system in neurodegenerative diseases: precipitating
factor, yet part of the solution. Front Mol Neurosci. 2014; 7:70. https://doi.org/10.3389/fnmol.2014.
00070 PMID: 25132814

Varshavsky A. N-degron and C-degron pathways of protein degradation. Proc Natl Acad SciU S A.
2019; 116(2):358-366. https://doi.org/10.1073/pnas. 1816596116 PMID: 30622213

Collins MA, Mekonnen G, Albert FW. Variation in ubiquitin system genes creates substrate-specific
effects on proteasomal protein degradation. Elife. 2022; 11. https://doi.org/10.7554/eLife.79570 PMID:
36218234

de Ligt J, Willemsen MH, van Bon BW, Kleefstra T, Yntema HG, Kroes T, et al. Diagnostic exome
sequencing in persons with severe intellectual disability. N Engl J Med. 2012; 367(20):1921-1929.
https://doi.org/10.1056/NEJMoa1206524 PMID: 23033978

Agarwal AK, Xing C, DeMartino GN, Mizrachi D, Hernandez MD, Sousa AB, et al. PSMB8 encoding
the B5i proteasome subunit is mutated in joint contractures, muscle atrophy, microcytic anemia, and
panniculitis-induced lipodystrophy syndrome. Am J Hum Genet. 2010; 87(6):866—872. https://doi.org/
10.1016/j.ajhg.2010.10.031 PMID: 21129723

Liu'Y, Ramot Y, Torrelo A, Paller AS, Si N, Babay S, et al. Mutations in proteasome subunit B type 8
cause chronic atypical neutrophilic dermatosis with lipodystrophy and elevated temperature with evi-
dence of genetic and phenotypic heterogeneity. Arthritis Rheum. 2012; 64(3):895-907. https://doi.org/
10.1002/art.33368 PMID: 21953331

Kroll-Hermi A, Ebstein F, Stoetzel C, Geoffroy V, Schaefer E, Scheidecker S, et al. Proteasome sub-
unit PSMC3 variants cause neurosensory syndrome combining deafness and cataract due to proteo-
toxic stress. EMBO Mol Med. 2020; 12(7):e11861. https://doi.org/10.15252/emmm.201911861 PMID:
32500975

Brehm A, Liu Y, Sheikh A, Marrero B, Omoyinmi E, Zhou Q, et al. Additive loss-of-function proteasome
subunit mutations in CANDLE/PRAAS patients promote type | IFN production. J Clin Invest. 2015; 125
(11):4196—4211. https://doi.org/10.1172/JCI81260 PMID: 26524591

Tomaru U, Takahashi S, Ishizu A, Miyatake Y, Gohda A, Suzuki S, et al. Decreased proteasomal activ-
ity causes age-related phenotypes and promotes the development of metabolic abnormalities. Am J
Pathol. 2012; 180(3):963—972. https://doi.org/10.1016/j.ajpath.2011.11.012 PMID: 22210478

Ozaki K, Sato H, lida A, Mizuno H, Nakamura T, Miyamoto Y, et al. A functional SNP in PSMAG6 con-
fers risk of myocardial infarction in the Japanese population. Nat Genet. 2006; 38(8):921-925. https://
doi.org/10.1038/ng1846 PMID: 16845397

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 29/36


https://doi.org/10.1073/pnas.1521919112
http://www.ncbi.nlm.nih.gov/pubmed/26669439
https://doi.org/10.1016/j.celrep.2020.108378
https://doi.org/10.1016/j.celrep.2020.108378
http://www.ncbi.nlm.nih.gov/pubmed/33176155
https://doi.org/10.1016/j.molcel.2021.04.018
http://www.ncbi.nlm.nih.gov/pubmed/33974913
https://doi.org/10.1074/jbc.273.39.25216
https://doi.org/10.1074/jbc.273.39.25216
http://www.ncbi.nlm.nih.gov/pubmed/9737984
http://www.ncbi.nlm.nih.gov/pubmed/8922277
https://doi.org/10.1002/(SICI)1097-4652(200001)182:1%3C1::AID-JCP1%3E3.0.CO;2-V
https://doi.org/10.1002/(SICI)1097-4652(200001)182:1%3C1::AID-JCP1%3E3.0.CO;2-V
http://www.ncbi.nlm.nih.gov/pubmed/10567911
https://doi.org/10.1042/EBC20160001
http://www.ncbi.nlm.nih.gov/pubmed/27744330
https://doi.org/10.3389/fmolb.2019.00040
http://www.ncbi.nlm.nih.gov/pubmed/31231659
https://doi.org/10.1016/j.bbamcr.2013.08.012
http://www.ncbi.nlm.nih.gov/pubmed/23994620
https://doi.org/10.1016/S0891-5849(02)00824-9
http://www.ncbi.nlm.nih.gov/pubmed/12031893
https://doi.org/10.1159/000367694
http://www.ncbi.nlm.nih.gov/pubmed/25413678
https://doi.org/10.3389/fnmol.2014.00070
https://doi.org/10.3389/fnmol.2014.00070
http://www.ncbi.nlm.nih.gov/pubmed/25132814
https://doi.org/10.1073/pnas.1816596116
http://www.ncbi.nlm.nih.gov/pubmed/30622213
https://doi.org/10.7554/eLife.79570
http://www.ncbi.nlm.nih.gov/pubmed/36218234
https://doi.org/10.1056/NEJMoa1206524
http://www.ncbi.nlm.nih.gov/pubmed/23033978
https://doi.org/10.1016/j.ajhg.2010.10.031
https://doi.org/10.1016/j.ajhg.2010.10.031
http://www.ncbi.nlm.nih.gov/pubmed/21129723
https://doi.org/10.1002/art.33368
https://doi.org/10.1002/art.33368
http://www.ncbi.nlm.nih.gov/pubmed/21953331
https://doi.org/10.15252/emmm.201911861
http://www.ncbi.nlm.nih.gov/pubmed/32500975
https://doi.org/10.1172/JCI81260
http://www.ncbi.nlm.nih.gov/pubmed/26524591
https://doi.org/10.1016/j.ajpath.2011.11.012
http://www.ncbi.nlm.nih.gov/pubmed/22210478
https://doi.org/10.1038/ng1846
https://doi.org/10.1038/ng1846
http://www.ncbi.nlm.nih.gov/pubmed/16845397
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

Heckman MG, Soto-Ortolaza Al, Diehl NN, Rayaprolu S, Brott TG, Wszolek ZK, et al. Genetic variants
associated with myocardial infarction in the PSMA6 gene and Chr9p21 are also associated with
ischaemic stroke. Eur J Neurol. 2013; 20(2):300-308. https://doi.org/10.1111/j.1468-1331.2012.
03846.x PMID: 22882272

Sjakste T, Kalis M, Poudziunas I, Pirags V, Lazdins M, Groop L, et al. Association of microsatellite
polymorphisms of the human 14q13.2 region with type 2 diabetes mellitus in Latvian and Finnish popu-
lations. Ann Hum Genet. 2007; 71(Pt 6):772-776. https://doi.org/10.1111/j.1469-1809.2007.00372.x
PMID: 17535269

Wing SS. The UPS in diabetes and obesity. BMC Biochem. 2008; 9 Suppl 1:S6. https://doi.org/10.
1186/1471-2091-9-S1-S6 PMID: 19007436

Webb EL, Rudd MF, Sellick GS, El Galta R, Bethke L, Wood W, et al. Search for low penetrance alleles
for colorectal cancer through a scan of 1467 non-synonymous SNPs in 2575 cases and 2707 controls
with validation by kin-cohort analysis of 14 704 first-degree relatives. Hum Mol Genet. 2006; 15
(21):3263-3271. hitps://doi.org/10.1093/hmg/ddl401 PMID: 17000706

Zeng C, Matsuda K, Jia WH, Chang J, Kweon SS, Xiang YB, et al. Identification of Susceptibility Loci
and Genes for Colorectal Cancer Risk. Gastroenterology. 2016; 150(7):1633—-1645. https://doi.org/10.
1053/j.gastro.2016.02.076 PMID: 26965516

Shameer K, Denny JC, Ding K, Jouni H, Crosslin DR, de Andrade M, et al. A genome- and phenome-
wide association study to identify genetic variants influencing platelet count and volume and their pleio-
tropic effects. Hum Genet. 2014; 133(1):95-109. https://doi.org/10.1007/s00439-013-1355-7 PMID:
24026423

