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SUMMARY

We have developed a highly parallel strategy, system-
atic gene-to-phenotype arrays (SGPAs), to compre-
hensively map the genetic landscape driving mo-
lecular phenotypes of interest. By this approach, a
complete yeast genetic mutant array is crossed with
fluorescent reporters and imaged on membranes at
high density and contrast. Importantly, SGPA enables
quantification of phenotypes that are not readily
detectable in ordinary genetic analysis of cell fitness.
We benchmark SGPA by examining two fundamental
biological phenotypes: first, we explore glucose
repression, in which SGPA identifies a requirement
for the Mediator complex and a role for the CDK8/
kinase module in regulating transcription. Second,
we examine selective protein quality control, in
which SGPA identifies most known quality control
factors along with Uz, tRNA modification, which
acts independently of proteasomal degradation to
limit misfolded protein production. Integration of
SGPA with other fluorescent readouts will enable ge-
netic dissection of a wide range of biological path-
ways and conditions.

INTRODUCTION

In yeast (Costanzo et al., 2016; Giaever et al., 2002; Kim et al.,
2010; Winzeler et al., 1999) and other microbes (Baba et al.,
2006; Schwarzmlller et al., 2014), systematic analysis of large
mutant collections has been remarkably successful in mapping
the functional genetic architecture of the cell. Such analyses
detect alterations in growth caused by genetic mutation, typi-
cally by quantifying the sizes of mutant colonies arrayed onto
agar (Costanzo et al., 2010; Schuldiner et al., 2005) or by count-

ing barcode tags within a population of cells after competitive
liquid growth (Hillenmeyer et al., 2008).

Although colony size and barcode readouts are conducive to
screening of cellular fithess, they lack molecular resolution to
characterize specific cellular events that fail to induce a growth
phenotype. In contrast, optical reporters, including fluorescent
probes for pathway activity (Brandman et al., 2012; Jonikas
etal., 2009) and tagged proteins (Tkach et al., 2012; Vizeacoumar
et al., 2010; Willingham et al., 2003), can measure a much larger
range of phenotypic readouts. Optical readouts are obtained with
techniques such as fluorescence-activated flow cytometry (Joni-
kas et al., 2009) or high-content microscopy (Aviram et al., 2016;
Chong et al., 2015), although they fall short of the throughput of
high-density cell colony arrays (Bean et al., 2014).

We reasoned that combining the advantages of these ap-
proaches might dramatically enhance the power of systematic ge-
netic interrogation and thus developed the systematic gene-to-
phenotype array (SGPA). SGPA brings together comprehensive
mutant arrays with optical phenotype reporters by leveraging ad-
vantageous signal-to-noise characteristics of microbial colonies
grown on synthetic membranes. This technology allows direct
assessment of how each gene contributes to a specific phenotype.

As a specific and biologically relevant test of SGPA, we
explored two fundamental cellular processes with different
phenotypic markers: first, we tested an inducible, tightly
controlled GAL1 promoter (pGAL1), a classic readout of the
so-called glucose repression pathway (Traven et al., 2006). By
deploying multiple copies of a pGAL1 fluorescent transcriptional
probe per cell, we quantified promoter activation and repression
under induced and repressed conditions, respectively, across
approximately 6,000 mutant yeast strains. In this context, we
found that SGPA enables a broadly useful and sensitive
approach to gene discovery, particularly when applied to inher-
ently weak phenotypes such as leaky promoter activity. We iden-
tified the highly conserved Mediator complex as a crucial
element in transcriptional control from the GAL7 promoter. Dy-
namic module changes in Mediator play a central role in control-
ling eukaryotic transcription and have been the target of intense
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Figure 1. Systematic Gene-to-Phenotype Arrays

(A) Overview of SPOCK covering >95% of all yeast ORFs.

(B) For SGPA, yeast colonies grow on nitrocellulose instead of agar directly.
(C) Imaging setup for the fluorescence screening (BP, band-pass filter; SLR,
single-lens reflector camera; LED, light-emitting diode).

(D) Comparison of high, low, and no-GFP test strains grown on traditional agar
plates (top row) and on nitrocellulose (bottom row). Scale bar, 2 mm.

(E) Thirteen-fold increase in signal due to growth on nitrocellulose (signal minus
no-GFP background intensity, mean of N = 384 for each, error bars too small
to display).

research efforts (Allen and Taatjes, 2015). SGPA uncovered a
role for the CDK8/kinase module in regulating both promoter
repression and induction, depending on environmental context,
and identified module interfaces involved in complex function.
This enabled us to build a simple model of CDK8/kinase module
control of the GAL1 promoter, advancing our understanding of
how this transcriptional element may be regulated over a large
dynamic activity range.

In a second set of experiments, we focused on protein quality
control (PQC), a basic process in all domains of life that ensures
misfolded proteins are diminished to acceptable levels, either by
refolding, degradation, or lowered production (Wolff et al., 2014).
One of the most well-studied PQC pathways, the ubiquitin-pro-
teasome system, involves ubiquitin tagging of proteins and sub-
sequent destruction by the proteasome (Collins and Goldberg,
2017). We probed PQC by deploying a fluorescent, permanently
misfolded, but non-toxic protein substrate. Essentially all known
PQC components emerged from our SPGA analysis, including
the proteasome and the major ubiquitin ligases, and we can
show direct contribution of BRE5, a ubiquitin protease co-factor,
to control of misfolded protein degradation. Surprisingly, cells
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deficient in genes underlying the Uz, tRNA modification and
urmylation pathway also exhibited a clear PQC phenotype.
These gene mutants showed selective accumulation of mis-
folded proteins, without altering substrate stability or rate of pro-
teasomal degradation, suggesting that selective translational
control by modified tRNA serves an underappreciated role in
limiting expression of accumulating misfolded proteins.

DESIGN

Genome-wide technologies to quantify the contribution of gene
deletion or gene overexpression to a single (growth) phenotype
have been used with great success. High-throughput micro-
scopy- and flow cytometry-based assay systems measure a
wide variety of cellular phenotypes. SGPA now combines effi-
cient high-throughput screening of defined genetic manipula-
tions with the ability to determine a wide range of resulting pheno-
type changes. Previous attempts at this approach were limited to
promoter-driven fluorescent reporters, required the simulta-
neous expression of a secondary control reporter to overcome
noise, or used slow and expensive fluorescent scanners or low
colony density, which severely limited throughput (Gottert et al.,
2018; Hendry et al., 2015; Kainth et al., 2009; Sassi et al.,
2009). Other genome-wide assays for regulators of protein turn-
over proved to be extremely data-rich, but required complex tan-
dem degradation assays, followed by scanning or flow cytometry
(Khmelinskii et al., 2014; 2012), thus exhibiting an analogous
throughput bottleneck. Our experience in differential network
biology informed core design principles for SGPA: (1) Leverage
existing technology platforms to allow for a swift implementation
into existing laboratory settings. (2) Rely on a singular fluorescent
reporter channel to avoid unintentional phenotype signal bias and
utilize independent control screens and population-based
normalization instead. (3) Maximize throughput by optimizing
the physical layout of the underlying mutant collections and
very fast image acquisition. By adhering to these principles, we
could develop a flexible and fast assay system that can be
applied broadly to study phenotypes of interest genome-wide.

