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1« Abstract

15 The ubiquitin-proteasome system (UPS) is the cell’s primary pathway for targeted protein degra-
16 dation. Although the molecular mechanisms controlling UPS activity are well-characterized, we
17 have almost no knowledge of how these mechanisms are shaped by heritable genetic variation. To
18 address this limitation, we developed an approach that combines fluorescent UPS activity reporters
19 with a statistically powerful genetic mapping framework to comprehensively characterize genetic
20 influences on UPS activity in the yeast Saccharomyces cerevisiae. We applied this approach to
a1 substrates of the UPS N-end rule, which relates a protein’s degradation rate to the identity of its
22 N-terminal amino acid (“N-degron”) through the Arg/N-end and Ac/N-end pathways. Genetic
23 influences on UPS activity were numerous and complex, comprising 149 loci influencing UPS ac-
2 tivity across the 20 N-degrons. Many loci specifically affected individual pathways or degrons and
s multiple loci exerted divergent effects on distinct UPS pathways. One Arg/N-end pathway-specific
2% locus resulted from multiple causal variants in the promoter, open reading frame, and terminator of
27 the UBR1 E3 ubiquitin ligase gene. These variants differentially affected substrates bound by the
23 Type 1 and Type 2 recognition sites of Ubrlp. Collectively, our results provide the first systematic
20 characterization of genetic influences on UPS activity and a generalizable approach for mapping

30 genetic effects on protein degradation with high statistical power and quantitative precision.
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a Introduction

32 Protein degradation by the ubiquitin-proteasome system (UPS) is an essential biological process

33 that regulates the abundance of cellular proteins and removes damaged and misfolded proteins from

1-3

s cells Through these actions, UPS protein degradation influences multiple aspects of cellular

8-10 11-13

55 physiology, including energy metabolism? 7, cell signaling cascades® 10, and stress responses

36 Aberrant UPS activity adversely affects multiple cellular functions and contributes to a diverse array

14,15 16-18 19,20

37 of human diseases, including cancers and neurodegenerative , and metabolic

21,22

, Immune
33 disorders To what extent both physiological and pathological variation in UPS activity is
30 driven by natural genetic variation is almost entirely unknown, aside from a handful of limited
20 examples. Genome-wide association studies have linked variation in UPS genes to the risk for
a1 several diseases, but the vast majority of such studies have not characterized how these risk loci in-
2 fluence UPS activity?32®. Missense mutations in UPS genes cause fatal, incurable syndromes?6-28,
13 However, such mutations often entirely ablate the function of the associated gene, suggesting they
s represent only one extreme of a continuum of potential variant effects on UPS activity. Beyond
a5 these examples, we do not know which DNA sequence variants in a population affect UPS activity,
a6 their magnitude of effect, or the molecular mechanism(s) by which they influence UPS activity.
a7 Consequently, we do not know how such variants contribute to the genetic basis of complex organ-
a8 ismal and cellular traits regulated by the UPS, including the many diseases marked by aberrant
s UPS activity?".

50

51 Our limited understanding of how genetic variation influences UPS activity stands in stark
52 contrast to the well-characterized molecular mechanisms of UPS function. UPS protein degrada-
53 tion comprises a series of enzymatic reactions that carry out the steps of recognizing and marking
s« proteins for degradation, trafficking marked proteins to the proteasome, and substrate unfolding

1,3 This process begins when E3 ubiquitin ligases recognize

29

55 and degradation by the proteasome

s6 degradation-promoting signal sequences, termed degrons=?, in cellular proteins. When an E3 ligase

57 recognizes its cognate degron, the small protein ubiquitin is covalently attached to the substrate

30,31

53 protein, marking it for proteasomal degradation The proteasome then binds, unfolds, and

so degrades marked substrates to individual amino acids or small peptides®?33. The activity of each
60 of these reactions is tuned by a diverse array of regulatory mechanisms, many of which are specific
61 to individual UPS pathways. These include transcriptional programs that control the abundance

2 of UPS gene products3*35

36,37

, post-translational modifications of UPS components that modify their
63 activity , and signaling cascades that alter UPS activity based on the metabolic state of the
64 cell’®39 The large number and diversity of regulatory mechanisms controlling UPS protein degra-
es dation creates many potential targets through which genetic variation may shape UPS activity.

66
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67 Comprehensively characterizing how genetic variation shapes UPS activity thus requires assays
6s that can be readily adapted to multiple UPS pathways, degrons, and substrates. Genetic mapping
60 with controlled crosses of model organisms has been productively used to understand the genetic
70 basis of variation in a variety of cellular and organismal traits?*-42. However, technical challenges
71 have thus far precluded using such approaches to characterize genetic influences on UPS activity.
72 In particular, to attain high statistical power, genetic mapping methods require assays that can
73 measure a trait of interest in large numbers of individuals, often in the thousands* 4345, At this
74 scale, many assays of protein degradation would be prohibitively labor- and time-intensive?6. Sev-

46-48 - However, to what extent

75 eral high-throughput techniques exist for measuring UPS activity
76 these methods can be deployed in genetically diverse mapping populations without confounding
77 from differences in reporter expression is unknown. Recent advances in the design of fluorescent
78 timers have the potential to overcome this limitation by providing readouts of UPS activity that
70 are unaffected by differences in reporter expression?®. In particular, the tandem fluorescent timer
so (TFT) design has recently been adapted to provide high-throughput measurements of a variety of
a1 UPS pathways and substrates?® 3. This system could, in principle, enable genetic mapping of UPS
g2 activity.

83

84 Here, we leveraged recent advances in the design of TF'Ts and genetic mapping to systematically
85 characterize the genetic basis of variation in UPS activity. We built a series of TFTs that provide
s high-throughput, quantitative measurements of the Arg/N-end and Ac/N-end UPS pathways com-
s7 prising the UPS N-end rule. We used these reporters to perform bulk segregant genetic mapping in
8 a cross of two strains of the yeast Saccharomyces cerevisiae. Our results revealed considerable com-
8o plexity in the genetic influences on UPS activity. Individual UPS degrons are affected by multiple
o0 loci, many loci act in a pathway-specific manner, and individual loci influencing UPS activity can
o1 contain multiple causal variants in the same gene that act through distinct molecular mechanisms.
92 More broadly, our work introduces a generalizable strategy for mapping genetic influences on the

o3 UPS and protein degradation with high statistical power and quantitative precision.

« Results

s Ubiquitin-Proteasome System Activity Reporters

96 'To map genetic influences on the UPS, we first built and characterized a series of TFT reporters
o7 capable of measuring UPS activity with high-throughput and quantitative precision in living cells.
¢ TFTs are linear fusions of two fluorescent proteins with distinct spectral profiles and maturation
oo kinetics?®54. The most commonly implemented TFT consists of a faster-maturing green fluores-

100 cent protein (GFP) and a slower-maturing red fluorescent protein (RFP)48:4%54 (Figure 1A). If
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101 the degradation rate of a TFT-tagged substrate is faster than the maturation rate of the RFP,
102 then the RFP / GFP ratio (hereafter, “TFT ratio”) is inversely proportional to the substrate’s
103 degradation rate®®4%:54 (Figure 1B). The TFT ratio is also independent of reporter expression®?,
104 allowing high-throughput measurements of UPS activity in genetically diverse populations of cells.

105
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Figure 1: Tandem fluorescent timer (TFT) overview. A. Schematic of the production and matu-
ration of a TFT. B. Simulated data showing the use of a TFT’s RFP/GFP ratio (“TFT ratio”) to

107 measure UPS protein degradation activity.

108 To understand how genetic variation affects UPS activity, we focused on the well-characterized
100 UPS N-end rule pathway. The N-end rule relates a protein’s degradation rate to the identity of
110 its N-terminal amino acid (hereafter, “N-degron”)33°5:°6_ In the yeast Saccharomyces cerevisiae,
. the N-end rule pathway can be divided into two primary branches, the Arg/N-end and Ac/N-

33,55 Arg/N-end substrates are recognized and bound by the E3 ligase Ubrlp®7.

