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Abstract

[URE3] is a prion of the nitrogen catabolism controller, Ure2p, and [PSI+] is a prion of the translation termination factor Sup35p in S. cerevi-
siae. Btn2p cures [URE3] by sequestration of Ure2p amyloid filaments. Cur1p, paralogous to Btn2p, also cures [URE3], but by a different (un-
known) mechanism. We find that an array of mutations impairing proteasome assembly or MG132 inhibition of proteasome activity result
in loss of [URE3]. In proportion to their prion—curing effects, each mutation affecting proteasomes elevates the cellular concentration of
the anti-prion proteins Btn2 and Cur1. Of >4,600 proteins detected by SILAC, Btn2p was easily the most overexpressed in a pre9A («3
core subunit) strain. Indeed, deletion of BTN2 and CURT prevents the prion—curing effects of proteasome impairment. Surprisingly, the
15 most unstable yeast proteins are not increased in pre9A cells suggesting altered proteasome specificity rather than simple inactivation.
Hsp42, a chaperone that cooperates with Btn2 and Cur1 in curing [URE3], is also necessary for the curing produced by proteasome defects,
although Hsp42p levels are not substantially altered by a proteasome defect. We find that pre9A and proteasome chaperone mutants that
most efficiently lose [URE3], do not destabilize [PSI+] or alter cellular levels of Sup35p. A tof2 mutation or deletion likewise destabilizes
[URE3], and elevates Btn2p, suggesting that Tof2p deficiency inactivates proteasomes. We suggest that when proteasomes are saturated
with denatured/misfolded proteins, their reduced degradation of Btn2p and Curlp automatically upregulates these aggregate-handling

systems to assist in the clean-up.
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Introduction

[URE3] is an infectious protein (prion) of the Ure2 protein, based
on self-propagating linear B- sheet-rich polymers (amyloid) of
Ure2p. [PSI+] is likewise an amyloid-based prion of Sup35p. In
each case, the prion (amyloid) form of the protein is inactive for
the function of the normal (soluble) form. Ure2p is a repressor of
genes for utilization of poor nitrogen sources (like allantoate)
when a good source (like ammonia) is present. [URE3] is detected
by the activity of the DALS (allantoate transporter) promoter in
spite of the presence of ammonia. Sup35 is a subunit of the trans-
lation termination factor, and [PSI+] produces increased read-
through of premature termination codons (such as ade2-1)
(reviewed in Wickner 2006; Liebman and Chernoff 2012; Wickner
etal. 2015).

These yeast prions are models for mammalian prion diseases,
including not only the classical spongiform encephalopathies
based on the PrP protein, but also Alzheimer’s disease (Ap pep-
tide), Parkinson’s disease (a-synuclein), type II diabetes (amylin),
and other human amyloid diseases that are increasingly showing

infectious protein features (Jaunmuktane et al. 2015; Mukherjee
2017; Kim et al. 2019; Sampson et al. 2020).

Different prion isolates (called “prion variants”) have distinct
properties, varying in stability of propagation, intensity of the
prion phenotype, sensitivity to overabundance or deficiency of
various cellular components (often chaperones), ability to propa-
gate with sequence variants of the prion protein (interspecies
barrier or intraspecies barrier), “seed/propagon” number, lethal-
ity/toxicity to the host, and sensitivity or resistance to the various
anti-prion systems (Derkatch et al. 1996; Tanaka et al. 2004;
Edskes et al. 2009; Chen et al. 2010; McGlinchey et al. 2011;
Wickner et al. 2014). A given prion isolate rather stably propagates
as cells grow, although quite a few cases of ‘prion mutation’ have
been reported, particularly when there is selective pressure to do
so (reviewed in Wickner et al. 2019).