RESULTS

The Single-Plate ORF Compendium Kit Enables
Efficient SGPA
SGPA is built on a super-high-density 6144 yeast colony array
format called single-plate ORF (open reading frame) compen-
dium kit (SPOCK). This format unifies the non-essential gene
yeast knockout (YKO) (Winzeler et al., 1999) and essential gene
decreased abundance by mRNA perturbation (DAmMP) (Breslow
et al., 2008) collections, covering disruptions to >95% of yeast
ORFs, and it entails close to 100 wild-type-like controls in the
area of a standard 127 x 85 mm microwell plate (Figure 1A).
SPOCK ensures efficient and interspersed placement of essen-
tial and non-essential deletion strains (Figures S1A and S1B), re-
sulting in homogeneous growth phenotypes for both collections
(Figure S1C) and well-mixed distribution of mutant chromosome
locations (Figure S1D).

To enable quantitation of molecular phenotypes, the SPOCK
library is transformed with a fluorescent molecular reporter using



standard mating strategies (Collins et al., 2010). This trans-
formed library is then cultured on a nitrocellulose membrane
atop an agar substrate, enabling high-contrast quantitation of
the fluorescent signal with free molecule diffusion between
agar and colonies (Figure 1B). This growth setup pairs with an
imaging station (Figures 1C and S2A) to quantify fluorescent re-
porter signals for all ~6,000 mutant strains in <10 s per plate
(Jaeger et al., 2015). For comparison, high-throughput micro-
scopy of a similar number of mutants in a GE IN Cell Analyzer
2200 requires approximately 1.5 hr. In addition to this ~500-
fold increase in speed, the nitrocellulose membrane greatly re-
duces colony autofluorescence compared to growth on agar
(Figures 1D and S2B), superior even to fluorescence-optimized
gels (Jaeger et al., 2015). The improvement in signal is ~13-
fold (Figure 1E) without affecting colony size (Figure S2C), and
results are independent from the mode of reporter expression
(Figure S2D). In this way, SGPA combines comprehensive arrays
of gene disruptions with fluorescently labeled sensors of pheno-
type. Parallel execution and analysis of fluorescence-based
SGPA and fitness-based SGA assays do not detect any fitness
artifacts (Figure S3) while substantially increasing signal speci-
ficity for molecular events.

Glucose Repression as a Model System for Eukaryotic
Transcription Control

Although eukaryotic cells can generally metabolize a wide range of
carbon sources, many species, including S. cerevisiae, prefer
fermentation of glucose. When glucose is abundant, they
therefore suppress genes involved in respiration, gluconeogen-
esis, and catabolism of alternative sugars such as galactose
(Figure 2A) through multiple mechanisms known as “glucose
repression” (Kayikci and Nielsen, 2015). Incidentally, most of the
genes involved in galactose metabolism are essential under galac-
tose-only conditions and readily identified by performing fitness-
based mutant analysis (e.g., gal71A; Figure 2B). Genes that mediate
glucose suppression, on the other hand, show no clear growth
phenotype and are thus largely indistinguishable from control
strains in classical genetic screens (i.e., gal80A; Figure 2B).

To identify genes that maintain glucose repression using
SGPA, we utilized a sensitive reporter construct that expresses
GFP under control of a GAL7 promoter sequence (Figure 2C).
The GAL71 promoter contains four upstream activating se-
quences (UASg, binding sites for Gal4p) and the TATA box of
the GAL1 gene (Johnston and Davis, 1984). Under galactose-
only (inducing) conditions, Gal4p binds to these UASg elements
and promotes GAL gene transcription. This leads to GAL gene
expression and GFP fluorescence (Figure 2A, left). In contrast,
when glucose is present (repressing conditions), dimerization
in the nucleus of the Gal80p repressor inhibits Gal4p binding to
the UASg, preventing GAL gene expression and suppressing
GFP fluorescence (Figure 2A, right). Within this framework, fluo-
rescent mutants in the presence of glucose are “glucose repres-
sion mutants” (GRMs). Because of tight control of the GAL
regulon, we expected weak signal from these mutants and
thus delivered the GFP probe as a 2 plasmid. These plasmids
themselves have no effect on yeast growth and co-exist
with other parasitic plasmids in the yeast nucleus at 20-50
copies (Karim et al., 2013). Importantly, these plasmids repli-

cate and segregate with chromosomes during budding and
exhibit nucleosome structure comparable to chromatin (Tong
et al., 2006).

Identifying Glucose Repression Mutants through SGPA
We crossed the pGAL1-GFP reporter plasmid into the SPOCK
collection and evaluated colony fluorescence under glucose or
galactose, on agar or nitrocellulose. As in our initial technical anal-
ysis (Figure 1D), nitrocellulose improved fluorescence over agar-
grown colonies (Figure 2D) and enhanced our ability to detect
GRMs under repressed conditions (Figure 2E). By scattering
induced versus repressed conditions, we identified three mutant
sets (Figure 2F). The first set we call galactose unresponsive
(GU) mutants, which have normal fluorescence under glucose
and reduced fluorescence and colony size under galactose condi-
tions. This group is largely overlapping with mutants identified in a
traditional fitness-based assay (p = 3.9 x 10~*2 by hypergeometric
test; Figure 2F, inset), and the intersection is highly enriched for
strains deficient in respiration, mitochondrion function (i.e., “mito-
chondrial inner membrane”; p = 2.33 x 10724, and galactose
metabolism (p = 9.99 x 1075 Data S1). This is expected, as yeast
uses simultaneous respiration and fermentation under galactose
conditions (Fendt and Sauer, 2010), an effect similar to enhanced
oxidative metabolism observed in galactose-grown human cells
(Aguer et al., 2011). A second set of mutants we call galactose
responsive GRMs (GR-GRMs), which have increased GAL7
promoter activity under glucose but normal fluorescence under
galactose. These genes are necessary for glucose repression,
but not for galactose metabolism (i.e., gal80A; Figure 2F). Third,
GU-GRMs are necessary for both glucose repression and growth
under galactose. We found that most of these mutations affect
the Mediator complex, as discussed below (Figure 2F).

The CDK8/Kinase Mediator Module Acts as a Bimodal
Transcriptional Control Unit

Mediator is a modular protein complex that consists of over 20
subunits (Figure 3A) and exists in all eukaryotes (Allen and
Taatjes, 2015). It regulates transcription by RNA polymerase Il
(RNA Pol ll), integrates signals from bound transcription factors,
and organizes genomic DNA into topological domains (Allen and
Taatjes, 2015). Mediator’s composition and structure are flex-
ible, enabling it to perform diverse roles by exchanging subunits
and modules dynamically (Allen and Taatjes, 2015). Gal4p-Medi-
ator interactions and genome-wide Mediator occupancy have
been used to understand eukaryotic transcriptional regulation
(Andrau et al., 2006; Bryant and Ptashne, 2003; Hirst et al.,
1999; Holstege et al.,, 1998; Plaschka et al., 2015; Prather
et al., 2005; van de Peppel et al., 2005; Zhu et al., 2006). Based
on these studies and comprehensive chromatin immunoprecip-
itation sequencing (ChIP-seq) experiments (Jeronimo et al.,
2016; Petrenko et al., 2016), the current model for Mediator func-
tion is that a “Tail” module interacts with UAS, a “Head” module
interacts with RNA Pol Il, and a “Middle” module provides scaf-
folding and signal transduction. Finally, a “CDK8/kinase” mod-
ule negatively regulates the interactions between the Tail and
UAS and needs to be released dynamically before Mediator
and RNA Pol Il can assembile in the preinitiation complex (Jero-
nimo et al., 2016; Petrenko et al., 2016).
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Figure 3. A Role for Mediator CDK8/Kinase Module in pGAL1 Repression and Activation

(A) Schematic of the Mediator complex and the four functional modules (Tail, CDK8/kinase, Middle, and Head).