112 end pathways
us  Ubrlp has two binding sites, which recognize distinct classes of Arg/N-end degrons. The Type 1
14 binding site recognizes basic N-degrons, while the Type 2 binding site recognizes bulky hydrophobic
115 N-degrons®? (Figure 2A and D). The other primary branch of the N-end rule pathway is the Ac/N-
16 end pathway, whose substrates are recognized and bound by the E3 ligase DoalOp®®. DoalOp binds
u7  substrates with acetylated N-terminal amino acids, as well as unacetylated G and P residues (Figure
s 2A and D)3%58%. We reasoned that the diversity of degradation signals encompassed in the N-end
19 rule pathway would maximize our ability to identify genetic variation affecting UPS activity and
120 that the well-characterized effectors of the N-end rule pathway would aid in defining the molecular

121 mechanisms of variant effects on UPS activity.


https://doi.org/10.1101/2021.05.05.442832
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2021.05.05.442832; this version posted May 6, 2021. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

122 Analysis of N-end Rule TFTs

123 We built TFTs bearing each of the 20 possible N-degrons of the N-end rule pathway. To do so, we
122 attached TFTs to the C-terminus of a previously-characterized peptide sequence that engages the

5 contains internal

125 N-end rule pathway?3356:58  This peptide is unstructured, lacks internal degrons
126 lysine residues that are efficiently ubiquitinated®®5®, and has previously been used to characterize
127 the function of the N-end rule pathway®0 %60 To generate each of the 20 possible N-degrons, we
128 used the ubiquitin fusion technique, in which a ubiquitin moiety is placed immediately upstream
120 of the desired N-terminal amino acid®. After the construct is translated, ubiquitin hydrolases
130 cleave the ubiquitin molecule, exposing the desired N-terminal amino acid, which functions as an
131 N-degron® (Figure 2A). We devised a generalized approach for integrating N-end rule TFTs into
122 the yeast genome at a defined genomic location (Supplementary Figure 1) and built strains har-
133 boring all 20 possible N-degron TFTs.

134

135 We used multiple strains and two genetic backgrounds to characterize our N-end rule TFTs.
s Our genetic mapping strains are a laboratory strain closely related to the S288C strain (“BY”)
137 and a wild vineyard strain (“RM”). These strains have previously been used to map the genetic

43,61,62 We also constructed a series of reporter

138 basis of a variety of cellular and organismal traits
139 control strains by deleting individual UPS genes from the BY strain. Specifically, we built strains
1o lacking the Arg/N-end E3 ligase UBR1%7 (“BY ubr1A”), the Ac/N-end E3 ligase DOA10%® (“BY
11 doal0A™), or the proteasome gene transcription factor RPN/3%35 (“BY rpnfA”). Deleting UBR1
12 is expected to stabilize Arg/N-end reporters and deleting DOA10 is expected to stabilize Ac/N-
13 end reporters®® ®7:58 (Figure 2A). Because deleting RPN/ leads to reduced numbers of proteasomes
s and reduced UPS activity®®, all reporters are expected to be stabilized in BY rpnjA. We built
us  BY, RM, BY rpnA, BY ubriA, and BY doal0A strains harboring each of our 20 N-end rule TFTs.
146

147 We characterized UPS activity towards each N-end rule TFT in our strains by flow cytometry.
s Theoretical and empirical observations indicate that when a TFT’s degradation rate is slower than
1o the maturation rate of its RFP, the TFT’s log, RFP/GFP ratio will be approximately 0 when the
150 fluorescence output of the two fluorophores is equivalent®?°%:54 Consistent with out expectations,
151 we observed that the log, RFP/GFP ratio for Arg/N-end TFTs in BY ubr!/A was approximately
12 0 and significantly greater than the corresponding log, RFP/GFP ratio in our wild-type BY and
153 RM strains (Figure 2B/C/D, Supplementary Figure 2, Supplementary Table 1). Deleting DOA10
154 likewise produced a significant stabilization of our set of Ac/N-end TFTs relative to BY and RM
155 (Figure 2B/C/D, Supplementary Figure 2, Supplementary Table 1). Deleting RPN/ significantly
156 stabilized TFTs from both the Arg/N-end and Ac/N-end pathways relative to BY and RM (Figure
157 2B/C/D, Supplementary Figure 2, Supplementary Table 1). We observed that the proline N-end
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158 TFT was only partially stabilized in BY doa10A (Supplementary Figure 3), consistent with previous
150 results®%:93. Specifically, when followed by a proline residue, ubiquitin is inefficiently cleaved in the
160 ubiquitin-fusion technique®> %Y. Consequently, the proline N-end TFT simultaneously measures the
161 degradation rate of the proline N-degron and the activity of the ubiquitin-fusion degradation path-
12 way5t. Taken together, these results show that our reporters provide sensitive, pathway-specific,
163 and quantitative measurements of UPS activity.
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Figure 2: Design and analysis of UPS N-end rule TFTs. A. Schematic of the production and
degradation of TFTs according to the UPS N-end rule. B. Density plots of the logs TFT ratio
from 10,000 cells for each of 8 independent biological replicates per strain per reporter for example
Arg/N-end and Ac/N-end reporters. “BY” and “RM” are the strains used for genetic mapping.
“BY rpng A7, “BY wbriA 7, and “BY doal0A” are control strains derived from BY used to
characterize each TFT. C. The median of each biological replicate in B. was extracted, scaled,
normalized, and plotted as a stripchart for the Trp and Met example N-degron TFTs. D. Heatmap

166 summarizing the results for all strains and N-degrons using data generated as in C.
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167 We also compared the degradation rate of each N-degron in the BY and RM strains to determine
168 their overall UPS activity levels. RM had significantly higher UPS activity than BY for 9 of 12
160 Arg/N-end TFTs and 6 of 8 Ac/N-end TFTs (Figure 2D, Supplementary Figure 3, Supplementary
170 Table 1). The set of N-degrons for which RM did not have significantly higher UPS activity included
i the Ac/N-degrons Met and Pro and the Arg/N-degrons Phe, Trp, and Tyr (Figure 2D, Supplemen-
12 tary Figure 3, Supplementary Table 1). The degradation of the Phe, Trp, and Tyr N-degrons was
173 significantly higher in BY than RM, while the degradation rate of Met and Pro N-degrons were
174 equivalent between the two strains (Figure 2D, Supplementary Figure 3, Supplementary Table 1).
175 Overall, RM has higher UPS activity than BY, suggesting that individual genetic differences can
176 create heritable variation in UPS activity. The observation that BY had higher UPS activity for a
177 subset of N-degrons also raises the possibility that genetic effects on UPS could be specific to an

178 individual N-degron.

1w UPS Quantitative Trait Locus Mapping by Bulk Segregant Analysis

180 We mapped quantitative trait loci (QTLs) for UPS activity using bulk segregant analysis, a method
181 that achieves statistical power by comparing individuals with extreme phenotypes selected from a
152 large population®® %%, We created populations of meiotically recombined haploid yeast cells (“seg-
183 regants”) derived from mating TFT-containing BY strains with RM using a modified synthetic
184 genetic array methodology%%:67 (Figure 3A). We collected pools of 20,000 cells from the 2% tails of
185 the UPS activity distribution in our segregant populations using fluorescence-activated cell sorting
16 (FACS) (Figure 3, B/C). Whole-genome sequencing was then used to determine the allele frequency
157 difference between the high and low UPS activity pools at each DNA variant. At loci linked to
18 UPS activity (QTLs), the allele frequencies will be significantly different between pools, while at
180 unlinked loci the allele frequency difference will be, on average, 0. We called significant QTLs using
190 an empirically-derived null distribution of the logarithm of the odds (LOD; see “Methods”) and
11 set the QTL significance threshold to a LOD score of 4.5, which resulted in a 0.5% false discovery
12 rate (FDR). We further filtered our list of QTLs by retaining only QTLs detected in both of two
103 independent biological replicates. Replicating QTLs were defined as QTLs whose peak positions
104 were within 100 kb of each other on the same chromosome and that had the same direction of allele
105 frequency difference in both biological replicates (Figure 4A). The complete set of replicating QTLs
196 18 found in Supplementary Table 2. The full list of QTLs, including those that did not replicate in
107 both biological replicates is found in Supplementary Table 3. The full set of plotted allele frequency

108 differences and LOD traces is found in Supplementary File 1.
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Figure 3: Bulk segregant analysis QTL mapping overview. A. Schematic of the approach for
mapping UPS activity QTLs. B. Density plot of the UPS activity distribution for a segregant
population. Dashed vertical lines show the gates that were used to collect cells. C. Backplot of the
cells in the gates in B. onto a scatter plot of GFP (x axis) and RFP (y axis).

Global Analysis of UPS Activity QTLs

We identified 149 UPS activity QTLs across the set of 20 N-degron TFTs (Figure 4B, Supplemen-
tary Table 2). The number of QTLs per reporter ranged from 1 (for the Ile TFT) to 15 (for the
Ala TFT) with a median of 7. As expected, replicating QTLs had significantly higher LOD scores
(t-test p = 4e-14) and significantly greater absolute magnitudes of allele frequency differences (t-
test p = 8e-30) than non-replicating QTLs (Supplementary Figure 4). Our results show that UPS
activity is a genetically complex trait, shaped by many loci throughout the genome. The genetic
architecture of UPS activity is characterized by a continuous distribution containing many loci of

small effect and few loci of large effect (Figure 4A /B, Supplementary Figure 4).
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Figure 4: UPS QTL Mapping Results. A. Results from the alanine N-degron TFT are shown
as an example of the results and reproducibility of the method. Asterisks denote QTLs. B. The
heatmap shows the QTL mapping results for all 20 N-degron reporters. Colored blocks denote
QTLs detected in each of two biological replicates, which are colored according to the direction and
magnitude of the allele frequency difference. Validated (enclosed in a box) and candidate (unboxed)

causal genes for select QTLs are annotated above the plot.