Stuart PE, Nair RP, Ellinghaus E, Ding J, Tejasvi T, Gudjonsson JE, et al. Genome-wide association
analysis identifies three psoriasis susceptibility loci. Nat Genet. 2010; 42(11):1000—-1004. https://doi.
org/10.1038/ng.693 PMID: 20953189

lio E, Matsuura K, Nishida N, Maekawa S, Enomoto N, Nakagawa M, et al. Genome-wide association
study identifies a PSMD3 variant associated with neutropenia in interferon-based therapy for chronic
hepatitis C. Hum Genet. 2015; 134(3):279-289. https://doi.org/10.1007/s00439-014-1520-7 PMID:
25515861

Song X, Zhu G, Hou S, Ren Y, Amjid MW, Li W, et al.). Front Plant Sci. 2021; 12:695503. https://doi.
0rg/10.3389/fpls.2021.695503 PMID: 34421946

Belle A, Tanay A, Bitincka L, Shamir R, O’Shea EK. Quantification of protein half-lives in the budding
yeast proteome. Proc Natl Acad Sci U S A. 2006; 103(35):13004—13009. https://doi.org/10.1073/pnas.
0605420103 PMID: 16916930

Christiano R, Nagaraj N, Frohlich F, Walther TC. Global proteome turnover analyses of the Yeasts S.
cerevisiae and S. pombe. Cell Rep. 2014; 9(5):1959-1965. https://doi.org/10.1016/j.celrep.2014.10.
065 PMID: 25466257

Schwanhausser B, Busse D, Li N, Dittmar G, Schuchhardt J, Wolf J, et al. Global quantification of
mammalian gene expression control. Nature. 2011; 473(7347):337-342. https://doi.org/10.1038/
nature10098 PMID: 21593866

Kraut DA, Matouschek A. Proteasomal degradation from internal sites favors partial proteolysis via
remote domain stabilization. ACS Chem Biol. 2011; 6(10):1087-1095. https://doi.org/10.1021/
cb2002285 PMID: 21815694

Prakash S, Tian L, Ratliff KS, Lehotzky RE, Matouschek A. An unstructured initiation site is required
for efficient proteasome-mediated degradation. Nat Struct Mol Biol. 2004; 11(9):830-837. https://doi.
org/10.1038/nsmb814 PMID: 15311270

Martinez-Fonts K, Davis C, Tomita T, Elsasser S, Nager AR, Shi Y, et al. The proteasome 19S cap
and its ubiquitin receptors provide a versatile recognition platform for substrates. Nat Commun. 2020;
11(1):477. https://doi.org/10.1038/s41467-019-13906-8 PMID: 31980598

Kraut DA, Israeli E, Schrader EK, Patil A, Nakai K, Nanavati D, et al. Sequence- and species-depen-
dence of proteasomal processivity. ACS Chem Biol. 2012; 7(8):1444-1453. https://doi.org/10.1021/
cb3001155 PMID: 22716912

Yu H, Singh Gautam AK, Wilmington SR, Wylie D, Martinez-Fonts K, Kago G, et al. Conserved
Sequence Preferences Contribute to Substrate Recognition by the Proteasome. J Biol Chem. 2016;
291(28):14526—14539. https://doi.org/10.1074/jbc.M116.727578 PMID: 27226608

Hoyt MA, Zich J, Takeuchi J, Zhang M, Govaerts C, Coffino P. Glycine-alanine repeats impair proper
substrate unfolding by the proteasome. EMBO J. 2006; 25(8):1720-1729. https://doi.org/10.1038/s;.
emboj.7601058 PMID: 16601692

Koodathingal P, Jaffe NE, Kraut DA, Prakash S, Fishbain S, Herman C, et al. ATP-dependent prote-
ases differ substantially in their ability to unfold globular proteins. J Biol Chem. 2009; 284(28):18674—
18684. https://doi.org/10.1074/jbc.M900783200 PMID: 19383601

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 30/36


https://doi.org/10.1111/j.1468-1331.2012.03846.x
https://doi.org/10.1111/j.1468-1331.2012.03846.x
http://www.ncbi.nlm.nih.gov/pubmed/22882272
https://doi.org/10.1111/j.1469-1809.2007.00372.x
http://www.ncbi.nlm.nih.gov/pubmed/17535269
https://doi.org/10.1186/1471-2091-9-S1-S6
https://doi.org/10.1186/1471-2091-9-S1-S6
http://www.ncbi.nlm.nih.gov/pubmed/19007436
https://doi.org/10.1093/hmg/ddl401
http://www.ncbi.nlm.nih.gov/pubmed/17000706
https://doi.org/10.1053/j.gastro.2016.02.076
https://doi.org/10.1053/j.gastro.2016.02.076
http://www.ncbi.nlm.nih.gov/pubmed/26965516
https://doi.org/10.1007/s00439-013-1355-7
http://www.ncbi.nlm.nih.gov/pubmed/24026423
https://doi.org/10.1038/ng.693
https://doi.org/10.1038/ng.693
http://www.ncbi.nlm.nih.gov/pubmed/20953189
https://doi.org/10.1007/s00439-014-1520-7
http://www.ncbi.nlm.nih.gov/pubmed/25515861
https://doi.org/10.3389/fpls.2021.695503
https://doi.org/10.3389/fpls.2021.695503
http://www.ncbi.nlm.nih.gov/pubmed/34421946
https://doi.org/10.1073/pnas.0605420103
https://doi.org/10.1073/pnas.0605420103
http://www.ncbi.nlm.nih.gov/pubmed/16916930
https://doi.org/10.1016/j.celrep.2014.10.065
https://doi.org/10.1016/j.celrep.2014.10.065
http://www.ncbi.nlm.nih.gov/pubmed/25466257
https://doi.org/10.1038/nature10098
https://doi.org/10.1038/nature10098
http://www.ncbi.nlm.nih.gov/pubmed/21593866
https://doi.org/10.1021/cb2002285
https://doi.org/10.1021/cb2002285
http://www.ncbi.nlm.nih.gov/pubmed/21815694
https://doi.org/10.1038/nsmb814
https://doi.org/10.1038/nsmb814
http://www.ncbi.nlm.nih.gov/pubmed/15311270
https://doi.org/10.1038/s41467-019-13906-8
http://www.ncbi.nlm.nih.gov/pubmed/31980598
https://doi.org/10.1021/cb3001155
https://doi.org/10.1021/cb3001155
http://www.ncbi.nlm.nih.gov/pubmed/22716912
https://doi.org/10.1074/jbc.M116.727578
http://www.ncbi.nlm.nih.gov/pubmed/27226608
https://doi.org/10.1038/sj.emboj.7601058
https://doi.org/10.1038/sj.emboj.7601058
http://www.ncbi.nlm.nih.gov/pubmed/16601692
https://doi.org/10.1074/jbc.M900783200
http://www.ncbi.nlm.nih.gov/pubmed/19383601
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

52,

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

Kish-Trier E, Hill CP. Structural biology of the proteasome. Annu Rev Biophys. 2013; 42:29-49.
https://doi.org/10.1146/annurev-biophys-083012-130417 PMID: 23414347

Chau V, Tobias JW, Bachmair A, Marriott D, Ecker DJ, Gonda DK, et al. A multiubiquitin chain is con-
fined to specific lysine in a targeted short-lived protein. Science. 1989; 243(4898):1576—-1583. https:/
doi.org/10.1126/science.2538923 PMID: 2538923

Finley D. Recognition and processing of ubiquitin-protein conjugates by the proteasome. Annu Rev
Biochem. 2009; 78:477-513. https://doi.org/10.1146/annurev.biochem.78.081507.101607 PMID:
19489727

Thrower JS, Hoffman L, Rechsteiner M, Pickart CM. Recognition of the polyubiquitin proteolytic signal.
EMBO J. 2000; 19(1):94—-102. https://doi.org/10.1093/emboj/19.1.94 PMID: 10619848

Baugh JM, Viktorova EG, Pilipenko EV. Proteasomes can degrade a significant proportion of cellular
proteins independent of ubiquitination. J Mol Biol. 2009; 386(3):814—827. https://doi.org/10.1016/j.jmb.
2008.12.081 PMID: 19162040

Hsieh LS, Su WM, Han GS, Carman GM. Phosphorylation regulates the ubiquitin-independent degra-
dation of yeast Pah1 phosphatidate phosphatase by the 20S proteasome. J Biol Chem. 2015; 290
(18):11467-11478. https://doi.org/10.1074/jbc.M115.648659 PMID: 25809482

Kumar Deshmukh F, Yaffe D, Olshina MA, Ben-Nissan G, Sharon M. The Contribution of the 20S Pro-
teasome to Proteostasis. Biomolecules. 2019; 9(5).