(B) Representative examples of Mediator mutant colonies, compared to the most potent mutants from the SAGA complex (taf2A and utp5A): gal80A as positive
control (orange box) and hoA and his3A as negative controls (red box; box size ~2 mm.). Note: the exposure of the glucose mutants has been enhanced (linearly
for all mutants) to make the otherwise very faint colonies visible for comparison to galactose-grown colonies.

(C) Mapping to the Mediator complex of the corresponding genotype-phenotype changes between glucose and galactose as carbon source for pGAL1-GFP
fluorescence, pTEF1-GFP fluorescence (negative control), and colony fitness. Black subunits were lethal in the respective screen, gray subunits were not in
SPOCK, and pink outline represents DAMP mutants for essential genes (Phenotype; change in fluorescence or fitness between Glu or Gal).

(D) Unsupervised clustering of expression profiles for mediator mutants across ~3,000 transcripts under glucose. GRM bar indicates strongest GRM mutants.
(E) Ranked variance for 700 gene deletions across ~3,000 transcripts. Red dots indicate CDK8/kinase mutant strains; value in brackets represents the rank.
(F) Proposed model of the bi-modal role of the CDK8/kinase module of Mediator in tight repression under glucose and strong induction under galactose
conditions (left side) and the effects of CDK8/kinase module mutants (right side; see text for details).

promoter signal. ChlP-seq data from CDKS8/kinase module
mutants (Jeronimo et al., 2016) lends support to the leaky
pGAL1 phenotype model (Figure 3F) suggested by SGPA:
under glucose-repressed conditions, Mediator binding in the
GAL1 promoter region is virtually absent (Figure S4C; Medi-
ator/wt), while deletion of a CDK8/kinase gene (ssn2A) increases
GAL11 presence at the UASg (Figure S4C; Gall1/ssn2A),
an effect not observed, for example, at the neighboring
gene FUR4.

Using SGPA to Examine PQC

As a second case study, we sought to genetically dissect molec-
ular phenotypes related to carboxypeptidase Y (CPY), a well-
established substrate for the study of PQC pathways (Heck
etal., 2010; Plemper et al., 1997; Stolz and Wolf, 2012). A perma-
nently misfolded state in the normal CPY protein is induced by

a single amino acid substitution denoted CPY*. Subsequent
removal of the endoplasmic reticulum import signal sequence
(ss) and addition of GFP result in the model cytoplasmic mis-
folded protein AssCPY*-GFP (Figure 4A). Normally, this mis-
folded protein is rapidly degraded by PQC machinery, whereas
disturbances in PQC are identified by accumulation of
AssCPY*-GFP (Stolz and Wolf, 2012). Specifically, AssCPY*-
GFP is marked for degradation by the San1p and Ubr1p ubiquitin
ligases in the nucleus versus cytosol, respectively (Heck et al.,
2010), while deubiquitinating enzymes like Ubp3p promote its
stabilization (Figure 4B).

We used SGPA to comprehensively evaluate the effect of
yeast gene mutations on levels of AssCPY*-GFP integrated as
a single copy at the ADE2 locus. To eliminate genes that have
general effects on GFP expression or brightness rather than
roles in PQC, we assessed the differential fluorescence between

Molecular Cell 69, 321-333, January 18, 2018 325
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Figure 4. Study of PQC Genes by SGPA

(A) Overview of carboxypeptidase Y (CPY) mutants (red triangle denotes point mutation; numbers indicate amino acid position).

(B) Schematic representation of AssCPY*-GFP localization, ubiquitination, deubiquitination, and proteasomal degradation.

(C) Mutants of genes involved in PQC (red) were identified based on the differential relative fluorescence (AZ score) between each mutant expressing either
AssCPY*-GFP or GFP alone (yellow line, least-squares fit). Mutants of genes normally promoting degradation are above; those of genes normally slowing
degradation are below the yellow line.

(D) SGPA AZ scores of known ubiquitinating and deubiquitinating enzymes are shown along with those of BRES5, a previously unappreciated PQC component
(pdr5 4 serves as wild-type control).

(E) Representative colonies for the mutants in (D); box size ~2 mm.

(F) Western blot analysis of AssCPY*-GFP degradation following cycloheximide treatment.

(G) Schematic of the 37 subcomponents of the proteasome complex.

(H) Fitness (left) and SGPA fluorescence (right) scores for the 30 proteasome mutant AssCPY*-GFP strains part of the screen.

() Comparison between SGPA fluorescence (black) and fitness scores (white) for the 30 proteasome mutants, with and without the GFP fusion or equally sized
sets of random control genes (gray; Mann-Whitney U test, ****p < 0.0001; n.s., not significant).

(J) Receiver operating characteristic (ROC) curve for the successful identification of the 30 proteasome mutants using SGPA versus fitness scores (TPR, true
positive rate; FPR, false positive rate).

Validation against Known PQC Factors and Robustness
to Substrate Location

each mutant expressing either misfolded AssCPY*-GFP or GFP
alone (Figure 4C). In a total of 274 gene deletion mutants, we

observed significant changes in GFP colony fluorescence rela-
tive to control (Figures 4C and S5A; Data S1).
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As a first validation of these results, we scored the extent to
which the SGPA gene set recovered known components of



CellPress

A AssCPY*-GFP AssCPY*-GFP-NES AssCPY*-GFP san1A C i)
I 210,88 92 & | !
R ortp,” X Ubr1p@ % Ubr']p § =
Sanp) N5 i " & g g c 0.8
5 Ubp3p. <> prﬁpfé 2 pr3p g 067 & g =
L) Ro ® 0.4
Q
@ 0.2{Ubiquitination [
R0 AssCPY*-GFP  2# AssCPY*-GFP-polyUbi %Proteasome 8 o Proteasome )
dkk
B AssCPY*-GFP-NES ]
Ubiquitination / Proteasome . nuc;i 1019 e 09 o
; glr pap ©
RNA processing hem12A pep8A  srb7A = 0.84 ’
Unfolded protein binding bos1A hem3A  pig1A sst2A £ s
i ioti bro1A hom3A  pma2A  susiA 0.6
Chromatin / Transcription B lodhk bk maiin g -+
cdc26A isc1A prp4A SWs2A © 0.4+ )
= 21 chs1A kar3A rad23A  tep1A o
AssCPY*-GFP P~ 1.67x10 SIS Gik1A  met2A  ps19bA  ufdda S 02{RNA
dcc1A mot3A  mps31A  vps4A e rocessin
TPd3A dep1A msc1A  rsalA VPS9A 3 0 P 9
e1A msfiA k1A ybr134wA : ! ! ! i ! !
;EfZA nop4A  sah1A ydr102cA —
gen1A  1pl13aA hom6A swpT1A SCS7A ydr290wA ,—|
get3A rpl6aA htalA uba4A sla1A ynl140cA « .
atg41A hpc2A  1pn10A nes2A  ylr140wA Sx5A ynl171cA < 107182 g2 »
azfia  htb1A pn4A ost1A ynl190wA Snu66A  ynl181wA ©
bemds €S5A  rtc2A  VPS25M \ hn7a yor082cA > 0.8+
bmh1a iKi3A nf1A ybro64waA 2im29A pre2A ypro03cA £ _% —:LD
borfA  isW1A  rit106A Ybri7dcA doviA  psp2A & 0.6 j—?
bubiA ksp1A  rvs161a Ybr226cA doats pupiA c
caf130A mdm31A saniA ybr259wa dynaa  ron12A pt2A o 0.4-
(3n  Mipl22A  sds24A  Ycl062wA . s 1pt6A = 5
o 227 yel043wA ergbA  IPN3R - goiin o
cpr7A m”gf 325612 gds1a rpnsa  SETO 6.36x1021 @ 021
%s&;AA nhp10A  sec62A POC4A ;plr;gi yAi013w-aA o 00 Unfolded protein binding
dugm pac10A  sin3A P ynl120cA : J ! k ! ! !
edc3n  Pex32A  skg6A 1A ***
elp2s  PhOBOA  ski2A coal3A P A 10956-4A
elp3n  POM34A  Ski3A gim4A p;Z5A sgf11A yn‘;102 CAa G
Glodn  pPZIA  SIt2A les1A - PIooA s YD e £ 10
olp6a  Pre8A  snf5A Ire25h L od1a  ubpsa I
pre9A - sok2A md1n_ im101A urmm . 08
prp38A  sps18A mrpggﬁ im9A  vps28A £ .
If’;f:% i‘/"’md?ﬁ ymr153c-aA ngm 1A ygl149wA g 06 ! b A
£ ymr193c-aA A IptSA  ygri22wA r
ufd2A yni109wA poail rsc2A  yjrO87wA 0 04 =+ -4
ump1A yni114cA sam37A 1]
z;"zfzzzAA ynl170wA scoTA & 0.2{Chromatin /
/
%gggﬁ,i semis cab3A  puf4h 2 Transcrlptlon
= 66 cbp6A qgcr8A 0. 7 ~(,' -E
chs2A  rim11A >R )
bud23A  dfg16A rim20A ,OOQ@ O& Q N Qo %c?& %c?,&\’\v
p =6.81x104 ¥ RN TR NG ¢