Analysis of the set of UPS QTLs revealed several patterns. First, we observed that the RM allele
was associated with higher UPS activity in the majority of our UPS QTLs. Across all reporters,
the RM allele was associated with higher UPS activity in 89 out of 149 UPS activity QTLs (60%,
Supplementary Figure 5). This fraction was significantly different than the 0.5 value expected by
chance (binomial test p = 0.021). We plotted the histogram of allele frequency differences and
observed an especially strong enrichment for RM alleles associated with higher UPS activity in the

range of 0.2 to 0.3, where there were approximately twice as many QTLs than the corresponding

10
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221 range of -0.2 to -0.3 (Supplementary Figure 5). These results are consistent with our flow cytometry
222 results, where we observed that RM had higher UPS activity for 15 of 20 N-degrons (Figure 2D,
223 Supplementary Table 1), suggesting that the QTLs we have mapped underlie a substantial portion
24 of the heritable UPS activity difference between BY and RM.

225

226 The number and patterns of QTLs differed between the Ac/N-end and Arg/N-end pathways.
27 The Ac/N-end pathway had a significantly higher median number of QTLs per reporter than the
28 Arg/N-end pathway (9 versus 7, respectively, Wilcoxon test p = 0.021). A notable difference in the
220 patterns of QTLs between pathways was the presence of several large effect QTLs for the Arg/N-
230 end pathway but not for the Ac/N-end pathway (Figure 4B, Supplementary Figure 5). The QTLs
2s1 of large effect in the Arg/N-end pathway were found in multiple reporters on chromosomes VII and
23 XIV.

234 We then evaluated the extent to which individual QTLs were shared across multiple reporters.
25 To do so, we divided each chromosome into adjacent 100 kb bins. We considered a QTL to be
26 shared between reporters if the peak position for two or more QTLs were within the same bin.
237 We observed that many QTLs were unique to an individual N-degron (Figure 4B, Supplementary
28 Figure 6), highlighting the complexity of genetic influences on N-end rule pathways. There was
230 relatively little sharing of QTLs within the Arg/N-end pathway, for which only one QTL affected the
20 majority of reporters (Figure 4B, Supplementary Figure 6). By contrast, the Ac/N-end reporters
a1 tended to share more of their QTLs (Figure 4B, Supplementary Figure 6). In particular, a QTL
222 on chromosome XII affected all Ac/N-end reporters and Ac/N-end-specific QTLs on chromosomes
23 1, V, and VII affected 7 of 8 Ac/N-end reporters (Figure 4B). These results suggest that genetic
2.4 influences on the degradation of Ac/N-end rule substrates may act more broadly than those of
25 the Arg/N-end pathway. This notion is consistent with the molecular mechanisms that generate
26 Ac/N-degrons, which share several molecular events that create functional Ac/N-end degrons33:%8.
27 By contrast, the mechanisms that generate Arg/N-degrons are less general®?, consistent with the
s largely N-degron-specific QTL architectures we observe for this pathway. Taken together, our QTL
20 results suggest that individual UPS pathways are shaped by distinct, complex genetic architectures

250 and that genetic influences on UPS activity are often specific to an individual pathway.

1 Analysis of Individual UPS Activity QTLs

252 We next examined individual QTLs to better understand potential molecular mechanisms of variant
3 effects on UPS activity. We first sought to identify QTLs resulting from genetic variation in UPS
254 genes, reasoning that pathway-specific QTLs could result from variants in genes encoding compo-

255 nents of the Arg/N-end or Ac/N-end pathways. A QTL on chromosome VII was detected for 8
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26 of 12 Arg/N-end TFTs. The peak position for the QTL occurred at 861,950 bp, placing it in the
57 UBR1 E3 ubiquitin ligase gene. Arg/N-degrons can be divided into basic and bulky hydrophobic
258 degrons, which are recognized and bound by the Ubrlp Type 1 and Type 2 sites, respectively. The
20 RM allele of this QTL is associated with lower UPS activity for Type 1 N-degrons, with the excep-
20 tion of the His N-degron, and higher activity for Type 2 N-degrons (Figure 4B). The QTL’s effect
261 size, as measure by the allele frequency difference values, were among the highest in our set of QTLs.
262

263 A QTL on chromosome V was specific to the Ac/N-end pathway and was detected for 7 of 8
264 Ac/N-end reporters (Figure 4B). For all 7 reporters, the RM allele was associated with higher UPS
25 activity. The QTL interval spans a region containing UBC6, the E2 ligase for DOA10%%69. The
266 RM allele of UBC'6 contains a 3 bp deletion in the gene’s promoter and a missense variant that
%7 exchanges an aspartic acid residue with a charged, bulky side chain for a glycine residue with a
28 small, uncharged side chain at amino acid 229 in the protein. An expression QTL (“eQTL”) in
20 this same region influences the abundance of the UBC6 mRNA% | suggesting that this QTL may
270 shape Ac/N-end pathway activity through effects on UBC6 expression. An Ac/N-end QTL on
2ann - chromosome IX detected for 6 of 8 Ac/N-end TFTs was centered on the DOA10 gene. The RM
o2 allele of this QTL was associated with higher UPS activity in all 6 TFTs for which the QTL was
213 detected. No local QTLs for DOA10* have been found, but the RM DOAI10 allele contains 3
27+ missense variants. The other Ac/N-end specific QTLs were located on chromosomes V and VII
275 and their intervals did not contain Ac/N-end-specific recognition components or binding factors.
276

277 A QTL on chromosome X was found only for the Asn N-degron of the Arg/N-end pathway.
a7s The QTL peak is centered on the NTA1 gene, which encodes an amidase that converts N-terminal
279 Asn and Gln residues to Asp and Glu residues, respectively. This conversion is necessary for the
280 recognition and degradation of substrates with N-terminal Asn and Gln residues by the Arg/N-end
281 pathway. The RM allele of the NTA 1 locus is associated with higher degradation of Asn N-degrons.
22 RM NTAI contains two missense variants near the proton donor active site, D111E and E129G.
233 NTAI1 is not affected by a local eQTL, making these missense variants strong candidate causal
28« nucleotides. More broadly, these results suggest that genetic variation can influence the full se-
255 quence of individual molecular events involved in the processing, recognition, ubiquitination, and
256 degradation of a given UPS substrate.

287

288 The BY /RM cross has been extensively used for genetic mapping of a variety of complex cellular
20 and organismal traits, including gene expression at the mRNA and protein levels#?45,61,62,70-73
200 We examined the overlap of our UPS activity QTLs with QTLs previously identified in BY /RM
201 genetic mapping studies. The most frequently observed UPS QTL was detected for 8 of 8 Ac/N-end
202 and 6 of 12 Arg/N-end TFTs and was located on chromosome XII (Figure 4B). The average peak
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203 position of the QTL was 657,046 bp, placing it in the immediate vicinity of a Tyl element found in
204 the HAP1 transcription factor gene in the BY strain”. The Tyl insertion in HAP1 exerts strongly
205 pleiotropic effects on gene expression, altering the expression of 3,755 genes*®. Similarly, a QTL on
206 chromosome XIV affected 10 of our 20 N-degron TFTs and was not specific to an individual UPS
207 pathway. The average peak position of the chromosome XIV QTL was 465,450 bp, which is located
208 in the MKT1 gene. MKT1 encodes a poorly-understood, multi-functional RNA binding protein
20 involved in the post-transcriptional regulation of gene expression'® 77, Variation in MKT1 is
s0 highly pleiotropic, and the MK T1 locus has been shown to influence the expression of 4,550 genes™®.
s00  Thus, while HAP1 and MKT1 are promising candidate causal genes for their associated QTLs, the

32 molecular mechanisms by which they influence UPS activity are likely complex and indirect.

3 Fine-Mapping of the UBR1 QTL

304 Our analyses showed a prominent, pathway-specific role of a QTL on chromosome VII in shaping
s UPS activity. We selected this QTL for further molecular dissection. To test if the QTL is caused
206 by variation in the UBR1 gene located at its peak, we used CRISPR-Swap’” to engineer BY strains
so7 - with alternative UBR1 alleles (Table 4, Supplementary Table 4). The full RM allele (comprising
ss  the promoter, open-reading frame [ORF], and terminator) significantly altered the degradation of
s00 all tested N-degrons (Figure 5A/B, Supplementary Table 6). Thus, UBRI is the causal gene at
s.0  this locus.