Dange T, Smith D, Noy T, Rommel PC, Jurzitza L, Cordero RJ, et al. BIm10 protein promotes protea-
somal substrate turnover by an active gating mechanism. J Biol Chem. 2011; 286(50):42830-42839.
https://doi.org/10.1074/jbc.M111.300178 PMID: 22025621

Ustrell V, Hoffman L, Pratt G, Rechsteiner M. PA200, a nuclear proteasome activator involved in DNA
repair. EMBO J. 2002; 21(13):3516-3525. https://doi.org/10.1093/emboj/cdf333 PMID: 12093752

Stadtmueller BM, Hill CP. Proteasome activators. Mol Cell. 2011; 41(1):8—19. https://doi.org/10.1016/
j.molcel.2010.12.020 PMID: 21211719

Morozov AV, Karpov VL. Proteasomes and Several Aspects of Their Heterogeneity Relevant to Can-
cer. Front Oncol. 2019; 9:761. https://doi.org/10.3389/fonc.2019.00761 PMID: 31456945

Bloom JS, Ehrenreich IM, Loo WT, Lite TL, Kruglyak L. Finding the sources of missing heritability in a
yeast cross. Nature. 2013; 494(7436):234—237. https://doi.org/10.1038/nature11867 PMID: 23376951

Yen HC, Xu Q, Chou DM, Zhao Z, Elledge SJ. Global protein stability profiling in mammalian cells. Sci-
ence. 2008; 322(5903):918-923. https://doi.org/10.1126/science.1160489 PMID: 18988847

Geffen Y, Appleboim A, Gardner RG, Friedman N, Sadeh R, Ravid T. Mapping the Landscape of a
Eukaryotic Degronome. Mol Cell. 2016; 63(6):1055—1065. https://doi.org/10.1016/j.molcel.2016.08.
005 PMID: 27618491

Ella H, Reiss Y, Ravid T. The Hunt for Degrons of the 26S Proteasome. Biomolecules. 2019; 9(6).
https://doi.org/10.3390/biom9060230 PMID: 31200568

Lutz S, Van Dyke K, Feraru MA, Albert FW. Multiple epistatic DNA variants in a single gene affect
gene expression in trans. Genetics. 2022; 220(1). https://doi.org/10.1093/genetics/iyab208 PMID:
34791209

Renganaath K, Cheung R, Day L, Kosuri S, Kruglyak L, Albert FW. Systematic identification of cis-reg-
ulatory variants that cause gene expression differences in a yeast cross. Elife. 2020; 9. https://doi.org/
10.7554/eLife.62669 PMID: 33179598

Zhang M, Pickart CM, Coffino P. Determinants of proteasome recognition of ornithine decarboxylase,
a ubiquitin-independent substrate. EMBO J. 2003; 22(7):1488—-1496. https://doi.org/10.1093/emboj/
cdg158 PMID: 12660156

Takeuchi J, Chen H, Hoyt MA, Coffino P. Structural elements of the ubiquitin-independent proteasome
degron of ornithine decarboxylase. Biochem J. 2008; 410(2):401-407. https://doi.org/10.1042/
BJ20071239 PMID: 17979831

Xie Y, Varshavsky A. RPN4 is a ligand, substrate, and transcriptional regulator of the 26S proteasome:
a negative feedback circuit. Proc Natl Acad Sci USA. 2001; 98(6):3056—3061. https://doi.org/10.1073/
pnas.071022298 PMID: 11248031

Ha SW, Ju D, Xie Y. The N-terminal domain of Rpn4 serves as a portable ubiquitin-independent
degron and is recognized by specific 19S RP subunits. Biochem Biophys Res Commun. 2012; 419
(2):226—-231. https://doi.org/10.1016/j.bbrc.2012.01.152 PMID: 22349505

Ju D, Xie Y. Proteasomal degradation of RPN4 via two distinct mechanisms, ubiquitin-dependent and
-independent. J Biol Chem. 2004; 279(23):23851-23854. https://doi.org/10.1074/jbc.C400111200
PMID: 15090546

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 31/36


https://doi.org/10.1146/annurev-biophys-083012-130417
http://www.ncbi.nlm.nih.gov/pubmed/23414347
https://doi.org/10.1126/science.2538923
https://doi.org/10.1126/science.2538923
http://www.ncbi.nlm.nih.gov/pubmed/2538923
https://doi.org/10.1146/annurev.biochem.78.081507.101607
http://www.ncbi.nlm.nih.gov/pubmed/19489727
https://doi.org/10.1093/emboj/19.1.94
http://www.ncbi.nlm.nih.gov/pubmed/10619848
https://doi.org/10.1016/j.jmb.2008.12.081
https://doi.org/10.1016/j.jmb.2008.12.081
http://www.ncbi.nlm.nih.gov/pubmed/19162040
https://doi.org/10.1074/jbc.M115.648659
http://www.ncbi.nlm.nih.gov/pubmed/25809482
https://doi.org/10.1074/jbc.M111.300178
http://www.ncbi.nlm.nih.gov/pubmed/22025621
https://doi.org/10.1093/emboj/cdf333
http://www.ncbi.nlm.nih.gov/pubmed/12093752
https://doi.org/10.1016/j.molcel.2010.12.020
https://doi.org/10.1016/j.molcel.2010.12.020
http://www.ncbi.nlm.nih.gov/pubmed/21211719
https://doi.org/10.3389/fonc.2019.00761
http://www.ncbi.nlm.nih.gov/pubmed/31456945
https://doi.org/10.1038/nature11867
http://www.ncbi.nlm.nih.gov/pubmed/23376951
https://doi.org/10.1126/science.1160489
http://www.ncbi.nlm.nih.gov/pubmed/18988847
https://doi.org/10.1016/j.molcel.2016.08.005
https://doi.org/10.1016/j.molcel.2016.08.005
http://www.ncbi.nlm.nih.gov/pubmed/27618491
https://doi.org/10.3390/biom9060230
http://www.ncbi.nlm.nih.gov/pubmed/31200568
https://doi.org/10.1093/genetics/iyab208
http://www.ncbi.nlm.nih.gov/pubmed/34791209
https://doi.org/10.7554/eLife.62669
https://doi.org/10.7554/eLife.62669
http://www.ncbi.nlm.nih.gov/pubmed/33179598
https://doi.org/10.1093/emboj/cdg158
https://doi.org/10.1093/emboj/cdg158
http://www.ncbi.nlm.nih.gov/pubmed/12660156
https://doi.org/10.1042/BJ20071239
https://doi.org/10.1042/BJ20071239
http://www.ncbi.nlm.nih.gov/pubmed/17979831
https://doi.org/10.1073/pnas.071022298
https://doi.org/10.1073/pnas.071022298
http://www.ncbi.nlm.nih.gov/pubmed/11248031
https://doi.org/10.1016/j.bbrc.2012.01.152
http://www.ncbi.nlm.nih.gov/pubmed/22349505
https://doi.org/10.1074/jbc.C400111200
http://www.ncbi.nlm.nih.gov/pubmed/15090546
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92,

93.