AssCPY*-GFP FRTTR R
san1A __Random

Figure 5. Identifying Genes Important for PQC

(A) Schematic of the three sequential screens using different localization of the main AssCPY* expression and degradation (see text for details; Heck et al., 2010;
Prasad et al., 2010).

(B) Venn diagram for the 244 genes with elevated fluorescence identified in the three independent screens. p values indicate binary overlap between sets,
including the triple hits from the center (Fisher’s exact test). Colors indicate high-level functional annotation of enriched groups (Figures S7A and S7B).

(C) Ranked (1 = highest, 0 = lowest score) differential fluorescence scores between hits from the three screens, binned into the four main functional classes, and
similarly sized random control groups (ANOVA followed by Tukey’s comparison; ***p < 0.0001, *p < 0.05).

PQC, including the established ubiquitinating/deubiquitinating cess such as PQC with a simple assay based only on cellular
enzymes and the proteasome complex (Data S1). The approach  growth.

recovered mutant strains for both the ubiquitin ligases (san7A We next sought to assess the robustness of these results to
and ubr1A) and the deubiquitinating enzyme (ubp34), which  defined changes in subcellular location of the misfolded protein.
played opposing roles on the test substrate: loss of the known  Accordingly, we performed two independent follow-up screens
ligases resulted in elevated GFP levels, while loss of the deubi-  with well-characterized substrate derivatives: first, we used a
quitinating enzyme resulted in decreased GFP levels (Figures modified fluorescent substrate predominantly localized in the
4D and 4E) and altered degradation kinetics (Figure 4F; pdr5A  cytosol (AssCPY*-GFP-NES, AssCPY*-GFP with a nuclear export
serves as wild-type control). SGPA also recovered 70% (21/30)  signal; Heck et al., 2010). Second, we deleted the nuclear ubiquitin
of essential proteasome complex members based on a ligase SAN1 across all mutants (Heck et al., 2010; Prasad et al.,
strong increase in GFP fluorescence in the hypomorphic 2010), which is involved in proteasome-dependent degradation
mutant strains (Figures 4G-4J). In contrast, we noted very little  of aberrant nuclear proteins (AssCPY*-GFP san7A; Figure 5A).
change in cellular fitness due to deletion of any of these genes,  All three screens yielded highly overlapping hits (p << 10~8), indi-
demonstrating the difficulty in studying a basic biological pro- cating that misfolded CPY identification and degradation employ
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Figure 6. Functional and Protein Complex
Enrichment Reveals a Role for tRNA Modifi-
cation in the Process of PQC

(A) Overlay of the gene hits on a protein-protein
interaction network (from BioGRID). Complexes
with p < 0.1 (full GO enrichment, Benjamini-
Hochberg corrected) are outlined; singlet genes
and genes pairs are removed for clarity. Networks
highlighted in red relate to Us4 tRNA modification
and protein urmylation.

(B) Colony view of the AssCPY*-GFP mutants rele-
vant to tRNA modification (n.c., no colony growth).
(C) Clustering of SGPA scores of the tRNA modi-
fication-deficient mutants.
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similar mechanisms independent of subcellular localization (Fig-
ures 5B, S5A, and S5B). Due to this overall similarity, we took
the union of all three screens to create a unified dataset of 556
mutants with either significantly increased or decreased fluores-
cence compared to wild-type (Figure S5A; Data S1).

Functional Analysis of PQC Mutants Implicates BRE5
and tRNA Modification Genes

Atotal of 312 versus 244 mutants were associated with decreased
or increased AssCPY* fluorescence (Figures 5B and S5A). Func-
tional analysis of the 312 mutants associated with decreased
AssCPY™ levels did not identify any enriched biological processes
among the corresponding disrupted genes using Gene Ontology
(GO) SLIM (Ashburner et al., 2000; Gene Ontology Consortium,
2015) (data not shown). Regardless, further investigation of these
genes revealed those with functional relevance to PQC (Fig-
ure S6A). For instance, lowered AssCPY*-GFP levels were
observed in the bre5A mutant, which had not been previously
linked to PQC pathways, although Bre5p forms a complex with
the Ubp3p ubiquitin-specific protease (Figures 4C-4F and S6A-
S6C). This effect was robust and strong enough to be visible to
the naked eye (Figure 4E) and was supported by protein degrada-
tion pulse-chase experiments, both in western blot (Figure 4F) and
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chromatin/transcription (Figures 5B and
S7A). Mutant fluorescence signatures
were robust across superclasses and
screens (Figure 5C), further supporting
largely location-independent function
of the PQC machinery and reliability of
the assay. The only significantly dif-
ferent results were obtained for the set
of chromatin/transcription mutants in the AssCPY*-GFP-NES
screen (Figure 5C; ANOVA followed by Dunnett’s multiple com-
parisons test), supportive of the idea that excluding misfolded pro-
tein from the nucleus could reduce its direct effect on DNA mod-
ifications and transcription. We also performed an enrichment test
against known protein complexes. Besides proteasome-related
complexes, we observed significant enrichment for the Elongator
holoenzyme complex, the DUBm complex, and the ESCRT com-
plex (Figures 6A and S7B; GO slim terms, Fisher’s exact test).