311
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Figure 5: Fine-Mapping of the UBRI QTL. BY strains were engineered to carry alternative UBR1
alleles and their UPS activity towards the indicated Arg/N-degrons was characterized by flow
cytometry. Individual circles show the median of 10,000 cells for each of 16 independent biological
replicates per strain per N-degron. “BY” is the wild-type strain. “UBRI BY” is a negative control
strain which underwent allelic editing, but carries the BY UBRI allele. The remaining strains
contain RM UBRI1 alleles as indicated. “pr” = “promoter”, “term” = terminator. A. Results for
the Type I Asn and Asp Arg/N-degrons. B. Results for the Type II Phe and Trp Arg/N-degrons.
C. Results for the Type II Phe and Trp Arg/N-degrons with additional strains harboring single
nucleotide variants in the UBR1 promoter as indicated. In all plots, “*” = 0.05 > p > le-6 and
313 “H#’= p < le-6 for Tukey HSD test of the indicated strain versus BY.
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314 UBR1 contains 2 promoter, 8 missense, and 8 terminator variants between BY and RM (Sup-
315 plementary Table 4). We engineered BY strains carrying chimeric UBR1 alleles to assess the effects
s16  of variants in the UBRI promoter, ORF, and terminator on Arg/N-end pathway activity. Because
s17 the chromosome VII QTL exerted divergent effects on Type 1 and 2 Arg/N-end substrates, we
sis tested the effects of RM UBR1 alleles on the Type 1 N-degrons Asn and Asp and the Type 2
si9 N-degrons Phe and Trp.

320

321 Variants in the UBR1 promoter significantly decreased the degradation rate of the Asp N-degron
322 (Figure 5A), did not affect the degradation rate of the Asn N-degron (Figure 5A), and significantly
323 increased the degradation rate of the Phe and Trp N-degrons (Figure 5B, Supplementary Table
s22 5). In contrast, the RM UBR1 ORF significantly decreased the degradation rate of both the Asn
35 and Asp N-degrons (Figure 5A, Supplementary Table 5). While both the promoter and the ORF
»26 variants significantly increased the degradation rate of the Phe and Trp N-degrons (Figure 5B),
327 the effect of the promoter variants on the Trp N-degron were markedly stronger than those caused
38 by the ORF variants (Figure 5B). The RM UBRI terminator significantly decreased the degra-
320 dation of the Asn N-degron without affecting any of the other N-degrons tested (Figure 5A/B).
330 Thus, the UBR1 QTL contains multiple causal variants in different regions of the gene that ex-
s ert unique effects on the activity of the Arg/N-end pathway through distinct molecular mechanisms.
332

333 To identify the specific causal variant in the RM UBRI1 promoter that affects the degradation of
s Type 2 Arg/N-end degrons, we engineered BY strains harboring the two individual RM promoter
335 variants, -469A>T and -197T>G. We tested the influence of these variants on the degradation rate
336 of the Phe and Trp N-degrons. The -469A >T variant significantly increased the degradation rate
337 of both the Phe and Trp N-degrons (Figure 5C, Supplementary Table 5). The -197T>G did not
38 alter the degradation of either N-degron (Figure 5C, Supplementary Table 5). The magnitude of
330 the effect caused by the -469A>T variant suggests that this variant accounts for the majority of
s0  the UBR1 QTL’s effects on the degradation of Type 2 Arg/N-end substrates (Figure 5B/C).

s Discussion

sz The activity of the ubiquitin-proteasome system (UPS) is dynamic and shaped by a diverse array

1,3,33

a3 of regulatory mechanisms Yet, to what extent genetic variation shapes UPS activity and

a4 associated regulatory mechanisms is almost entirely unknown. We combined recent advances in

48,49 with a powerful genetic map-

a5 the design of fluorescent reporters of UPS protein degradation
us  ping method*® ™78 to systematically characterize genetic influences on UPS activity in the yeast
a7 Saccharomyces cerevisiae.

348
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349 Our results establish several principles for understanding how individual genetic differences cre-
350 ate heritable variation in UPS activity. Most prominently, UPS activity is a genetically complex
351 trait, shaped by variation at many loci throughout the genome. We identified 149 UPS activity
32 QTLs across 20 N-degrons, with a median of 7 QTLs per degron (Figure 4B, Supplementary Table
353 2). Similar to many other genetically complex traits?® 42, the distribution of QTL effect sizes was
354 continuous and composed of many loci with small effects and few loci with large effects. At a
355 majority of QTLs, the RM allele was associated with higher UPS activity. This excess matches
356 our observation that RM had significantly higher UPS activity for most N-degrons in both the
357 Ac/N-end and Arg/N-end pathways (Figure 2D, Supplementary Figures 2 and 3). Collectively,
358 these results suggest that we have identified key sources of the genetic basis of the difference in
350 UPS activity in these two strains and that heritable differences in UPS activity can arise through
0 multiple, distinct genetic architectures. This considerable complexity in yeast suggests that a simi-
61 lar diversity of complex architectures may shape the activity of human UPS pathways. In humans,
sz rare individual missense mutations that ablate the function of UPS genes cause a variety of diseases,
363 including neurodegenerative, immune, and metabolic disorders, by impairing the normal regulation
64 of UPS activity!%212328  Our results are consistent with the notion that the collective effects of
s many loci that more subtly perturb the regulation of UPS activity may contribute to the genetic
s66  risk for non-Mendelian forms of these diseases™.

367

368 Many of the QTLs we discovered were specific to the Ac/N-end or Arg/N-end pathways. Sub-
0 strates for these pathways are recognized and processed through unique sets of molecular effec-

30 torg®3 57,58

. Differences in the number and patterns of loci we detected between pathways likely
s reflect the distinct mechanisms by which Arg/N-end and Ac/N-end substrates are recognized and
s degraded and highlights the complexity of genetic influences of UPS activity.

373

374 Reporters for the Ac/N-end pathway had a higher number of QTLs per reporter than those of
srs the Arg/N-end pathway. This difference was driven, in part, by a set of QTLs that influenced the
srs majority or all of the Ac/N-end degrons. By contrast, we detected no QTLs that influenced all 12
s Arg/N-degrons and only a few QTLs that influenced the majority of Arg/N-degrons. Unlike the
srs shared Ac/N-end QTLs, many of the Arg/N-end QTLs that were detected with multiple reporters
sro had divergent effects on Type 1 and Type 2 Arg/N-degrons. These results suggest that genetic
ss0  effects on Ac/N-end substrates may be more general than those influencing Arg/N-end substrates.
381

382 Ac/N-degrons are generated by the co-translational excision of N-terminal Met residues, fol-
3 lowed by acetylation of the newly exposed N-terminal amino acid33 %58, The Met amino peptidases

33

ss« and N-terminal acetyltransferases that mediate these reactions act broadly on Ac/N-degrons®® and

s our results suggest that genetic influences on Ac/N-end pathway substrates are similarly broad in
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sss  their effects. Arg/N-degrons comprise the set of amino acids with side chains too large to accommo-
sz date Met amino peptidases®8Y. Instead, Arg/N-degrons appear result from cleavage by proteases
s other than Met-aminopeptidases, though the mechanisms of this process are less well-characterized
s than those that produce Ac/N-degrons®®. Some Arg/N-end degrons undergo further modification
s0 in a manner analogous to the N-terminal acetylation of Ac/N-degrons, but these processes affect
31 only a handful of N-terminal amino acids. For example, N-terminal Asn and Gln residues are
32 deamidated by Ntalp to produce N-terminal Asp and Glu residues, which are subsequently arginy-
303 lated to yield functional Arg/N-degrons®'. We identified a QTL centered on the NTAI gene for
sa our Asn TFT, suggesting the processing of pro-Arg/N-degrons may also be shaped by degron- and
305 pathway-specific genetic variation. More broadly, the high level of pathway-specificity in our set of
306 N-end rule QTLs raises the possibility that other UPS pathways are also shaped by unique patterns
307 of genetic influences on the sequence of molecular events comprising the recognition, processing,
a8 and degradation of their substrates.