94,

Erales J, Coffino P. Ubiquitin-independent proteasomal degradation. Biochim Biophys Acta. 2014;
1843(1):216—-221. https://doi.org/10.1016/j.bbamcr.2013.05.008 PMID: 23684952

Hoyt MA, Zhang M, Coffino P. Ubiquitin-independent mechanisms of mouse ornithine decarboxylase
degradation are conserved between mammalian and fungal cells. J Biol Chem. 2003; 278(14):12135—
12143. https://doi.org/10.1074/jbc.M211802200 PMID: 12562772

Mannhaupt G, Schnall R, Karpov V, Vetter |, Feldmann H. Rpn4p acts as a transcription factor by bind-
ing to PACE, a nonamer box found upstream of 26S proteasomal and other genes in yeast. FEBS
Lett. 1999; 450(1-2):27-34. https://doi.org/10.1016/S0014-5793(99)00467-6 PMID: 10350051

Morozov AV, Spasskaya DS, Karpov DS, Karpov VL. The central domain of yeast transcription factor
Rpn4 facilitates degradation of reporter protein in human cells. FEBS Lett. 2014; 588(20):3713-3719.
https://doi.org/10.1016/j.febslet.2014.08.017 PMID: 25157437

Hoyt MA, Zhang M, Coffino P. Probing the ubiquitin/proteasome system with ornithine decarboxylase,
a ubiquitin-independent substrate. Methods Enzymol. 2005; 398:399—413. https://doi.org/10.1016/
S0076-6879(05)98033-6 PMID: 16275346

Momose |, Tatsuda D, Ohba S, Masuda T, Ikeda D, Nomoto A. In vivo imaging of proteasome inhibi-
tion using a proteasome-sensitive fluorescent reporter. Cancer Sci. 2012; 103(9):1730—-1736. https:/
doi.org/10.1111/j.1349-7006.2012.02352.x PMID: 22676179

Khmelinskii A, Knop M. Analysis of protein dynamics with tandem fluorescent protein timers. Methods
Mol Biol. 2014; 1174:195-210. https://doi.org/10.1007/978-1-4939-0944-5_13 PMID: 24947383

Khmelinskii A, Meurer M, Ho CT, Besenbeck B, Fiiller J, Lemberg MK, et al. Incomplete proteasomal
degradation of green fluorescent proteins in the context of tandem fluorescent protein timers. Mol Biol
Cell. 2016; 27(2):360-370. https://doi.org/10.1091/mbc.E15-07-0525 PMID: 26609072

Pedelacq JD, Cabantous S, Tran T, Terwilliger TC, Waldo GS. Engineering and characterization of a
superfolder green fluorescent protein. Nat Biotechnol. 2006; 24(1):79-88. https://doi.org/10.1038/
nbt1172 PMID: 16369541

Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY. Improved monomeric
red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent protein. Nat
Biotechnol. 2004; 22(12):1567—1572. https://doi.org/10.1038/nbt1037 PMID: 15558047

Khmelinskii A, Keller PJ, Bartosik A, Meurer M, Barry JD, Mardin BR, et al. Tandem fluorescent protein
timers for in vivo analysis of protein dynamics. Nat Biotechnol. 2012; 30(7):708-714. https://doi.org/
10.1038/nbt.2281 PMID: 22729030

Albert FW, Bloom JS, Siegel J, Day L, Kruglyak L. Genetics of trans-regulatory variation in gene
expression. Elife. 2018; 7. https://doi.org/10.7554/eLife.35471 PMID: 30014850

Albert FW, Treusch S, Shockley AH, Bloom JS, Kruglyak L. Genetics of single-cell protein abundance
variation in large yeast populations. Nature. 2014; 506(7489):494—497. https://doi.org/10.1038/
nature12904 PMID: 24402228

Brion C, Lutz SM, Albert FW. Simultaneous quantification of mMRNA and protein in single cells reveals
post-transcriptional effects of genetic variation. Elife. 2020; 9. https://doi.org/10.7554/eLife.60645
PMID: 33191917

Hoyt MA, McDonough S, Pimpl SA, Scheel H, Hofmann K, Coffino P. A genetic screen for Saccharo-
myces cerevisiae mutants affecting proteasome function, using a ubiquitin-independent substrate.
Yeast. 2008; 25(3):199-217. https://doi.org/10.1002/yea.1579 PMID: 18260085

Takeuchi J, Chen H, Coffino P. Proteasome substrate degradation requires association plus extended
peptide. EMBO J. 2007; 26(1):123-131. https://doi.org/10.1038/sj.emboj.7601476 PMID: 17170706

Ju D, Xu H, Wang X, Xie Y. The transcription activation domain of Rpn4 is separate from its degrons.
Int J Biochem Cell Biol. 2010; 42(2):282—-286. https://doi.org/10.1016/j.biocel.2009.11.003 PMID:
19914394

Ehrenreich IM, Gerke JP, Kruglyak L. Genetic dissection of complex traits in yeast: insights from stud-
ies of gene expression and other phenotypes in the BYXRM cross. Cold Spring Harb Symp Quant Biol.
2009; 74:145—-153. https://doi.org/10.1101/sgb.2009.74.013 PMID: 19734204

Ehrenreich IM, Torabi N, Jia Y, Kent J, Martis S, Shapiro JA, et al. Dissection of genetically complex
traits with extremely large pools of yeast segregants. Nature. 2010; 464(7291):1039—-1042. https://doi.
org/10.1038/nature08923 PMID: 20393561

Michelmore RW, Paran I, Kesseli RV. Identification of markers linked to disease-resistance genes by
bulked segregant analysis: a rapid method to detect markers in specific genomic regions by using seg-
regating populations. Proc Natl Acad Sci U S A. 1991; 88(21):9828-9832. https://doi.org/10.1073/
pnas.88.21.9828 PMID: 1682921

Varshavsky A. The N-end rule pathway and regulation by proteolysis. Protein Sci. 2011; 20(8):1298-
1345. https://doi.org/10.1002/pro.666 PMID: 21633985

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 32/36


https://doi.org/10.1016/j.bbamcr.2013.05.008
http://www.ncbi.nlm.nih.gov/pubmed/23684952
https://doi.org/10.1074/jbc.M211802200
http://www.ncbi.nlm.nih.gov/pubmed/12562772
https://doi.org/10.1016/S0014-5793(99)00467-6
http://www.ncbi.nlm.nih.gov/pubmed/10350051
https://doi.org/10.1016/j.febslet.2014.08.017
http://www.ncbi.nlm.nih.gov/pubmed/25157437
https://doi.org/10.1016/S0076-6879(05)98033-6
https://doi.org/10.1016/S0076-6879(05)98033-6
http://www.ncbi.nlm.nih.gov/pubmed/16275346
https://doi.org/10.1111/j.1349-7006.2012.02352.x
https://doi.org/10.1111/j.1349-7006.2012.02352.x
http://www.ncbi.nlm.nih.gov/pubmed/22676179
https://doi.org/10.1007/978-1-4939-0944-5_13
http://www.ncbi.nlm.nih.gov/pubmed/24947383
https://doi.org/10.1091/mbc.E15-07-0525
http://www.ncbi.nlm.nih.gov/pubmed/26609072
https://doi.org/10.1038/nbt1172
https://doi.org/10.1038/nbt1172
http://www.ncbi.nlm.nih.gov/pubmed/16369541
https://doi.org/10.1038/nbt1037
http://www.ncbi.nlm.nih.gov/pubmed/15558047
https://doi.org/10.1038/nbt.2281
https://doi.org/10.1038/nbt.2281
http://www.ncbi.nlm.nih.gov/pubmed/22729030
https://doi.org/10.7554/eLife.35471
http://www.ncbi.nlm.nih.gov/pubmed/30014850
https://doi.org/10.1038/nature12904
https://doi.org/10.1038/nature12904
http://www.ncbi.nlm.nih.gov/pubmed/24402228
https://doi.org/10.7554/eLife.60645
http://www.ncbi.nlm.nih.gov/pubmed/33191917
https://doi.org/10.1002/yea.1579
http://www.ncbi.nlm.nih.gov/pubmed/18260085
https://doi.org/10.1038/sj.emboj.7601476
http://www.ncbi.nlm.nih.gov/pubmed/17170706
https://doi.org/10.1016/j.biocel.2009.11.003
http://www.ncbi.nlm.nih.gov/pubmed/19914394
https://doi.org/10.1101/sqb.2009.74.013
http://www.ncbi.nlm.nih.gov/pubmed/19734204
https://doi.org/10.1038/nature08923
https://doi.org/10.1038/nature08923
http://www.ncbi.nlm.nih.gov/pubmed/20393561
https://doi.org/10.1073/pnas.88.21.9828
https://doi.org/10.1073/pnas.88.21.9828
http://www.ncbi.nlm.nih.gov/pubmed/1682921
https://doi.org/10.1002/pro.666
http://www.ncbi.nlm.nih.gov/pubmed/21633985
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Hwang CS, Shemorry A, Varshavsky A. N-terminal acetylation of cellular proteins creates specific deg-
radation signals. Science. 2010; 327(5968):973-977. https://doi.org/10.1126/science.1183147 PMID:
20110468