In both types of functional analyses, we observed an overrep-
resentation of genes involved in Uz4 tRNA modification (Figures
6A, S7A, and S7B), which included members of the urmylation
and elongator complex genes (Kirchner and Ignatova, 2015).
The urmylation gene (URM1) is highly conserved from yeast to
humans with a unique dual-function role, acting both as a protein
modifier in ubiquitin-like urmylation and as a sulfur donor for
tRNA thiolation (Judes et al., 2016). Together with the Elongator
pathway, the urmylation pathway forms 5-methoxy-carbonyl-
methyl-2-thio (mcm5s2) modified wobble uridines (Us,) in tRNA
anticodons (Judes et al., 2015), important for structural integrity
of the cell, decoding efficiency, and mRNA translation accuracy
(Klassen et al., 2016). Urmylation and elongator complex
mutants showed SGPA phenotypes nearly as strong as, and in

san1A  -NES
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Figure 7. Mechanistic Impact of U3, tRNA
Modification Deficiency

(A) Expression analysis of protein degradation or
tRNA modification genes across yeast cell-cycle
stages by ribosome profiling.
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some cases stronger than, the ubiquitination-deficient ubr7A
and san1A mutants (Figure 6B), a behavior largely reproducible
in all three AssCPY* screens (Figure 6C). Two of the tRNA modi-
fication mutants (el[p4A and ncs2A) were independently vali-
dated through the existence of “dubious ORF” mutants in the
SPOCK collection that overlap partially with the respective
gene locus (ypl102cA and ynl120cA), causing the same loss of
gene product and identical phenotype. We found that temporal
expression patterns (Brar et al., 2012) of tRNA modification
genes were very different from those of the proteasome
(Figure 7A), and that deletion of tRNA modification or proteaso-
mal genes induced very different expression responses (Kem-
meren et al., 2014) (Figure 7B). Despite their similar effects on
AssCPY*-GFP fluorescence, these findings suggest that tRNA
modification and proteasomal degradation have distinct and
non-simultaneous effects on PQC.

Protein Accumulation in Uz, tRNA-Deficient Cells Is Not
Due to Altered Degradation Rate

Recent findings suggest that Uz, tRNA deficiency slows transla-
tion and can induce misfolding in wild-type proteins, leading
to buildup of aggregates and proteotoxic stress (Klassen
et al., 2016; Nedialkova and Leidel, 2015). However, in our study

To evaluate the importance of Uszy
tRNA deficiency on AssCPY*-GFP degra-
dation, we performed cycloheximide chase experiments on
AssCPY*-GFP in the candidate mutants, to directly evaluate ef-
fects on protein stability (Figure 7C). Remarkably, neither the
elongator complex nor urmylation-deficient mutants showed
any effects on AssCPY*-GFP stability. These behaviors were in
striking contrast to the ubiquitin-proteasome mutants detected
in the screen, which showed clear changes in substrate degra-
dation (Figure 7C).

If misfolded protein degradation is not impaired, we reasoned
that the observed increase in AssCPY*-GFP in the mutants might
be due to increased protein production. To test this hypothesis,
we measured the steady-state concentration of AssCPY*-GFP
via FACS in a set of freshly transformed Uss tRNA modifica-
tion-deficient mutants. To exclude screen-specific artifacts,
mutants were generated through direct transformation of
the AssCPY*-GFP expression plasmid (or the analogous plasmid
expressing GFP as control) into the respective mutant strains
instead of going through the mass-mating and selection
process. We observed significantly higher steady-state con-
centrations of AssCPY*-GFP in a wide range of elongator and
urmylation-deficient mutants (Figures 7D and S7C), strongly
supporting our initial findings with SGPA (Figure 6B). This finding
was again confirmed when using a different model protein: a
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truncated form of the glycolytic enzyme GND1 (tGnd1), which is
a short-lived substrate for the E3 ubiquitin ligases San1p and
Ubrip (Heck et al., 2010) (Figure 7E). Importantly, the elevation
of steady state was specific for the misfolded substrates; no
elevation of identically expressed GFP was observed over the
wild-type control.

A >3-fold increase in AssCPY*-GFP concentration (i.e., as
observed with the elongator mutant elp2A) on the background
of normal proteasomal degradation could indicate hyperactive
rather than slowed translation, exerting significant pressure on
the translational machinery. To test if translation is indeed
changed in Us4 tRNA modification-deficient cells, we exposed
these cells to two different compounds that induce translational
stress at sub-toxic concentrations: hygromycin B, which stabi-
lizes the tRNA-ribosomal acceptor site, thereby inhibiting proper
ribosome translocation, and canavanine, a non-proteinogenic
amino acid that can replace L-arginine during translation,
thereby producing structurally aberrant proteins. Remarkably,
the same urmylation and elongator complex mutants that exhibit
the strongest increase in AssCPY*-GFP accumulation are hyper-
sensitive to these compounds (Figure 7F), suggesting that this
class of mutants is abnormally affected by increased load of mis-
folded proteins.

DISCUSSION

Our first application of SGPA to regulation of GAL7 promoter
activity recovered most of the known biology of galactose meta-
bolism and regulatory elements covering Gal4p-GAL1 promoter
control. The weak signal expected from a repressed promoter
represents an ideal test case for the sensitivity of the new mem-
brane technology and yielded superior results to agar-based
imaging. Functionally, our results support the findings of recent
studies suggesting an independent role for the CDK8/kinase
Mediator module in repressing Tail interaction with UAS (Jero-
nimo et al., 2016; Petrenko et al., 2016). Our data also highlight
a unique, bi-modal role of the CDK8/kinase module in the GAL
regulon: since the CDK8/kinase module is necessary for the
activation of Gal4p transcription factor activity as well as sup-
pression of the Tail-UASg and Head-RNA Pol Il interactions,
this Mediator module is ideally suited to exert the extraordinarily
tight control of the “galactose switch.” Interference with CDK8/
kinase module function through deletion of any of its members
renders the galactose switch both leaky and un-flippable. The
glucose repression defect phenotype was extremely weak.
This emphasizes that, depending on the magnitude of the ex-
pected phenotypic change, it is wise to adapt the reporter con-
struction accordingly: in our GALT regulon case, a high-copy,
signal-amplifying 2u plasmid proved beneficial, but in other
situations, such as when probing tagged proteins (Using SGPA
to Examine PQC) or when the reporter is toxic on its own, low-
copy CEN plasmids or chromosomal integration with modestly
strong promoters may be better suited to not overload the cell
with reporter “stress.”

It will be informative to evaluate the role of Nut1p and Med1pin
mediating CDK8/kinase module function during glucose repres-
sion. While our data show the most comprehensive effects for
the CDK8/kinase mutants, most of the Tail module mutants are

330 Molecular Cell 69, 321-333, January 18, 2018

DAMP mutants and thus not totally depleted for the respective
proteins. It is thus conceivable that complete loss of other Tail
subunits could phenocopy CDK8/kinase mutants; however,
those strains are non-viable and would need to be constructed
in a dynamically inducible fashion. Overall, these data demon-
strate the usefulness of SGPA to identify functional complexes
that mediate specific roles in transcription and to generate
many leads on the organization of eukaryotic transcription con-
trol. Given the recent appreciation of Mediator and Mediator mu-
tations in several developmental diseases (Wang et al., 2013), it
will be interesting to see how far the GAL regulon control model
extends into a more general model of gene repression and acti-
vation. Intriguingly, MED12, the human homolog of yeast SRBS,
has recently been identified as a cancer mutation hotspot (Lim
etal., 2014; Ng et al., 2015; Siraj et al., 2017) and has been impli-
cated in affecting the response to multiple cancer drugs (Huang
et al., 2012). Given that CDK8/kinase mutations have a strongly
deregulatory effect on global and de-repressing effect on
GAL regulon transcription in yeast, it is possible that similar
de-repression of tightly controlled oncogenes could occur in hu-
mans. Future molecular work will be needed to better under-
stand the functional implications of this effect.