399

400 We showed that an Arg/N-end-specific QTL was caused by variation in the UBRI gene, which
a1 encodes the E3 ligase of the Arg/N-end pathway. The QTL had divergent effects on Type 1 and
a2 Type 2 Ubrlp Arg/N-end substrates, wherein the RM allele increased the degradation of Type 2
103 substrates and the Type 1 His N-degron and decreased the degradation of the other Type 1 sub-
ss  strates (Figure 5B). Remarkably, UBR1 harbored multiple causal variants in the UBR1 promoter,
ss  ORF, and terminator that each differentially affected Type 1 and 2 Arg/N-degrons (Figure 5A/B).
106 We identified the causal variant in the UBRI promoter as an A to T substitution at position -469
a7 (Figure 5C). A previous study showed that the this variant increases gene expression as measured
ws in a synthetic reporter system®?. Taken together, these results suggest that the -469 variant alters
a0 Arg/N-end pathway activity by increasing the expression of UBR1. Moreover, the existence of at
a0 least two additional causal variants in the UBRI ORF and terminator demonstrates that genetic
a1 effects on UPS activity engage diverse regulatory mechanisms, even within a single gene.

a12

413 Our results add to an emerging picture of how variation in UBR1 shapes a variety of cellular and
sa  organismal traits. Mutations in human UBR1 cause Johanson-Blizzard sydrome (JBS)2%, an auto-
a5 somal recessive disorder associated with a variety of congenital abnormalities, including pancreatic
s insufficiency, cognitive defects, and morphological abnormalities?®:®3. The majority of JBS-causing
a7 mutations are nonsense, frameshift, and splice site variants that abolish Ubrl function”™83. A
a8 series of missense mutations in UBRI also cause JBS. However, the associated phenotypes in these
419 patients are much less severe and the mutant forms of UBR1 still retain some activity towards their
w20 cognate degrons™ . Our results suggest that these findings represent one extreme of a continuous
a1 distribution of variant effects on UBRI. A more complete understanding of the genetic regulation

a2 of UBRI activity could provide important insights into the many physiological processes regulated
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w3 by the Arg/N-end pathway%33. We anticipate that the full complement of genetic effects on UBR1
424 abundance and function in humans will be large and comprise diverse molecular mechanisms of
a5 effect.

426

427 Finally, the genetic mapping strategy we have developed provides a generalized framework for
28 mapping genetic effects on protein degradation with quantitative precision and high statistical
429 power. Extending our approach to additional protein degradation pathways may reveal additional
430 pathway-specific genetic architectures. Similarly, our approach represents a viable strategy for
431 mapping genetic effects on the degradation of individual proteins. Considerable discrepancies ex-

s ist between genetic influences on gene expression at the mRNA and protein levels?? 7173,

Many
433 protein-specific QTLs could result from genetic effects on protein degradation, either through loci

43¢ that alter the activity of protein degradation pathways or the degradation of individual proteins.

436 Our genetic mapping strategy revealed that UPS activity is a genetically complex trait, shaped
437 by variation throughout the genome. Individual loci influence UPS activity through diverse molec-
438 ular mechanisms and often in a pathway-specific manner. Our results lay the groundwork for future
439 efforts to understand how heritable differences in UPS activity contribute to variation in complex

40 cellular and organismal traits, including the many diseases marked by aberrant UPS activity.

« WMaterials and Methods

w2 Tandem Fluorescent Timer (TFT) Ubiquitin-Proteasome System Activity Re-

43 porters

as We used tandem fluorescent timers (TFTs) to measure ubiquitin-proteasome system (UPS) activ-
w5 ity. TFTs are fusions of two fluorescent proteins with distinct spectral profiles and maturation

ws  Kinetics® 49,

In the most common implementation, a TFT consists of a faster maturing green
a7 fluorescent protein (GFP) and a slower maturing red fluorescent protein (RFP). Because the FPs
ws in the TFT mature at different rates, the RFP/GFP ratio (hereafter, “TFT ratio”) changes over
49 time. If the RFP’s maturation rate exceeds the TFT’s degradation rate, then the TFT ratio is

48,49 (Figure 1). Thus, when comparing two TFT-

a0 proportional to the construct’s degradation rate
41 tagged substrates, a lower TFT ratio reflects a faster degradation rate and a higher TFT ratio
42 reflects a slower degradation rate.

453

454 We used fluorescent proteins from previously characterized TFTs in our experiments. super-
w5 folder GFP® (sfGFP) was used as the GFP in all TFTs. sfGFP matures in approximately 5

s minutes and has excitation and emission maximums of 485 nm and 510 nm, respectively®®. The
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457 RFP in our TFTs was either mCherry or mRuby. mCherry matures in approximately 40 minutes
w8 and has excitation and emission maximums of 587 nm and 610 nm, respectively®®. The mCherry-
a9 sfTGFP TFT can detect degradation rate differences in substrates with lifetimes of approximately 80

w0 minutes?? 54

. mRuby matures in approximately 170 minutes and has excitation and emission max-
w1 imums of 558 nm and 605 nm, respectively®”. The mRuby-sfGFP TFT can detect degradation rate
462 differences in substrates with lifetimes of approximately 340 minutes, although it is less sensitive
a3  than the mCherry-sfGFP for substrates with half-lives less than 80 minutes®*®®*. All TFT fluores-
464 cent proteins are monomeric. We separated green and red FPs in each TFT with an unstructured

w5 35 amino acid linker sequence to minimize fluorescence resonance energy transfer (FRET)%.

w6 Construction of Arg/N-end and Ac/N-end Pathway TFTs

467 We built and characterized TFTs capable of measuring the activity of the UPS N-end rule path-

33,56 which relates a protein’s degradation rate to the identity of its N-degron®). To generate

33, 56,60
9

68 way
w60 TFT constructs with defined N-terminal amino acids, we used the ubiquitin-fusion technique
470 which involves placing a ubiquitin moiety immediately upstream of a sequence encoding the de-
411 sired N-degron. During translation, ubiquitin-hydrolases cleave the ubiquitin moiety, exposing the
42 N-degron. We obtained DNA encoding the Saccharomyces cerevisiae ubiquitin sequence and a
473 peptide linker sequence derived from FEscherichia coli p-galactosidase previously used to identify
ss  components of the Arg/N-end and Ac/N-end pathways®® by DNA synthesis (Integrated DNA Tech-
a5 nologies [IDT], Coralville, Iowa, USA). The peptide linker sequence is unstructured and contains

§56,58  Peptide linkers

476 internal lysine residues required for ubiquitination and degradation by the UP
477 encoding the 20 possible N-terminal amino acids were made by PCR amplifying the linker sequence
a3 using oligonucleotides encoding each unique N-terminal amino acid (Supplementary Table 6).

479

480 We then devised a general strategy to assemble TFT-containing plasmids with defined N-
a1 terminal amino acids (Supplementary Figure 1). We first obtained sequences encoding each reporter
42 element by PCR or gene synthesis. We codon-optimized the sfGFP, mCherry, mRuby, FMDV2A,
43 and the TFT linker sequences for expression in S. cerevisiae using the Java Codon Adaptation
w4 Tool (JCaT)® and purchased double-stranded synthetic DNA fragments of each sequence (IDT;
sss Coralville, IA, USA). We used the TDHS3 promoter to drive expression of each TFT reporter. The
a6 TDH3 promoter was PCR-amplified from Addgene plasmid #67639 (a gift from John Wyrick).
47 We used the ADHI terminator for all TFT constructs, which we PCR amplified from Addgene
s plasmid #67639. We used the KanMX cassette® as the selection module for all TFT reporters
a0 and obtained this sequence by PCR amplification of Addgene plasmid #41030 (a gift from Michael
a0 Boddy). Thus, each construct has the general structure of TDH3 promoter, N-degron, linker
w1 sequence, TFT module, ADHI terminator, and the KanMX resistance cassette (Supplementary
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22 Figure 1).

494 We used Addgene plasmid #35121 (a gift from John McCusker) as the plasmid DNA backbone
a5 for all TF'T constructs. Digesting this plasmid with BamHI and EcoRV restriction enzymes pro-
106 duces a 2451 bp fragment that we used as a vector backbone for TFT plasmid assembly. We obtained
197 a DNA fragment containing 734 bp of sequence upstream of the LYP1 start codon, a Swal restric-
w08 tion site, and 380 bp of sequence downstream of the LYP1 stop codon synthesis (IDT, Coralville,
a0 TA, USA). We performed isothermal assembly cloning using the New England Biolabs (NEB) HiFi
so0 Assembly Cloning Kit (NEB, Ipswhich, MA, USA) to insert the LYP1 homology sequence into the
so0.  BamHI/EcoRV digest of Addgene plasmid #35121 to create the final backbone plasmid BFA0190
sz (Supplementary Figure 1). We then combined Swal digested BFA0190 and the components of each
sos TFT reporter and used the NEB HiFi Assembly Kit (NEB; Ipswhich, MA, USA) to produce each
se  TFT plasmid. The 5’ and 3’ LYPI sequences in each TFT contain naturally-occurring Sacl and
sos  BglII restriction sites, respectively. We digested each TFT with Sacl and Bglll (NEB; Ipswhich,
so.s  MA, USA) to obtain a linear DNA transformation fragment. The flanking LYP1 homology and
s07 - kanMX module in each TEFT construct allows selection for reporter integration at the LYPI locus
sos  using G418% and the toxic amino acid analogue thialysine (S-(2-aminoethyl)-L-cysteine hydrochlo-

)66,67,91 (Supplementary Figure 1). The sequence identity of all assembled plasmids was verified

s00  ride
s.0 by Sanger sequencing. The full list of plasmids used in this study is found in Supplementary Table

511 8.