Bachmair A, Finley D, Varshavsky A. In vivo half-life of a protein is a function of its amino-terminal resi-
due. Science. 1986; 234(4773):179-186. https://doi.org/10.1126/science.3018930 PMID: 3018930

Baker RT, Varshavsky A. Yeast N-terminal amidase. A new enzyme and component of the N-end rule
pathway. J Biol Chem. 1995; 270(20):12065—12074. https://doi.org/10.1074/jbc.270.20.12065 PMID:
7744855

Hu RG, Brower CS, Wang H, Davydov IV, Sheng J, Zhou J, et al. Arginyltransferase, its specificity,
putative substrates, bidirectional promoter, and splicing-derived isoforms. J Biol Chem. 2006; 281
(43):32559-32573. https://doi.org/10.1074/jbc.M604355200 PMID: 16943202

Turner GC, Du F, Varshavsky A. Peptides accelerate their uptake by activating a ubiquitin-dependent
proteolytic pathway. Nature. 2000; 405(6786):579-583. https://doi.org/10.1038/35014629 PMID:
10850718

Perrot M, Massoni A, Boucherie H. Sequence requirements for Nalpha-terminal acetylation of yeast
proteins by NatA. Yeast. 2008; 25(7):513-527. https://doi.org/10.1002/yea.1602 PMID: 18615858

Wickner RB. MKT1, a nonessential Saccharomyces cerevisiae gene with a temperature-dependent
effect on replication of M2 double-stranded RNA. J Bacteriol. 1987; 169(11):4941-4945. hitps://doi.
org/10.1128/jb.169.11.4941-4945.1987 PMID: 2822656

Tadauchi T, Inada T, Matsumoto K, Irie K. Posttranscriptional regulation of HO expression by the
Mkt1-Pbp1 complex. Mol Cell Biol. 2004; 24(9):3670-3681. https://doi.org/10.1128/MCB.24.9.3670-
3681.2004 PMID: 15082763

Sinha H, Nicholson BP, Steinmetz LM, McCusker JH. Complex genetic interactions in a quantitative
trait locus. PLoS Genet. 2006; 2(2):e13. https://doi.org/10.1371/journal.pgen.0020013 PMID:
16462944

Deutschbauer AM, Davis RW. Quantitative trait loci mapped to single-nucleotide resolution in yeast.
Nat Genet. 2005; 37(12):1333-1340. https://doi.org/10.1038/ng1674 PMID: 16273108

Tanaka K, Nakafuku M, Tamanoi F, Kaziro Y, Matsumoto K, Toh-e A. IRA2, a second gene of Saccha-
romyces cerevisiae that encodes a protein with a domain homologous to mammalian ras GTPase-acti-
vating protein. Mol Cell Biol. 1990; 10(8):4303-4313. PMID: 2164637

Smith EN, Kruglyak L. Gene-environment interaction in yeast gene expression. PLoS Biol. 2008; 6(4):
€83. https://doi.org/10.1371/journal.pbio.0060083 PMID: 18416601

Howell LA, Peterson AK, Tomko RJ. Proteasome subunit a1 overexpression preferentially drives
canonical proteasome biogenesis and enhances stress tolerance in yeast. Sci Rep. 2019; 9(1):12418.
https://doi.org/10.1038/s41598-019-48889-5 PMID: 31455793

Padmanabhan A, Vuong SA, Hochstrasser M. Assembly of an Evolutionarily Conserved Alternative
Proteasome Isoform in Human Cells. Cell Rep. 2016; 14(12):2962—2974. https://doi.org/10.1016/j.
celrep.2016.02.068 PMID: 26997268

Vilchez D, Boyer L, Morantte |, Lutz M, Merkwirth C, Joyce D, et al. Increased proteasome activity in
human embryonic stem cells is regulated by PSMD11. Nature. 2012; 489(7415):304—308. https://doi.
org/10.1038/nature11468 PMID: 22972301

Wang Y, Nie J, Wang Y, Zhang L, Lu K, Xing G, et al. CKIP-1 couples Smurf1 ubiquitin ligase with
Rpt6 subunit of proteasome to promote substrate degradation. EMBO Rep. 2012; 13(11):1004—-1011.
https://doi.org/10.1038/embor.2012.144 PMID: 23032291

Zemoura K, Benke D. -aminobutyric acidB receptors is mediated by the interaction of the GABAB2 C
terminus with the proteasomal ATPase Rtp6 and regulated by neuronal activity. J Biol Chem. 2014;
289(11):7738-7746.

Owsianik G, Balzi| L, Ghislain M. Control of 26S proteasome expression by transcription factors regu-
lating multidrug resistance in Saccharomyces cerevisiae. Mol Microbiol. 2002; 43(5):1295—-1308.
https://doi.org/10.1046/j.1365-2958.2002.02823.x PMID: 11918814

Wang X, Yen J, Kaiser P, Huang L. Regulation of the 26S proteasome complex during oxidative stress.
Sci Signal. 2010; 3(151):ra88. https://doi.org/10.1126/scisignal.2001232 PMID: 21139140

Salin H, Fardeau V, Piccini E, Lelandais G, Tanty V, Lemoine S, et al. Structure and properties of tran-
scriptional networks driving selenite stress response in yeasts. BMC Genomics. 2008; 9:333. https://
doi.org/10.1186/1471-2164-9-333 PMID: 18627600

Peter J, De Chiara M, Friedrich A, Yue JX, Pflieger D, Bergstrom A, et al. Genome evolution across
1,011 Saccharomyces cerevisiae isolates. Nature. 2018; 556(7701):339-344. https://doi.org/10.1038/
$41586-018-0030-5 PMID: 29643504

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 33/36


https://doi.org/10.1126/science.1183147
http://www.ncbi.nlm.nih.gov/pubmed/20110468
https://doi.org/10.1126/science.3018930
http://www.ncbi.nlm.nih.gov/pubmed/3018930
https://doi.org/10.1074/jbc.270.20.12065
http://www.ncbi.nlm.nih.gov/pubmed/7744855
https://doi.org/10.1074/jbc.M604355200
http://www.ncbi.nlm.nih.gov/pubmed/16943202
https://doi.org/10.1038/35014629
http://www.ncbi.nlm.nih.gov/pubmed/10850718
https://doi.org/10.1002/yea.1602
http://www.ncbi.nlm.nih.gov/pubmed/18615858
https://doi.org/10.1128/jb.169.11.4941-4945.1987
https://doi.org/10.1128/jb.169.11.4941-4945.1987
http://www.ncbi.nlm.nih.gov/pubmed/2822656
https://doi.org/10.1128/MCB.24.9.3670-3681.2004
https://doi.org/10.1128/MCB.24.9.3670-3681.2004
http://www.ncbi.nlm.nih.gov/pubmed/15082763
https://doi.org/10.1371/journal.pgen.0020013
http://www.ncbi.nlm.nih.gov/pubmed/16462944
https://doi.org/10.1038/ng1674
http://www.ncbi.nlm.nih.gov/pubmed/16273108
http://www.ncbi.nlm.nih.gov/pubmed/2164637
https://doi.org/10.1371/journal.pbio.0060083
http://www.ncbi.nlm.nih.gov/pubmed/18416601
https://doi.org/10.1038/s41598-019-48889-5
http://www.ncbi.nlm.nih.gov/pubmed/31455793
https://doi.org/10.1016/j.celrep.2016.02.068
https://doi.org/10.1016/j.celrep.2016.02.068
http://www.ncbi.nlm.nih.gov/pubmed/26997268
https://doi.org/10.1038/nature11468
https://doi.org/10.1038/nature11468
http://www.ncbi.nlm.nih.gov/pubmed/22972301
https://doi.org/10.1038/embor.2012.144
http://www.ncbi.nlm.nih.gov/pubmed/23032291
https://doi.org/10.1046/j.1365-2958.2002.02823.x
http://www.ncbi.nlm.nih.gov/pubmed/11918814
https://doi.org/10.1126/scisignal.2001232
http://www.ncbi.nlm.nih.gov/pubmed/21139140
https://doi.org/10.1186/1471-2164-9-333
https://doi.org/10.1186/1471-2164-9-333
http://www.ncbi.nlm.nih.gov/pubmed/18627600
https://doi.org/10.1038/s41586-018-0030-5
https://doi.org/10.1038/s41586-018-0030-5
http://www.ncbi.nlm.nih.gov/pubmed/29643504
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

116.