By applying SGPA analysis to misfolded protein phenotypes,
we demonstrated two new aspects of this highly conserved pro-
cess. First, the existence of negative factors UBP3 and BRE5
that normally diminish degradation, allowing for a more nuanced
approach to triage. Second, and more surprising, a specific
involvement of genes associated with U4, tRNA modification in
the accumulation of misfolded proteins, indicating that tRNAs
and other ubiquitin-like modifiers could make interesting targets
for future therapeutic interventions to combat the numerous pro-
teostasis-related diseases. Previously, deficiency in Uz, tRNA
modifications had been implicated in slowing translation of
certain wild-type proteins, leading to misfolding and proteotoxic
stress (Klassen et al., 2016; Nedialkova and Leidel, 2015). This
led to the assumption that Uz, tRNA modification deficiency ex-
erts predominantly proteotoxic stress via the accumulation of
protein aggregates. Here we show instead that Uz, tRNA
modification mutants have close to normal degradative capacity
and proteasome speed when challenged with a single, non-toxic
misfolded protein substrate. Rather than slowing translation,
accumulation of AssCPY*-GFP appears to be driven by
increased production in the deficient cells. Consistent with this
model, the Us4 tRNA modification-deficient cells were sensitive
to other translation stressors such as sub-toxic canavanine or
hygromycin treatment. This study opens the possibility that Uz,
tRNA modifications play a previously unappreciated role in con-
trolling production of correctly folded proteins, and thus can act
both as accelerators and breaks on protein production, poten-
tially enabling fine-tuning of expression in response to protein
levels (Figure 7G). Future, more detailed polysome analysis or
ribosomal profiling studies are needed to clarify the exact mech-
anism and functional relevance underlying this phenomenon.

High-throughput screens of yeast fithess have revolutionized
our ability to map the genomic landscape and to identify gene
and pathway relationships relevant to cell growth. Recent efforts
emphasize the importance of targeted conditional screens to in-
crease hit rate and to build a deeper understanding of genetic



dependencies when the cell faces relevant external stressors
(Bandyopadhyay et al., 2010; Bean and Ideker, 2012; Ideker
and Krogan, 2012; Kramer et al., 2017; Srivas et al., 2013). Exam-
ples of screens exploring some of these different angles include
gene-gene (Costanzo et al., 2016), gene-drug (Hillenmeyer et al.,
2008; Lee et al., 2014), gene-metabolome (Mulleder et al., 2016),
or triple-genetic interactions (Braberg et al., 2014). However,
fitness-based screening efforts are inherently limited to a single
readout—colony growth—restraining the possible richness of
the data obtainable, while highly specialized screens (e.g.,
high-content microscopy, expression profiling, or mass spec-
troscopy) are extremely slow and cumbersome when applied
across thousands of mutant strains. SGPA overcomes these
limitations.

Beyond the study of promoter control and protein degradation
and folding, other phenotypic markers are readily conceivable:
organelle function (e.g., lysosome, autophagososme, and peroxy-
somes) could be assessed by targeting GFP-tagged proteins to
specific compartments and monitoring GFP degradation (or by us-
ing any other pH-sensitive marker), expression could be followed
by measuring GFP-tagged levels of the protein, protein-protein
interactions could be assessed in vivo by using bimolecular
fluorescence complementation or fluorescent variants of yeast
two-hybrid technology, and so on. This versatility has far-reaching
implications for the utility of yeast screening in drug discovery, as
large-scale discovery datasets can be generated at low cost and
in short time and targeted specifically to phenotypes of interest.
The SGPA platform is in principle transferable to other species
(e.g., S. pombe), including to other domains (C. reinhardftii) or king-
doms (E. coli) of life, since systematic mutant collections are
becoming more widespread in those organisms.

Limitations
While the final imaging step is extremely fast and the overall pro-
cess can be efficiently parallelized, an individual SGPA screen
from start to finish can take up to 2 weeks (including growing
up the SPOCK collection, crossing in the fluorescent marker(s),
followed by the appropriate selection steps). When accounting
for growth saturation at each step, this translates into ~100 yeast
generations. If a phenotype of interest elicits a strong counter-
selective pressure, then this number of generations may be suf-
ficient to give rise to a masking mutation. We describe an effect
like that in detail in a companion manuscript (Neal et al., 2018).
This is, of course, not unique to SGPA, but inherently affects all
high-throughput approaches that require a significant number of
generations to pass between an event (i.e., a gene suppression
experiment) and its readout (i.e., after expansion of the cell line).
To some degree this evolutionary adaptation to the phenotype
“fitness” has already occurred in the yeast deletion collections
that are part of SPOCK (Teng et al., 2013) and as such should
be considered a hidden variable in all derived high-throughput
yeast deletions screens. This problem of adaptation could be
overcome by designing inducible phenotype reporters for
SGPA, controlled, for example, by galactose or tetracycline;
however, these “conditions” then in turn require careful addi-
tional experiments to control for non-specific inducer effects.
We thus always strongly recommend the inclusion of positive
controls.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-GFP antibody Clontech #6322381
Chemicals, Peptides, and Recombinant Proteins

Bacto agar BD Biosciences #214040
Bacto yeast extract BD Biosciences #212720
Bacto peptone BD Biosciences #211820
Difco Dextrose/Glucose BD Biosciences #215520
Difco Yeast nitrogen base without amino acids BD Biosciences #291920
Difco Yeast nitrogen base without amino acids and ammonium sulfate BD Biosciences #233520
Amino Acids Sigma-Aldrich various
Geneticin KSE Scientific G418
S-(2-Aminoethyl)-L-cysteine hydrochloride Sigma-Aldrich A2636
L-(+)-(S)-Canavanine Sigma-Aldrich C9758
D-Galactose Fisher BP656
Pflm1 Enzyme BioLabs #R0509S
Aflll Enzyme BioLabs #R0520S
Wizard Plus DNA Purification System BioLabs #017753
Benzamidin Hydrochloride Hydrate Sigma #B6506
Pepstatin A Microbial Sigma #P4265
Leupeptin Microbial Sigma #2884
Tosylphenylalanine Chloromethyl Ketone (TPCK) Sigma #T4376
Urea Fisher #BP154
Lithium Acetate Dihydrate BioXtra #L.4158
Sodium Dodecyl Sulfate 10% Solution Fisher #BP2436
Cycloheximide Fisher #10018305

Deposited Data

Representative raw images files

Mendeley Data

https://doi.org/10.17632/w2rm2fmzz7.1

Experimental Models: Organisms/Strains

Yeast Magic Marker Starter Strain Boone Lab Y7092
Yeast Knock Out Collection (YKO) GE Dharmcon YSC1053
Decreased Abundance by mRNA Perturbation (DAmP) collection GE Dharmcon YSC5090
Recombinant DNA

pGAL1-GFP plasmid DNA 2.0 pJ1204-03C
pTEF1-GFP plasmid DNA 2.0 pJ1214-03C
AssCPY*-GFP plasmid Wolf Lab pRH2081
tGND1 plasmid Hampton Lab pRH2476
AssCPY*-GFP-NES plasmid Hampton Lab pRH2557
Software and Algorithms

MATLAB MathWorks 2016b

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed and will be fulfilled by the Lead Contact, Trey Ideker

(tideker@ucsd.edu).

el Molecular Cell 69, 321-333.e1-€3, January 18, 2018


mailto:tideker@ucsd.edu
https://doi.org/10.17632/w2rm2fmzz7.1

EXPERIMENTAL MODEL AND SUBJECT DETAILS

SPOCK collection and high-throughput yeast screens

Strains from the YKO and DAmMP collections (GE Dharmacon, Lafayette, CO) were grown on YPAD medium with 100 ug/ml G418 at 96
colony density and then manually re-arrayed to remove blank spaces, non-growing strains, and duplicates, resulting in the SPOCK
collection. A complete strain list and location map can be found in Data S1. The 96 well plates were then re-pinned and condensed to
6144 colony density using the Rotor HAD (Singer Instruments, Taunton, UK). Mating with the CPY or pGAL1 query strains and se-
lection were performed using standard E-MAP procedures (Collins et al., 2010), except that all incubation steps took place over-night
at room temperature to avoid overgrowth. After double mutant selection, strains were pinned onto agar (for fitness measurements) or
onto 0.45um nitrocellulose membrane (BioRad, Hercules, CA; for fluorescence measurements). The membrane was pre-wetted with
selection media and rolled onto the agar surface to avoid bubble formation.