s Yeast Strains and Handling
513 Yeast Strains

s14 - We used two strains of the yeast Saccharomyces cerevisiae to characterize UPS activity reporters
si5 and perform genetic mapping of UPS activity. The BY strain is haploid with genotype MATa
si6 his3A hoA and is closely related to the S. cerevisiae S288C laboratory strain. The second strain,
sz RM is a haploid strain with genotype MATa canlA::STE2pr-SpHIS5 his3A::NatMX AMNI1-BY
si8 hoA::HphMX URA3-FY and was isolated from a California vineyard. BY and RM differ at 1 nu-
s10  cleotide per 200 base pairs on average and approximately 45,000 single nucleotide variants (SNVs)
s0 between the strains can serve as markers in a genetic mapping experiment?3 447173

521

522 We built additional strains for characterizing our UPS activity reporters by deleting individual
523 UPS genes from the BY strain. Each deletion strain was constructed by replacing the targeted
2« gene with the NatMX cassette?’, which confers resistance to the antibiotic nourseothricin. We
s PCR amplified the NatMX cassette using Addgene plasmid #35121 with primers with homology

526 to the 5’ upstream and 3’ downstream sequences of the targeted gene. The oligonucleotides for
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Short Name Genotype Antibiotic Resistance  Auxotrophies

BY MATa his3A hoA histidine

RM MATo can1A::STE2pr-SpHISS clonNAT, hygromycin histidine
his3A::NatMX hoA::HphMX

BY rpnjA MATa hisS8A hoA rpndA::NatMX  clonNAT histidine

BY wubriA MATa his8A hoA ubriA::NatMX  clonNAT histidine

BY doa10A MATa his8A hoA doal0A::NatMX  clonNAT histidine

Table 1: Base strain genotypes

each gene deletion cassette amplification are listed in Supplementary Table 6. We created a BY
strain lacking the UBR1 gene, which encodes the Arg/N-end pathway E3 ligase Ubrlp. We refer to
this strain hereafter as “BY ubrlA”. We created a BY strain (“BY doalOA”) lacking the DOA10
gene that encodes the Ac/N-end pathway E3 ligase DoalOp. Finally, we created a BY strain (“BY
rpndA”) lacking the RPN/ that encodes the proteasome transcription factor Rpndp. Table 1 lists
these strains and their full genotypes. Supplementary Table 8 contains the complete list of strains

used in this study.

Table 2 describes the media formulations used for all experiments. Synthetic complete amino
acid powders (SC -lys and SC -his -lys -ura) were obtained from Sunrise Science (Knoxville, TN,
USA). Where indicated, we added the following reagents at the indicated concentrations to yeast
media: G418, 200 mg/mL (Fisher Scientific, Pittsburgh, PA, USA); clonNAT (nourseothricin sul-
fate, Fisher Scientific), 50 mg/L; thialysine (S-(2-aminoethyl)-L-cysteine hydrochloride; Millpore-
Sigma, St. Louis, MO, USA), 50 mg/L; canavanine (L-canavanine sulfate, MillporeSigma), 50
mg/L.

Yeast Transformation

We used a standard yeast transformation protocol to construct reporter control strains and build
strains with TFTs?2. In brief, we inoculated yeast strains growing on solid YPD medium into
5 mL of YPD liquid medium for overnight growth at 30°C. The following morning, we diluted
1 mL of saturated culture into 50 mL of fresh YPD and grew the cells for 4 hours. The cells
were then successively washed in sterile ultrapure water and transformation solution 1 (10 mM
Tris HCI [pH 8.0], 1 mM EDTA [pH 8.0], and 0.1 M lithium acetate). At each step, we pelleted
the cells by centrifugation at 3000 rpm for 2 minutes in a benchtop centrifuge and discarded the

supernatant. The cells were suspended in 100 pli of transformation solution 1 along with 50 ug
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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

Table 2: Media Formulations

of salmon sperm carrier DNA and 300 ng of transforming DNA. The cells were incubated at 30 °C
for 30 minutes and 700 pL 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% polyethylene glycol [PEG]) was added to each tube,
followed by a 30 minute heat shock at 42°C. We then washed the transformed cells in sterile,
ultrapure water. We added 1 mL of liquid YPD medium to each tube and incubated the tubes for
90 minutes with rolling at 30 °C to allow for expression of the antibiotic resistance cassettes. After
washing with sterile, ultrapure water, we plated 200 uL of cells on solid SC -lys medium with G418
and thialysine, and, for strains with the NatMX cassette, clonNAT. For each strain, we streaked
8 independent colonies (biological replicates) from the transformation plate for further analysis.
We verified reporter integration and integration site by colony PCR?3. The primers used for these

experiments are listed in Supplementary Table 6.

Yeast Mating and Segregant Populations

We created populations of genetically variable, recombinant cells ( “segregants”) for genetic mapping
using a modified synthetic genetic array (SGA) approach® 67. We first mated BY strains with a
given TFT to RM by mixing freshly streaked cells of each strain on solid YPD medium. For each
TFT, we mated two independently-derived clones (biological replicates) to the RM strain. Cells
were grown overnight at 30°C and we selected for diploid cells (successful BY-RM matings) by
streaking mated cells onto solid YPD medium with 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).
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s We inoculated 5 mL of YPD with freshly streaked diploid cells for overnight growth at 30°C. The
s2 next day, we pelleted the cultures, washed them with sterile, ultrapure water, and resuspended the
s13 cells in 5 mL of SPO liquid medium (Table 2). We sporulated the cells by incubating them at
s+ room temperature with rolling for 9 days. After confirming sporulation by brightfield microscopy,
575 we pelleted 2 mL of culture, washed cells with 1 mL of sterile, ultrapure water, and resuspended
s76  cells in 300 pL of 1 M sorbitol containing 3 U of Zymolyase lytic enzyme (United States Biological,
s77 Salem, MA, USA) to degrade ascal walls. Digestions were carried out at 30 °C with rolling for 2
s8 hours. We then washed the spores with 1 mL of 1 M sorbitol, vortexed for 1 minute at the highest
579 intensity setting, resuspended the cells in sterile ultrapure water, and confirmed the release of cells
s0 from ascii by brightfield microscopy. We plated 300 ul of cells onto solid SGA medium containing
ss1 G418 and canavanine. This media formulation selects for haploid cells with (1) a TFT via G418,
ss2 (2) the MATa mating type via the Schizosaccharomyces pombe HIS5 gene under the control of the
ss3 STE2 promoter (which is only active in MATa cells), and (3) replacement of the CANI gene with

66,67  Haploid segregant populations were

s S. pombe HISS via the toxic arginine analog canavanine
ss grown for 2 days at 30 °C and harvested by adding 10 mL of sterile, ultrapure water and scraping
ss6  the cells from each plate. We pelleted each cell suspension by centrifugation at 3000 rpm for 10
ss7  minutes and resuspended the cells in 1 mL of SGA medium. We added 450 uL of 40% (v/v) sterile
s glycerol solution to 750 uL of segregant culture and stored samples in screw cap cryovials at -80
ss0 30 °C. We stored 2 independent sporulations of each reporter (derived from our initial matings) as

s0o independent biological replicates.

s Flow Cytometry and Fluorescence-Activated Cell Sorting
52 Flow Cytometry

503 Yeast strains were manually inoculated into 400 pl of liquid SC -lys medium with G418 and grown
s overnight in 2 mL 96 well plates at 30.0 °C with mixing using a MixMate (Eppendorf, Hamburg,
sos  Germany). The following morning, we inoculated a fresh 200 uL of G418-containing SC -lys media
so6 with 4 pli of saturated cultures from the overnight growth. Cells were grown for an additional
s7 3 hours prior to analysis by flow cytometry. All flow cytometry experiments were performed on
s an LSR II flow cytometer (BD, Franklin Lakes, NJ, USA) equipped with a 20 mW 488 nm laser
so0  with 488/10 and 525/50 filters for measuring forward/side scatter and sfGFP, respectively, as well
0 as a 40 mW 561 nm laser and a 610/20 filter for measuring mCherry and mRuby. Table 3 lists
61 the parameters and settings that were used for all flow cytometry and fluorescence-activated cell
02 sorting (FACS) experiments. We recorded 10,000 cells each from 8 biological replicates per clonal
03 strain for our analyses of BY, RM, and reporter control strains.

604

605 We analyzed flow cytometry data using R (R Foundation for Statistical Computing, Vienna
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Parameter Laser Line (nm) Laser Setting (V) Filter

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

Table 3: Flow cytometry and FACS settings.

Austria) and the flowCore R package®. We first filtered each flow cytometry dataset to include
only those cells within 10% =+ the forward scatter (a proxy for cell size) median. We empirically
determined that this gating approach captured the central peak of cells in the FSC histogram.
This gating approach also removed cellular debris, aggregates of multiple cells, and restricted our

analyses to cells of the same approximate size.