117.

118.

119.

120.

121.

122,

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

Flick K, Kaiser P. Protein degradation and the stress response. Semin Cell Dev Biol. 2012; 23(5):515—
522. https://doi.org/10.1016/j.semcdb.2012.01.019 PMID: 22414377

Hanna J, Meides A, Zhang DP, Finley D. A ubiquitin stress response induces altered proteasome com-
position. Cell. 2007; 129(4):747-759. https://doi.org/10.1016/j.cell.2007.03.042 PMID: 17512408

Gomes AV. Genetics of proteasome diseases. Scientifica (Cairo). 2013; 2013:637629. https://doi.org/
10.1155/2013/637629 PMID: 24490108

Arima K, Kinoshita A, Mishima H, Kanazawa N, Kaneko T, Mizushima T, et al. Proteasome assembly
defect due to a proteasome subunit beta type 8 (PSMB8) mutation causes the autoinflammatory disor-
der, Nakajo-Nishimura syndrome. Proc Natl Acad Sci U S A. 2011; 108(36):14914-14919. hitps://doi.
org/10.1073/pnas.1106015108 PMID: 21852578

Liu X, Li YI, Pritchard JK. Trans Effects on Gene Expression Can Drive Omnigenic Inheritance. Cell.
2019; 177(4):1022—1034. https://doi.org/10.1016/j.cell.2019.04.014 PMID: 31051098

Komander D, Rape M. The ubiquitin code. Annu Rev Biochem. 2012; 81:203—229. https://doi.org/10.
1146/annurev-biochem-060310-170328 PMID: 22524316

Ohtake F, Saeki Y, Ishido S, Kanno J, Tanaka K. The K48-K63 Branched Ubiquitin Chain Regulates
NF-KB Signaling. Mol Cell. 2016; 64(2):251-266. https://doi.org/10.1016/j.molcel.2016.09.014 PMID:
27746020

French ME, Koehler CF, Hunter T. Emerging functions of branched ubiquitin chains. Cell Discov.
2021; 7(1):6. https://doi.org/10.1038/s41421-020-00237-y PMID: 33495455

Murakami Y, Matsufuji S, Kameji T, Hayashi S, Igarashi K, Tamura T, et al. Ornithine decarboxylase is
degraded by the 26S proteasome without ubiquitination. Nature. 1992; 360(6404):597-599. https://
doi.org/10.1038/360597a0 PMID: 1334232

Deveraux Q, Ustrell V, Pickart C, Rechsteiner M. A 26 S protease subunit that binds ubiquitin conju-
gates. J Biol Chem. 1994; 269(10):7059-7061. https://doi.org/10.1016/S0021-9258(17)37244-7
PMID: 8125911

Husnjak K, Elsasser S, Zhang N, Chen X, Randles L, Shi Y, et al. Proteasome subunit Rpn13 is a
novel ubiquitin receptor. Nature. 2008; 453(7194):481-488. https://doi.org/10.1038/nature06926
PMID: 18497817

Brem RB, Kruglyak L. The landscape of genetic complexity across 5,700 gene expression traits in
yeast. Proc Natl Acad Sci U S A. 2005; 102(5):1572—-1577. https://doi.org/10.1073/pnas.0408709102
PMID: 15659551

Brem RB, Yvert G, Clinton R, Kruglyak L. Genetic dissection of transcriptional regulation in budding
yeast. Science. 2002; 296(5568):752-755. https://doi.org/10.1126/science.1069516 PMID: 11923494

Yvert G, Brem RB, Whittle J, Akey JM, Foss E, Smith EN, et al. Trans-acting regulatory variation in
Saccharomyces cerevisiae and the role of transcription factors. Nat Genet. 2003; 35(1):57—64. hitps://
doi.org/10.1038/ng1222 PMID: 12897782

Khmelinskii A, Blaszczak E, Pantazopoulou M, Fischer B, Omnus DJ, Le Dez G, et al. Protein quality
control at the inner nuclear membrane. Nature. 2014; 516(7531):410-413. https://doi.org/10.1038/
nature14096 PMID: 25519137

Kredel S, Oswald F, Nienhaus K, Deuschle K, Récker C, Wolff M, et al. mRuby, a bright monomeric
red fluorescent protein for labeling of subcellular structures. PLoS ONE. 2009; 4(2):e4391. https:/doi.
org/10.1371/journal.pone.0004391 PMID: 19194514

Matz MV, Fradkov AF, Labas YA, Savitsky AP, Zaraisky AG, Markelov ML, et al. Fluorescent proteins
from nonbioluminescent Anthozoa species. Nat Biotechnol. 1999; 17(10):969-973. hitps://doi.org/10.
1038/13657 PMID: 10504696

Albert FW, Muzzey D, Weissman JS, Kruglyak L. Genetic influences on translation in yeast. PLoS
Genet. 2014; 10(10):e1004692. https://doi.org/10.1371/journal.pgen.1004692 PMID: 25340754

Nguyen Ba AN, Lawrence KR, Rego-Costa A, Gopalakrishnan S, Temko D, Michor F, et al. Barcoded
bulk QTL mapping reveals highly polygenic and epistatic architecture of complex traits in yeast. Elife.
2022; 11. https://doi.org/10.7554/eLife.73983 PMID: 35147078

Nguyen NN, Rana A, Goldman C, Moore R, Tai J, Hong Y, et al. Proteasome B5 subunit overexpres-
sion improves proteostasis during aging and extends lifespan in Drosophila melanogaster. Sci Rep.
2019; 9(1):3170. https://doi.org/10.1038/s41598-019-39508-4 PMID: 30816680

Chondrogianni N, Tzavelas C, Pemberton AJ, Nezis IP, Rivett AJ, Gonos ES. Overexpression of pro-
teasome beta5 assembled subunit increases the amount of proteasome and confers ameliorated
response to oxidative stress and higher survival rates. J Biol Chem. 2005; 280(12):11840—11850.
https://doi.org/10.1074/jbc.M413007200 PMID: 15661736

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 34/36


https://doi.org/10.1016/j.semcdb.2012.01.019
http://www.ncbi.nlm.nih.gov/pubmed/22414377
https://doi.org/10.1016/j.cell.2007.03.042
http://www.ncbi.nlm.nih.gov/pubmed/17512408
https://doi.org/10.1155/2013/637629
https://doi.org/10.1155/2013/637629
http://www.ncbi.nlm.nih.gov/pubmed/24490108
https://doi.org/10.1073/pnas.1106015108
https://doi.org/10.1073/pnas.1106015108
http://www.ncbi.nlm.nih.gov/pubmed/21852578
https://doi.org/10.1016/j.cell.2019.04.014
http://www.ncbi.nlm.nih.gov/pubmed/31051098
https://doi.org/10.1146/annurev-biochem-060310-170328
https://doi.org/10.1146/annurev-biochem-060310-170328
http://www.ncbi.nlm.nih.gov/pubmed/22524316
https://doi.org/10.1016/j.molcel.2016.09.014
http://www.ncbi.nlm.nih.gov/pubmed/27746020
https://doi.org/10.1038/s41421-020-00237-y
http://www.ncbi.nlm.nih.gov/pubmed/33495455
https://doi.org/10.1038/360597a0
https://doi.org/10.1038/360597a0
http://www.ncbi.nlm.nih.gov/pubmed/1334232
https://doi.org/10.1016/S0021-9258(17)37244-7
http://www.ncbi.nlm.nih.gov/pubmed/8125911
https://doi.org/10.1038/nature06926
http://www.ncbi.nlm.nih.gov/pubmed/18497817
https://doi.org/10.1073/pnas.0408709102
http://www.ncbi.nlm.nih.gov/pubmed/15659551
https://doi.org/10.1126/science.1069516
http://www.ncbi.nlm.nih.gov/pubmed/11923494
https://doi.org/10.1038/ng1222
https://doi.org/10.1038/ng1222
http://www.ncbi.nlm.nih.gov/pubmed/12897782
https://doi.org/10.1038/nature14096
https://doi.org/10.1038/nature14096
http://www.ncbi.nlm.nih.gov/pubmed/25519137
https://doi.org/10.1371/journal.pone.0004391
https://doi.org/10.1371/journal.pone.0004391
http://www.ncbi.nlm.nih.gov/pubmed/19194514
https://doi.org/10.1038/13657
https://doi.org/10.1038/13657
http://www.ncbi.nlm.nih.gov/pubmed/10504696
https://doi.org/10.1371/journal.pgen.1004692
http://www.ncbi.nlm.nih.gov/pubmed/25340754
https://doi.org/10.7554/eLife.73983
http://www.ncbi.nlm.nih.gov/pubmed/35147078
https://doi.org/10.1038/s41598-019-39508-4
http://www.ncbi.nlm.nih.gov/pubmed/30816680
https://doi.org/10.1074/jbc.M413007200
http://www.ncbi.nlm.nih.gov/pubmed/15661736
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