Strains and Plasmids

The Saccharomyces cerevisiae strains used in this study are listed in Table S1. Media preparation, genetic and molecular biology
techniques were carried out using standard methods: Yeast strains were cultured using yeast extract/peptone/dextrose (YPD) at
30°C. Majority of the deletion strains used were in the BY4741 (MATa ura340 leu2 40 his341 met15.40) background derived from
the Resgen Deletion Collection (GE Dharmacon) except the Y7092 query strain. The Y7092 strains carried the respective insertions
for each of the generated screens using standard LiOAc protocols for transformation:

® ade?A::URA3-ADE2

® ade2A::URA3-ADE2-pTDH3-AssCPY*

® ade2A::URA3-ADE2-pTDH3-AssCPY-GFP

® ade2A::URA3-ADE2-pTDH3-AssCPY-NES-GFP

o ade2A::URAB-ADE2-pTDH3-AssCPY-GFP san1A::cNAT

The plasmid cytoplasmic Carboxypeptidase-Y protein AssCPY*-GFP (pRH2081) was provided by D. Wolf (University of Stuttgart,
Stuttgart, Germany). tGND1 (pRH2476), and AssCPY*-GFP-NES (pRH2557) were developed in-house. Plasmids were heat-shock
transformed into competent E. coli (DH5a), recovered using standard Mini-Prep protocols (Promega), and re-transformed into yeast
cells using standard procedures. Competent colonies were selected with the appropriate selection conditions.

METHOD DETAILS

Gel preparation, selection markers, and media

Bacto agar (#214040, BD Biosciences, San Jose/CA) was used as the gelling agent. Supplemental reagents and media were Bacto
yeast extract (#212720, BD Biosciences), Bacto peptone (#211820, BD Biosciences), Difco Dextrose/Glucose (#215520, BD Biosci-
ences), Difco Yeast nitrogen base without amino acids (#291920, BD Biosciences) and Difco Yeast nitrogen base without amino
acids and ammonium sulfate (#233520, BD Biosciences). In case of the galactose experiments, glucose (2%) was replaced with
an equal percentage galactose (2%). Synthetic complete (SC) or SC-dropout media were prepared following standard procedures
using amino acids from Sigma-Aldrich. If indicated, selective pressure was maintained using geneticin (G418, KSE Scientific,
Durham/NC), S-(2-Aminoethyl)-L-cysteine hydrochloride (S-AEC, A2636, Sigma-Aldrich), or L-(+)-(S)-Canavanine (Can, C9758,
Sigma-Aldrich) at the indicated concentrations. Gelling, supplemental, and media reagents were mixed in ddH,O and autoclaved
for 15min at 121°C before use; selective drugs were added after the liquid gel solution cooled to below 60°C in a water bath.

White-light imaging station

Images of gels and yeast colonies were acquired using a digital imaging setup described previously (Bean et al., 2014) with a
commercially available SLR camera (18 Mpixel Rebel T3i, Canon USA, Melville/ NY) with an 18-55 mm zoom lens. We used a white
diffusor box with bilateral illumination and an overhead mount for the camera in a dark room. Images were taken in highest quality,
8-bit color-depth JPEG.

Fluorescent imaging station

Images of gels were acquired using a custom fluorescent digital imaging setup described previously (Jaeger et al., 2015). We used a
commercially available SLR camera (20.2Mpixel EOS 6D, Canon) with a 100mm /2.8 macro lens (Canon) and a green band-pass filter
(BP532, Midwest Optical Systems, Palatine/IL). We used a 460nm LED panels (GreenEnergyStar, Vancouver BC, Canada) with a ¥4
white diffusion filter (#251, Lee Filters, Burbank/CA, USA) for 45° bilateral illumination (205560, Kaiser Fototechnik GmbH & Co.KG,
Buchen, Germany), and an overhead mount for the camera (205510, Kaiser) in a dark room. Images were taken in highest quality,
8-bit color-depth JPEG.
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Image analysis

Colony information was collected after images were normalized, spatially corrected, and quantified using a set of previously
published custom algorithms, aka “The Colony Analyzer Toolkit” (Bean et al., 2014). Digital images were cropped and assembled
in Photoshop and lllustrator (CS6, Adobe, San Jose/CA) for publication.

Western Blot Analysis

Cycloheximide chase degradation assays were performed in a manner previously described (Heck et al., 2010). Yeast cells were
grown to log-phase cultures and cycloheximide was added to a final concentration of 50 ug/mL. At the indicated time points, cells
were collected by centrifugation and lysed with 100 pL of SUME (1% SDS, 8 M UREA, 10mM MOPS, PH 6.8, 10mM EDTA) with pro-
tease inhibitors (142 uM TPCK, 100 uM leupeptin, 76 pM pepstatin) and 0.5-mm glass beads, followed by vortexing for 5 min at 4°C
and addition of 100 pL of 2 x USB [75 mM Mops, pH 6.8, 4% SDS, 200 mM DTT, 0.2 mg/mL bromophenol blue, 8 M urea]. The bead
slurry was heated to 80°C for 5 min and then clarified by centrifugation before separation by SDS/PAGE and subsequent immuno-
blotting with monoclonal anti-GFP (Clontech).

Flow Cytometry Steady State
Cell cultures were grown to low log phase (OD600 = 0.1) in extract/peptone/destrose (YPD) at 30°C. GFP fluorescence levels were
measured in living cells (10,000 per sample) with a BD Biosciences flow cytometer and analyzed with Flowjo software.

Phenotyping

To evaluate cell growth, indicated strains were grown at 30°C in YPD medium overnight. Cultures were then diluted, grown to log-
phase, and a total of 0.3 OD units were pelleted and resuspended in 250 plL of sterile water. Five-fold dilutions were then performed in
a 96-well plate and spotted onto on the indicated media. Studies of canavanine sensitivity were conducted using minimal media
(agarose/yeast nitrogenous bases) with the minimal amino acids (His/Leu/Met/Ura) and 0.2 pg/ml of canavanine (Sigma) grown at
30°C for 3 days. Indicated strains for hygromycin B studies were grown in YPD and 62.5 pg/ml of hygromycin B (Invitrogen) at
30°C for 3 days.

Ribosome occupancy and mRNA expression data analysis

Ribosome occupancy data was available publicly (Brar et al., 2012). We computed average ribosome occupancy data for selected
ORFs annotated with the specific functions in GO/Yeastmine (Data S1). Expression data for a large set of deletion mutants was avail-
able publicly. We extracted the expression profile correlations for mutants that were part of Mediator or our 244 proteasome hits and
performed unsupervised clustering.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantification and statistical analysis were performed in MATLAB (MathWorks, Natick/MA). Details of the statistical analysis can be
found in the figures, figure legends and the results section of the text. Statistical test and number of samples are indicated whenever
appropriate.