To better characterize differences in the degradation rate of N-end rule substrates within and
between our strains, we transformed our flow cytometry data as follows. We first scaled the log,
TFT ratio relative to the sample with lowest degradation rate. Following this transformation,
the strain with lowest degradation rate (typically the E3 ligase deletion strain) has a degradation
rate of approximately 0 and the now-scaled TF'T ratio is directly proportional to the construct’s
degradation rate. To compare degradation rates between strains and individual TFTs, we then

converted scaled TFT ratios to Z scores.

For our initial characterization of TF'Ts, we then extracted the mean of the remaining cells from
each of 8 biological replicates and used these values for inferential statistics. We used a one-way
ANOVA with Tukey’s HSD post-hoc test to analyze all parameters and strains. For analyzing
segregant populations obtained by FACS, we used the entire FSC-filtered populations of cells for
inferential statistics and used ANOVA with Tukey’s HSD post-hoc test to compare all populations.

Fluorescence-Activated Cell Sorting

We collected populations of segregant cells for QTL mapping using a previously-described ap-
proach for isolating phenotypically extreme cell populations by FACS™ 3. Segregant populations
were thawed approximately 16 hours prior to cell sorting and grown overnight in 5 mL of SGA
medium containing G418 and canavanine. The following morning, 1 mL of cells from each segre-
gant population was diluted into a fresh 4 mL of SGA medium containing G418 and canavanine.

Segregant populations were then grown for an additional 4 hours prior to sorting. All FACS ex-
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32 periments were carried out using a FACSAria II cell sorter (BD). We used plots of side scatter
633 (SSC) height by side scatter height and forward scatter (FSC) height by forward scatter width to
63¢ remove doublets from each sample. We then filtered cells on the basis of FSC area, restricting
635 our sorts to + 7.5% of the central FSC peak, which we empirically determined excluded cellular
636 debris and aggregates and encompassed the primary haploid cell population. Finally, we defined
637 a fluorescence-positive population by comparing each segregant population to negative control BY
633 and RM strains without TFTs. We collected 20,000 cells each from 3 populations of cells for each

639 segregant population:

640 1. Fluorescence-positive cells without further gating, which were used as unsorted, “null” pop-
641 ulations

642 2. The 2% lower tail of the TFT distribution

643 3. The 2% upper tail of the TFT distribution

644 We collected independent biological replicates of each population for each reporter. Each popu-
e4s lation of 20,000 cells was collected into sterile 1.5 mL polypropylene tubes containing 1 mL of SGA
s46 medium and grown overnight at 30 °C with rolling. The next day, we mixed 750 uL of cells with
o7 450 pL of 40% (v/v) glycerol and stored this mixture in 2 mL 96 well plates at —80 °C.

ss  Genomic DNA Isolation and Whole-Genome Sequencing
60 Genomic DNA Isolation and Library Preparation

650 We extracted genomic DNA from sorted segregant populations for whole-genome sequencing. Deep-
es1  well plates containing glycerol stocks of segregant populations were thawed and 800 uL of each
652 sample was pelleted by centrifugation at 3700 rpm for 10 minutes. We discarded the supernantant
653 and resuspended cell pellets in 800 puL. of a 1 M sorbitol solution containing 0.1 M EDTA, 14.3
e« mM [-mercaptoethanol, and 500 U of Zymolyase lytic enzyme to digest cell walls prior to DNA
655 extraction. The digestion reaction was carried out by resuspending cell pellets with mixing at
es6 1000 rpm for 2 minutes followed by incubation for 2 hours at 37°C. When the digestion reaction
657 finished, we discarded the supernatant, resuspended cells in 50 uL of phosphate buffered saline,
58 and used the Quick-DNA 96 Plus kit (Zymo Research, Irvine, CA, USA) to extract genomic DNA.
659 We followed the manufacturer’s protocol to extract genomic DNA with the following modifications.
s0  We incubated cells in a 20 mg/mL proteinase K solution overnight with incubation at 55 °C. After
ss1 completing the DNA extraction protocol, we eluted DNA using 40 pL of DNA elution buffer (10
sz mM Tris-HCI [pH 8.5], 0.1 mM EDTA). The DNA concentration for each sample was determined
o3 using the Qubit dsDNA BR assay kit (Thermo Fisher Scientific, Waltham, MA, USA) in a 96 well
s format using a Synergy H1 plate reader (BioTek Instruments, Winooski, VT, USA).

665
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666 We used a previously-described approach to prepare libraries for short-read whole-genome se-
e67 quencing on the Illumina Next-Seq platform”™ . We used the Nextera DNA library kit (Illumina,
s San Diego, CA, USA) according to the manufacturer’s instructions with the following modifica-
660 tions. For the tagmentation reaction, 5 ng of genomic DNA from each sample was diluted in a
670 master mix containing 4 pl. of Tagment DNA buffer, 1 uL of sterile, molecular biology grade wa-
o1 ter, and 5 pli of Tagment DNA enzyme diluted 1:20 in Tagment DNA buffer. The tagmentation
2 reaction was run on a SimpliAmp thermal cycler (Thermo Fisher Scientific) using the following
673 parameters: 55 °C temperature, 20 pL reaction volume, 10 minute incubation. To prepare libraries
674 for sequencing, we added 10 pL of the tagmentation reaction to a master mix containing 1 ulL
75 of an Illumina i5 and i7 index primer pair mixture, 0.375 uL of ExTaq polymerase (Takara Bio,
s Mountain View, CA, USA), 5 uL of ExTaq buffer, 4 uL of a ANTP mixture, and 29.625 uL of
e77  sterile molecular biology grade water. We generated all 96 possible index oligo combinations using
678 815 and 12 i7 index primers. The library amplification reaction was run on a SimpliAmp thermal
679 cycler with the following parameters: initial denaturation at 95°C for 30 seconds, then 17 cycles
0 of 95°C for 10 seconds (denaturation), 62°C for 30 seconds (annealing), and 72°C for 3 minutes
1 (extension). We quantified the DNA concentration of each reaction using the Qubit dsDNA BR
ss2 assay kit (Thermo Fisher Scientific) and pooled 10 uL of each reaction. This pooled mixture was
se3 run on a 2% agarose gel and we extracted and purified DNA in the 400 bp to 600 bp region us-
e« ing the Monarch Gel Extraction Kit (New England Biolabs, Ipswich, MA, USA) according to the

ess manufacturer’s instructions.

66 Whole-Genome Sequencing

687 We submitted pooled, purified DNA libraries to the University of Minnesota Genomics Center
s (UMGQC) for Illumina sequencing. Prior to sequencing, UMGC staff performed three quality control
680 assays. Library concentration was determined using the PicoGreen dsDNA quantification reagent
oo (Thermo Fisher Scientific). Library size was determined using the Tapestation electrophoresis
o1 system (Agilent Technologies, Santa Clara, CA, USA) with libraries in the range of 200 to 700 bp
602 passing QC. Library functionality was determined using the KAPA DNA Library Quantification kit
03 (Roche, Penzberg, Germany), with libraries with a concentration greater than 2 nM passing. All
604 submitted libraries passed each QC assay. We submitted 7 libraries for sequencing at different times.
e0s Libraries were sequenced on a NextSeq 550 instrument (Illumina). Depending on the number of
s samples, we used the following output settings. For libraries with 70 or more samples (2 libraries),
607 75 bp paired end sequencing was performed in high-output mode to generate approximately 360 x
e0s  10° reads. For libraries with 50 or fewer samples (5 libraries), 75 bp paired end sequencing was
s00 performed in mid-output mode to generate approximately 120 x 10° reads. Read coverage ranged

700 from 9 to 35 with a median coverage of 28 across all libraries. Sequence data de-multiplexing was
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701 performed by UMGC. Data are currently being deposited into the NIH Sequence Read Archive.

2 QTL Mapping
703 Raw Sequence Data Processing

704 We processed sequencing data to identify QTLs using a previously-described approach for genetic
705 mapping by bulk segregant analysis** 7173, We initially filtered reads to include only those reads
706 with mapping quality scores greater than 30. We aligned the filtered reads to the S. cerevisiae
w07 reference genome (version sacCer3) using BWA% (command: “mem -t 24”). We then used sam-
708 tools to remove mismatches and PCR duplicates (command: “samtools rmdup -S”). Finally, we
700 produced vcf files containing coverage and allelic read counts at each of 18,871 high-confidence,
710 reliable SNPs*% (command: “samtools mpileup -vu -t INFO/AD -1”). Because the BY strain is
71 closely related to the S288C §. cerevisiae strain, we used BY alleles as reference and RM alleles as

712 alternative alleles.