Vilchez D, Morantte |, Liu Z, Douglas PM, Merkwirth C, Rodrigues AP, et al. RPN-6 determines C. ele-
gans longevity under proteotoxic stress conditions. Nature. 2012; 489(7415):263-268. https://doi.org/
10.1038/nature11315 PMID: 22922647

Fabre B, Lambour T, Garrigues L, Ducoux-Petit M, Amalric F, Monsarrat B, et al. Label-free quantita-
tive proteomics reveals the dynamics of proteasome complexes composition and stoichiometry in a
wide range of human cell lines. J Proteome Res. 2014; 13(6):3027-3037. https://doi.org/10.1021/
pr500193k PMID: 24804812

Sahu |, Mali SM, Sulkshane P, Xu C, Rozenberg A, Morag R, et al. The 20S as a stand-alone protea-
some in cells can degrade the ubiquitin tag. Nat Commun. 2021; 12(1):6173. https://doi.org/10.1038/
s41467-021-26427-0 PMID: 34702852

Tsvetkov P, Mendillo ML, Zhao J, Carette JE, Merrill PH, Cikes D, et al. Compromising the 19S protea-
some complex protects cells from reduced flux through the proteasome. Elife. 2015; 4. https://doi.org/
10.7554/eLife.08467 PMID: 26327695

Tomko RJ, Hochstrasser M. Molecular architecture and assembly of the eukaryotic proteasome. Annu
Rev Biochem. 2013; 82:415-445. https://doi.org/10.1146/annurev-biochem-060410-150257 PMID:
23495936

Park S, Roelofs J, Kim W, Robert J, Schmidt M, Gygi SP, et al. Hexameric assembly of the proteaso-
mal ATPases is templated through their C termini. Nature. 2009; 459(7248):866—870. https://doi.org/
10.1038/nature08065 PMID: 19412160

Park S, Li X, Kim HM, Singh CR, Tian G, Hoyt MA, et al. Reconfiguration of the proteasome during
chaperone-mediated assembly. Nature. 2013; 497(7450):512-516. https://doi.org/10.1038/
nature12123 PMID: 23644457

Sokolova V, Li F, Polovin G, Park S. Proteasome Activation is Mediated via a Functional Switch of the
Rpt6 C-terminal Tail Following Chaperone-dependent Assembly. Sci Rep. 2015; 5:14909. https://doi.
org/10.1038/srep14909 PMID: 26449534

Padovani C, Jevtic P, Rape M. Quality control of protein complex composition. Mol Cell. 2022; 82
(8):1439-1450. https://doi.org/10.1016/j.molcel.2022.02.029 PMID: 35316660

Zhang M, MacDonald Al, Hoyt MA, Coffino P. Proteasomes begin ornithine decarboxylase digestion at
the C terminus. J Biol Chem. 2004; 279(20):20959-20965. https://doi.org/10.1074/jbc.M314043200
PMID: 15016805

Henderson A, Erales J, Hoyt MA, Coffino P. Dependence of proteasome processing rate on substrate
unfolding. J Biol Chem. 2011; 286(20):17495—17502. https://doi.org/10.1074/jbc.M110.212027 PMID:
21454622

Reichard EL, Chirico GG, Dewey WJ, Nassif ND, Bard KE, Millas NE, et al. Substrate Ubiquitination
Controls the Unfolding Ability of the Proteasome. J Biol Chem. 2016; 291(35):18547-18561. https://
doi.org/10.1074/jbc.M116.720151 PMID: 27405762

Goldstein AL, McCusker JH. Three new dominant drug resistance cassettes for gene disruption in
Saccharomyces cerevisiae. Yeast. 1999; 15(14):1541-1553. https://doi.org/10.1002/(SICI)1097-0061
(199910)15:14%3C1541::AID-YEA476%3E3.0.CO;2-K PMID: 10514571

Zwolshen JH, Bhattacharjee JK. Genetic and biochemical properties of thialysine-resistant mutants of
Saccharomyces cerevisiae. J Gen Microbiol. 1981; 122(2):281-287. PMID: 6798161

Baryshnikova A, Costanzo M, Dixon S, Vizeacoumar FJ, Myers CL, Andrews B, et al. Synthetic
genetic array (SGA) analysis in Saccharomyces cerevisiae and Schizosaccharomyces pombe. Meth-
ods Enzymol. 2010; 470:145-179. https://doi.org/10.1016/S0076-6879(10)70007-0 PMID: 20946810

Kuzmin E, Costanzo M, Andrews B, Boone C. Synthetic Genetic Array Analysis. Cold Spring Harb Pro-
toc. 2016; 2016(4):pdb.prot088807. https://doi.org/10.1101/pdb.top086652 PMID: 27037072

Horton RM, Hunt HD, Ho SN, Pullen JK, Pease LR. Engineering hybrid genes without the use of
restriction enzymes: gene splicing by overlap extension. Gene. 1989; 77(1):61-68. https://doi.org/10.
1016/0378-1119(89)90359-4 PMID: 2744488

Gietz RD, Schiestl RH. High-efficiency yeast transformation using the LiAc/SS carrier DNA/PEG
method. Nat Protoc. 2007; 2(1):31-34. https://doi.org/10.1038/nprot.2007.17 PMID: 17401334

Ward AC. Rapid analysis of yeast transformants using colony-PCR. Biotechniques. 1992; 13(3):350.
PMID: 1389166

R Core Team. R: A Language and Environment for Statistical Computing; 2021. Available from:
https://www.R-project.org/.

Hahne F, LeMeur N, Brinkman RR, Ellis B, Haaland P, Sarkar D, et al. flowCore: a Bioconductor pack-
age for high throughput flow cytometry. BMC Bioinformatics. 2009; 10:106. https://doi.org/10.1186/
1471-2105-10-106 PMID: 19358741

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 35/36


https://doi.org/10.1038/nature11315
https://doi.org/10.1038/nature11315
http://www.ncbi.nlm.nih.gov/pubmed/22922647
https://doi.org/10.1021/pr500193k
https://doi.org/10.1021/pr500193k
http://www.ncbi.nlm.nih.gov/pubmed/24804812
https://doi.org/10.1038/s41467-021-26427-0
https://doi.org/10.1038/s41467-021-26427-0
http://www.ncbi.nlm.nih.gov/pubmed/34702852
https://doi.org/10.7554/eLife.08467
https://doi.org/10.7554/eLife.08467
http://www.ncbi.nlm.nih.gov/pubmed/26327695
https://doi.org/10.1146/annurev-biochem-060410-150257
http://www.ncbi.nlm.nih.gov/pubmed/23495936
https://doi.org/10.1038/nature08065
https://doi.org/10.1038/nature08065
http://www.ncbi.nlm.nih.gov/pubmed/19412160
https://doi.org/10.1038/nature12123
https://doi.org/10.1038/nature12123
http://www.ncbi.nlm.nih.gov/pubmed/23644457
https://doi.org/10.1038/srep14909
https://doi.org/10.1038/srep14909
http://www.ncbi.nlm.nih.gov/pubmed/26449534
https://doi.org/10.1016/j.molcel.2022.02.029
http://www.ncbi.nlm.nih.gov/pubmed/35316660
https://doi.org/10.1074/jbc.M314043200
http://www.ncbi.nlm.nih.gov/pubmed/15016805
https://doi.org/10.1074/jbc.M110.212027
http://www.ncbi.nlm.nih.gov/pubmed/21454622
https://doi.org/10.1074/jbc.M116.720151
https://doi.org/10.1074/jbc.M116.720151
http://www.ncbi.nlm.nih.gov/pubmed/27405762
https://doi.org/10.1002/(SICI)1097-0061(199910)15:14%3C1541::AID-YEA476%3E3.0.CO;2-K
https://doi.org/10.1002/(SICI)1097-0061(199910)15:14%3C1541::AID-YEA476%3E3.0.CO;2-K
http://www.ncbi.nlm.nih.gov/pubmed/10514571
http://www.ncbi.nlm.nih.gov/pubmed/6798161
https://doi.org/10.1016/S0076-6879(10)70007-0
http://www.ncbi.nlm.nih.gov/pubmed/20946810
https://doi.org/10.1101/pdb.top086652
http://www.ncbi.nlm.nih.gov/pubmed/27037072
https://doi.org/10.1016/0378-1119(89)90359-4
https://doi.org/10.1016/0378-1119(89)90359-4
http://www.ncbi.nlm.nih.gov/pubmed/2744488
https://doi.org/10.1038/nprot.2007.17
http://www.ncbi.nlm.nih.gov/pubmed/17401334
http://www.ncbi.nlm.nih.gov/pubmed/1389166
https://www.R-project.org/
https://doi.org/10.1186/1471-2105-10-106
https://doi.org/10.1186/1471-2105-10-106
http://www.ncbi.nlm.nih.gov/pubmed/19358741
https://doi.org/10.1371/journal.pgen.1010734