DATA AND SOFTWARE AVAILABILITY

All data for the galactose and CPY screens is available in Data S1. Representative images for all screens have been deposited to
Mendeley Data and are available at https://doi.org/10.17632/w2rm2fmzz7.1.
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Name

Genotype

Source

BY4741
Library

Y7092

RHY10417

RHY10651

RHY10484

RHY11078

RHY10407

RHY10412

RHY10410

RHY11079

RHY10521

RHY11080

RHY10408

RHY11081

RHY10418

RHY10868

MATa ura3A0 leu2A0 his3A1 met15A0 xxx::KanMX

MATalpha his3A1 leu2A0 ura3A0 canl::STE2pr-SpHIS5
lypl::STE3pr-LEU2

BY4741 pdr5A::KanMX
BY4741 ubriA::KanMX san1A::NatMX
BY4741 uba4A::KanMX
BY4741 tum1A::KanMX
BY4741 urmiA::KanMX
BY4741 ncs2A::KanMX
BY4741 ncs6A::KanMX
BY4741 elp1A::KanMX
BY4741 elp2A::KanMX
BY4741 elp3A::KanMX
BY4741 elp4A::KanMX
BY4741 elp5A::KanMX
BY4741 elp6A::

KanMX

RHY10417 pdr5A::KanMX pRH2081 (PTDH3-AssCPY *-
GFP, ADE2 URA3)

Resgen Deletion Collection

Boone Lab

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

Resgen Deletion Collection

This Study



RHY10869

RHY10871

RHY10967

RHY10870

RHY10872

RHY10873

RHY10968

RHY10874

RHY10969

RHY10875

RHY10970

RHY10876

RHY10985

RHY10989

Supplemental Table 1. Strains used in this study, related to STAR Methods section.

RHY10651 ubriA:

:KanMX san1A::NatMX pRH2081

(PTDH3-AssCPY*-GFP, ADE2 URA3)

RHY10484 uba4A:

GFP, ADE2 URA3)

RHY11078 tumi1A
GFP, ADE2 URA3)

:KanMX pRH2081 (PTDH3-AssCPY*-

::KanMX pRH2081 (PTDH3-AssCPY*-

RHY10407 urm1A::KanMX pRH2081 (PTDH3-AssCPY*-

GFP, ADE2 URA3)

RHY10412 ncs2A::

ADE2 URA3)

RHY10410 ncs6A:
ADE2 URA3)

RHY11079 elp1A::

ADE2 URA3)

RHY10521 elp2A::

ADE2 URA3)

RHY11080 elp3A::

ADE2 URA3)

RHY10408 elp4A::

ADE2 URA3)

RHY11081 elp5A::

ADE2 URA3)

RHY10418 elp6A::

ADE2 URA3)

RHY10412 ncs2A:
GFP, ADE2 URA3)

RHY10521 elp2A::

GFP, ADE2 URA3)

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

:KanMX pRH2081 (PTDH3-AssCPY*-GFP,

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

KanMX pRH2081 (PTDH3-AssCPY*-GFP,

:KanMX pRH2476 (PTDH3-3HA-tGND1-

KanMX pRH2476 (PTDH3-3HA-tGND1-

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study

This Study
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Supplemental Figure S1. Technical details of the SPOCK collection, related to
Figure 1. (A) Overview of the space use in the original YKO and DAmP collections.
Despite harboring less than 6000 unique ORF mutants, the inefficient space use in both
starting collections led to an occupancy of 6624 colony positions. By removing duplicates
and empty spaces, we could manually combine the two collections into one single plate
of <6144 colonies. (B) Map of YKO and DAmMP colonies as well as watermarks (empty
spots for 96 well plate identification) in the SPOCK collection. (C) Colony size evaluation
for the control strains and the YKO and DAmP collection mutants respectively. A higher
proportion of DAMP mutants exhibit moderate growth defects. The hoA controls exhibit a
tighter colony size distribution, likely due to reduced neighboring colony effects as they
mostly grow in a tight square (see Fig. 1A). (D) Chromosome map of the SPOCK
collection, highlighting the highly-distributed pattern of mutant genomic locations,
reducing the likelihood of artifacts in the analysis caused by functional enrichment

between neighboring gene clusters.
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Supplemental Figure S2. Technical details of the fluorescent reporter system,
related to Figure 1. (A) Spectra for the GFP emission (GFP em, green diagonal stripes),
GFP excitability (GFP ex, green trellis), LED spectrum intensity (LED 460), and the
bandpass filter translucency (BP525). (B) Comparison of non-GFP-expressing colonies
imaged in white light (top left), fluorescent light with long exposure (top right, scale bar
2mm), or fluorescent light with short exposure (bottom left). For comparison, fluorescent
colonies are imaged at the same short exposure time (bottom right). (C) Yeast colony
sizes for the SPOCK mutants expressing GFP from a 2u plasmid grown on agar directly,
or on nitrocellulose on top of the agar (NC, Pearson correlation, black line = diagonal, red
line = least squares fit; pTEF, constitutively active TEF1 promoter). (D) Yeast colony sizes
for the SPOCK mutants expressing GFP from a 2u plasmid or from a chromosomal
integration site (HO locus), grown on nitrocellulose (Pearson correlation, black line =

diagonal).
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Supplemental Figure S4. Mediator mutation effects on GAL genes, related to Figure
3. (A) Ranked variance for ~6000 transcripts across 115 gene deletions in transcription
regulators and chromatin modifiers/remodelers. Red dots indicate galactose pathway
genes. (B) Relative expression of available galactose pathway mRNA in Mediator mutant
strains. Light bars represent data from (Lenstra et al.,, 2011), darker bars data from
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Supplemental Figure S5. Effect of subcellular localization and targeted degradation
on the fluorescence signal, related to Figure 5. (A) After performing the three
subcellular localization experiments with significantly overlapping results, a condensed
list of hits with elevated fluorescence was created by forming the union of mutants with
elevated fluorescence from the three screens (numbers indicate total number of
significant gene deletion mutants at each step, in the final step numbers indicate
‘elevated/decreased’ hits). (B) Comparison between SGPA fluorescence- (black) and
fithess-bases scores (white) for the 30 proteasome mutants, with and without the GFP
fusion or equally sized sets of random control genes (grey; MWU test; **** p<0.0001, ***

p<0.001, n.s. not significant).
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Supplemental Figure S6. Mutant strains with reduced fluorescence, related to
Figure 4E,F. (A) Venn diagram showing the overlap among gene sets identified by
decreased fluorescence in the three independent screens. P-values indicate binary
overlap between sets, including the triple hits from the center (Fisher's exact test). (B)
Strains with reduced fluorescence across all three screens (see Fig. S6A, center), median
SGPA scores from each screen (pdrbA is the ‘wildtype’ control strain, san1A an example
with opposite effect). (C) Time-course cycloheximide chase of AssCPY*-GFP degradation
by FACS (see Fig. 4F, N=4-16 for each strain and time point, error bars too small to
display, ANOVA and Dunnett's multiple comparisons test). The bre5A strain degrades
AssCPY*-GFP significantly faster than the pdr5A control strain.
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Supplemental Figure S7. Mutant strains with increased fluorescence, related to
Figure 5. (A) Functional analysis of the 244 mutant strains with increased fluorescence.
Significant hits from Gene Ontology (GO) SLIM enrichment for “Biological Process” on
the union of mutants with higher fluorescence (N=244, Fisher’s p-value, OR odds ratio).
(B) Significant hits from GO SLIM enrichment for “Cellular Complex” on the union of
mutants with higher fluorescence (N=244, Fisher’s p-value, OR odds ratio). Color coding

is identical to the one used in Fig. 5B. (C) Raw fluorescence reads for GFP or AssCPY*-

GFP.
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