713 QTL Mapping

714 We used the vcf files generated by our raw sequence read processing to detect UPS activity QTLs.
75 We used the MULTIPOOL algorithm to identify significant QTLs”. MULTIPOOL estimates
716 logarithm of the odds (LOD) scores, which we used to identify QTLs exceeding an empirically-
717 derived significance threshold (see below). We used MULTIPOOL with the following settings: bp
718 per centiMorgan = 2,200, bin size = 100 bp, effective pool size = 1,000. As in previous QTL mapping
710 in the BY/RM cross by bulk segregant analysis, we excluded variants with alleles with frequencies
720 higher than 0.9 or lower than 0.171:73. We also used MULTIPOOL to estimate confidence intervals
71 for each significant QTL, which we defined as a 2-LOD drop from the QTL peak position. To
722 visualize QTLs and gauge their effects, we also computed the allele frequency differences (AAF)
723 at each site between our high and low UPS activity pools. Because allele frequencies are affected
724 by random counting noise, we used loess regression to smooth the allele frequency for each sample
725 before computing AAF. We used the smoothed values to plot the AAF distribution and visualize

726 the association of alleles with UPS activity.

727 Null Sorts and Empirical False Discovery Rate Estimation

728 We used a subset of our segregant populations to empirically estimate the false discovery rate
720 (FDR) of our QTL mapping method. We collected 2 separate populations of 20,000 fluorescence-
730 positive, unsorted cells from 8 independently-derived segregant populations. We included these
731 populations in our whole-genome sequencing and used the resultant data to estimate the FDR.
732 Because these cells are obtained from the same unsorted population in the same sample, any AAF

733 differences between them are likely the result of technical noise or random variation. We permuted
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73¢ these comparisons across segregant populations with the same TFT reporter for a total of 112 null
735 comparisons. We define the “null QTL rate” at a given LOD threshold as the number of QTLs
736 that exceeded the threshold in these comparisons divided by the number of null comparisons. To
737 determine the FDR for a given LOD score, we then determined the number of QTLs for our
738 experimental comparisons (extreme high TFT ratio versus extreme low TFT ratio). We define
739 the “experimental QTL rate” as the number of experimental QTLs divided by the number of

740 experimental comparisons. We then computed the FDR as follows:

n. null QT Ls

null QT L rate = -
n. null comparisons

741
n. experimental QT Ls

experimental QT L rate = 3 .
n. experimental comparisons

null QT L rate
experimental QT L rate

742

FDR =

743

744

745 We evaluated the FDR over a LOD range of 2.5 to 10 in 0.5 LOD increments. We found that
n6  a LOD value of 4.5 led to a null QTL rate of 0.0625 and an FDR of 0.507% and we used this
747 value as our significance threshold for QTL mapping. We further filtered our QTL list by excluding
728 QTLs that were not detected in each of two independent biological replicates. Replicating QTLs
70 were defined as those whose peaks were within 100 kB of each other on the same chromosome with
750 the same direction (positive or negative) of allele frequency difference between high and low UPS

751 activity pools.

752 QTL Fine-Mapping

753 We used “CRISPR-Swap”, a two-step method for scarless allelic editing, to fine-map QTLs to the
754 level of their causal genes and nucleotides””. In the first step of CRISPR-Swap, a gene of interest
755 (GOI) is deleted and replaced with a selectable marker. In the second step, cells are co-transformed
756 with (1) a plasmid with CRISPR-cas9 and a guide RNA targeting the selectable marker used to
757 remove the GOI and (2) a repair template encoding the desired allele of the GOL.

758

750 We used CRISPR-Swap to generate BY strains harboring the RM UBRI allele, as well as a series
70 of chimeric BY/RM UBRI1 alleles, as described below. To do so, we first replaced the UBR1 gene
%1 in BY with the NatMX selectable marker by transforming a PCR product encoding the NatMX
762 cassette with 40 bp 5" and 3’ overhangs homologous to UBRI. To generate the NatMX::ubriA
763 transformation fragment, we PCR amplified NatMX from Addgene plasmid #35121 using primers
764 OFA1102 and OFA1103 (sequences in Supplementary Table 1) using Phusion Hot Start Flex DNA
765 polymerase (NEB). The NatMX cassette was transformed into the BY strain using the methods
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766 described above and transformants were plated onto YPD medium containing clonNAT. We verified
767 the deletion of the wild-type UBR1 allele from single-colony purified transformants by colony PCR
768 (primer sequences listed in Supplementary Table 6).

769

770 We then modified the original CRISPR-Swap plasmid (PFA0055, Addgene plasmid #131774)
m  to replace its LEU2 selectable marker with the HISS selectable marker, creating plasmid PFA0227
772 (Supplementary Table 7). To build PFA0277, we first digested PFA0055 with restriction enzymes
773 BsmBI-v2 and Hpal to remove the LEU2 selectable marker. We synthesized the S. cerevisiae HIS3
774 selectable marker from plasmid pRS313%
775 PFA0055 on both ends. We used this synthetic HISS fragment and BsmBI-v2/Hpal-digested

776 PFA0055 to create plasmid PFA0227 by isothermal assembly cloning using the HiFi Assembly

with 20 base pairs of overlap to BsmBI-v2/Hpal-digested

777 Cloning Kit (NEB) according to the manufacturer’s instructions. In addition to the HIS3 selectable
778 marker, PFA0227 contains the cas9 gene driven by the constitutively active TDH3 promoter and a
779 guide RNA | gCASS5a, that directs cleavage of a site immediately upstream of the TEF promoter
720 used to drive expression of the MX series of selectable markers””?. We verified the sequence of
731 PFA0227 by Sanger sequencing.

782

783 We used genomic DNA from BY and RM strains to use for PCR amplifying UBR1 repair
73 templates for the second step of CRISPR-Swap. Genomic DNA was extracted from BY and RM
765 strains using the “10 minute prep” protocol®®. We amplified full-length UBR1 repair templates
786 from RM and BY containing the gene’s promoter, open-reading frame (ORF), and terminator
77 using Phusion Hot Start Flex DNA polymerase (NEB). We also created chimeric repair templates
78 containing combinations of BY and RM alleles using PCR splicing by overlap extension'?’. Table

780 4 lists the repair templates used for CRISPR swap:

Name Promoter ORF Terminator
UBR1 BY BY BY BY
UBR1 RM RM RM RM
UBR1 RM pr RM BY BY
UBR!1 RM ORF BY RM BY
UBR1 RM term BY BY RM

UBR1 -469A>T -469, RM; all other, BY BY BY
UBR1 -197T>G -197, RM; all other, BY BY BY

Table 4: UBR1 CRISPR-Swap repair templates.

790 The sequence of all repair templates was verified by Sanger sequencing.
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791
792 To create UBR1 allele swap strains, we co-transformed BY strains with 200 ng of plasmid
703 PFA0227 and 1.5 ug of UBRI repair template. Transformants were selected and single colony pu-
704 rified on synthetic complete medium lacking histidine and then patched onto solid YPD medium.
795 We tested each strain for the desired exchange of the NatMX selectable marker with a UBR1 allele
796 by patching strains onto solid YPD medium containing clonNAT. We then verified allelic exchange
707 in strains lacking ClonNAT resistance by colony PCR. We kept 8 independently-derived biological
798 replicates of each allele swap strain. To test the effects of each allele swap, we transformed a subset
709 of TF'Ts into our allele swap strains and characterized TFT reporter activity by flow cytometry
g0 using the methods described above.

801

sz Data Analysis

so3  All data were analyzed using R (version 3.6). Computational scripts used to process data, for
so4 statistical analysis and to generate figures are available at http://www.github.com/mac230/UPS_

sos QTL_paper. Final figures and illustrations were made using Inkscape.
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g5  Supplementary Figure 1: Overview of the constructs and strain construction steps used to

826

generate yeast strains harboring TFT UPS activity reporters.
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Supplementary Figure 2: TFT Ratio Density Plots.

flow cytometry settings to acquire all data, there is some fluctuation around 0 for the RFP/GFP
ratios for strains in which the TFT is stabilized. The thin lines show the density values for 10,000

cells each for each of 8 independent biological replicates per strain per reporter. Thick lines show

the average for each strain and reporter.
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TFT ratio plots for the full set of 20

N-degrons and strains are shown. N-degrons are separated by pathway. Because we used the same
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837 Supplementary Figure 3: N-Degron Strip Plots. The UPS activity for each N-degron and strain
838 are shown as strip plots. N-degrons are separated by pathway. The median value was extracted
830 from 10,000 cells from each of 8 independent biological replicates per strain per reporter. The data
a0 was converted to Z-scores and scaled such that high values correspond to high UPS activity and

sa1  low values correspond to low UPS activity.
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83 Supplementary Figure 4: Analysis of replicating and non-replicating UPS activity QTLs. A.
sas  Allele frequency difference histograms for non-replicating (left) and replicating QTLs (right). B.
sas  As in A, but for LOD score.
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g7 Supplementary Figure 5: Analysis of Ac/N-end and Arg/N-end QTLs. A. Allele frequency
sas  difference histograms for Ac/N-end (left) and Arg/N-end QTLs (right). B. As in A, but for LOD

849  SCOre.
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