PLOS GENETICS

Substrate-specific effects of natural genetic variation on proteasome activity

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Bates D, Machler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using Ime4. Journal of
Statistical Software. 2015; 67(1):1—48. https://doi.org/10.18637/jss.v067.i01

Kuznetsova A, Brockhoff PB, Christensen RHB. ImerTest Package: Tests in Linear Mixed Effects
Models. Journal of Statistical Software. 2017; 82(13):1-26. https://doi.org/10.18637/jss.v082.i13

Benjamini Y, Hochberg Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. Journal of the Royal Statistical Society Series B (Methodological). 1995; 57(1):289—
300. https://doi.org/10.1111/1.2517-6161.1995.tb02031.x

Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformat-
ics. 2009; 25(14):1754-1760. https://doi.org/10.1093/bioinformatics/btp324 PMID: 19451168

Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, et al. The Sequence Alignment/Map for-
mat and SAMtools. Bioinformatics. 2009; 25(16):2078-2079. https://doi.org/10.1093/bioinformatics/
btp352 PMID: 19505943

Edwards MD, Gifford DK. High-resolution genetic mapping with pooled sequencing. BMC Bioinformat-
ics. 2012; 13 Suppl 6:S8. hitps://doi.org/10.1186/1471-2105-13-S6-S8 PMID: 22537047

Kent WJ, Sugnet CW, Furey TS, Roskin KM, Pringle TH, Zahler AM, et al. The human genome
browser at UCSC. Genome Res. 2002; 12(6):996—1006. https://doi.org/10.1101/gr.229102 PMID:
12045153

Haeussler M, Schonig K, Eckert H, Eschstruth A, Mianné J, Renaud JB, et al. Evaluation of off-target
and on-target scoring algorithms and integration into the guide RNA selection tool CRISPOR. Genome
Biol. 2016; 17(1):148. https://doi.org/10.1186/s13059-016-1012-2 PMID: 27380939

Doench JG, Fusi N, Sullender M, Hegde M, Vaimberg EW, Donovan KF, et al. Optimized sgRNA
design to maximize activity and minimize off-target effects of CRISPR-Cas9. Nat Biotechnol. 2016; 34
(2):184—191. https://doi.org/10.1038/nbt.3437 PMID: 26780180

Collins MA, Mekonnen G, Albert FW. Variation in Ubiquitin System Genes Creates Substrate-Specific
Effects on Proteasomal Protein Degradation. bioRxiv. 2021.

Hoffman CS, Winston F. A ten-minute DNA preparation from yeast efficiently releases autonomous
plasmids for transformation of Escherichia coli. Gene. 1987; 57(2—3):267-272. https://doi.org/10.
1016/0378-1119(87)90131-4 PMID: 3319781

Shaner NC, Lambert GG, Chammas A, Ni Y, Cranfill PJ, Baird MA, et al. A bright monomeric green
fluorescent protein derived from Branchiostoma lanceolatum. Nat Methods. 2013; 10(5):407—409.
https://doi.org/10.1038/nmeth.2413 PMID: 23524392

Gauss R, Trautwein M, Sommer T, Spang A. New modules for the repeated internal and N-terminal
epitope tagging of genes in Saccharomyces cerevisiae. Yeast. 2005; 22(1):1-12. https://doi.org/10.
1002/yea.1187 PMID: 15565729

Glickman MH, Rubin DM, Fried VA, Finley D. The regulatory particle of the Saccharomyces cerevisiae
proteasome. Mol Cell Biol. 1998; 18(6):3149-3162. https://doi.org/10.1128/mcb.18.6.3149 PMID:
9584156

Russell SJ, Steger KA, Johnston SA. Subcellular localization, stoichiometry, and protein levels of 26 S
proteasome subunits in yeast. J Biol Chem. 1999; 274(31):21943-21952. https://doi.org/10.1074/jbc.
274.31.21943 PMID: 10419517

Marquez-Lona EM, Torres-Machorro AL, Gonzales FR, Pillus L, Patrick GN. Phosphorylation of the
198 regulatory particle ATPase subunit, Rpt6, modifies susceptibility to proteotoxic stress and protein
aggregation. PLoS One. 2017; 12(6):e0179893. https://doi.org/10.1371/journal.pone.0179893 PMID:
28662109

Averbeck N, Gao XD, Nishimura S, Dean N. Alg13p, the catalytic subunit of the endoplasmic reticulum
UDP-GIcNAc glycosyltransferase, is a target for proteasomal degradation. Mol Biol Cell. 2008; 19
(5):2169-2178. https://doi.org/10.1091/mbc.E07-10-1077 PMID: 18337470

de Boer CG, Hughes TR. YeTFaSCo: a database of evaluated yeast transcription factor sequence
specificities. Nucleic Acids Res. 2012; 40(Database issue):D169-179. https://doi.org/10.1093/nar/
gkr993 PMID: 22102575

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1010734 May 1, 2023 36/36


https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.18637/jss.v082.i13
https://doi.org/10.1111/j.2517-6161.1995.tb02031.x
https://doi.org/10.1093/bioinformatics/btp324
http://www.ncbi.nlm.nih.gov/pubmed/19451168
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1093/bioinformatics/btp352
http://www.ncbi.nlm.nih.gov/pubmed/19505943
https://doi.org/10.1186/1471-2105-13-S6-S8
http://www.ncbi.nlm.nih.gov/pubmed/22537047
https://doi.org/10.1101/gr.229102
http://www.ncbi.nlm.nih.gov/pubmed/12045153
https://doi.org/10.1186/s13059-016-1012-2
http://www.ncbi.nlm.nih.gov/pubmed/27380939
https://doi.org/10.1038/nbt.3437
http://www.ncbi.nlm.nih.gov/pubmed/26780180
https://doi.org/10.1016/0378-1119(87)90131-4
https://doi.org/10.1016/0378-1119(87)90131-4
http://www.ncbi.nlm.nih.gov/pubmed/3319781
https://doi.org/10.1038/nmeth.2413
http://www.ncbi.nlm.nih.gov/pubmed/23524392
https://doi.org/10.1002/yea.1187
https://doi.org/10.1002/yea.1187
http://www.ncbi.nlm.nih.gov/pubmed/15565729
https://doi.org/10.1128/mcb.18.6.3149
http://www.ncbi.nlm.nih.gov/pubmed/9584156
https://doi.org/10.1074/jbc.274.31.21943
https://doi.org/10.1074/jbc.274.31.21943
http://www.ncbi.nlm.nih.gov/pubmed/10419517
https://doi.org/10.1371/journal.pone.0179893
http://www.ncbi.nlm.nih.gov/pubmed/28662109
https://doi.org/10.1091/mbc.E07-10-1077
http://www.ncbi.nlm.nih.gov/pubmed/18337470
https://doi.org/10.1093/nar/gkr993
https://doi.org/10.1093/nar/gkr993
http://www.ncbi.nlm.nih.gov/pubmed/22102575
https://doi.org/10.1371/journal.pgen.1010734