Like the human amyloid diseases, the yeast prions [URE3] and
[PSI+] are detrimental to their hosts. Most variants of [URE3] and
[PSI+] dramatically slow cell growth or are lethal (McGlinchey
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et al. 2011), but, of course, the mildest variants are usually used in
lab work. Even mild variants are rare in wild cells, indicating that
they too are detrimental to the host (Nakayashiki et al. 2005; Kelly
et al. 2012). The parts of Ure2p and Sup35p that actually form the
amyloid are called the prion domains (Ter-Avanesyan et al. 1994;
Masison and Wickner 1995; King et al. 1997; Taylor et al. 1999), but
have nonprion functions (Hosoda et al. 2003; Shewmaker et al.
2007). Prion domain sequence varies more rapidly in evolution
than does the rest of the molecule (Chernoff et al. 2000; Santoso
et al. 2000; Nakayashiki et al. 2001; Edskes and Wickner 2002;
Resende et al. 2003; Edskes et al. 2009; Bateman and Wickner
2012). Because these changes produce barriers to prion transmis-
sion (Chernoff et al. 2000; Santoso et al. 2000; Nakayashiki et al.
2001; Edskes and Wickner 2002; Edskes et al. 2009; Bateman and
Wickner 2012), the selection for rapid variation observed is evi-
dence that infection with a prion is detrimental (Edskes et al. 2009;
Bateman and Wickner 2012; Kelly et al. 2012).

As would be expected for detrimental infectious elements,
there are several cellular systems that cure most of the prions as
they arise. The paralogs Btn2p and Curlp, working with Hsp42p,
cure most variants of [URE3] as they arise (Kryndushkin et al.
2008; Wickner et al. 2014). Btn2p acts by collecting and sequester-
ing Ure2p amyloid filaments at one site in the cell (Kryndushkin
et al. 2008, 2011), an activity that also works on nonamyloid aggre-
gates (Kryndushkin et al. 2012; Malinovska et al. 2012; Miller et al.
2015). Hspl04 has a disaggregase activity that is essential for
prion propagation, cleaving amyloid filaments to make new prop-
agons (Chernoff et al. 1995; Jung et al. 2002; Ness et al. 2002;
Haslberger et al. 2010), and a distinct activity producing asymmet-
ric segregation of prion propagons at cell division and thus curing
[PSI+] on Hsp104 overproduction (Chernoff et al. 1995; Hung and
Masison 2006; Ness et al. 2017). Without Hsp104 overproduction,
this second activity cures many [PSI+] variants that arise in its ab-
sence (Gorkovskiy et al. 2017). The Upfl, Upf2, and Upf3 proteins
are responsible for nonsense-mediated mRNA decay, and are nor-
mally ribosome-bound in complex with Sup35p (Czaplinski et al.
1998; Ivanov et al. 2008; He and Jacobson 2015). Most of the [PSI+]
variants arising in the absence of Upfl, 2, or 3 are cured by simply
restoring the normal amounts of the Upf proteins (Son and
Wickner 2018). Upflp can inhibit amyloid formation by Sup35p
in vitro, and binds to Sup35p amyloid filaments in vivo. It is be-
lieved that the Upf proteins either compete for Sup35p monomers
with the amyloid filaments, or block filament elongation by bind-
ing to the ends of the filaments (Son and Wickner 2018). Siw14p, a
pyrophosphatase that cleaves the 5-pyrophosphate of several ino-
sitol polyphosphates (Steidle et al. 2016), also has a prion-curing
action whose mechanism is as yet unclear (Wickner et al. 2017).
The ribosome-associated chaperones, Ssb1/2p, Sszlp, and Zuolp
insure proper folding of nascent proteins (Nelson et al. 1992; Pfund
et al. 1998). These chaperones working together keep down the fre-
quency of [PSI+] prion generation (Chernoff et al. 1999; Amor et al.
2015; Kiktev et al. 2015), and also cure most of the [PSI+] variants
arising in their absence (Son and Wickner 2020). The frequency of
spontaneous prion generation is elevated 2- to 15-fold in mutants
defective any of these anti-prion genes (Wickner et al. 2014, 2017;
Gorkovskiy et al. 2017; Son and Wickner 2018).

In addition to components that cure most prion variants as
they arise or block prion generation, there are cellular compo-
nents that prevent some variants from being toxic or lethal to the
cell. Sislp has activities nonessential for cell growth in the ab-
sence of prions that become essential if the [PSI+] prion is ac-
quired (Kirkland et al 2011). We used Hermes transposon
mutagenesis to screen for genes preventing [URE3] lethality,

finding genes, particularly LUG1/YLR352W, that can be disrupted
in [ure-o], but are essential in [URE3] strains (Edskes et al. 2018).
In the course of that study, a strain with the Hermes transposon
inserted in tof2 was noted to destabilize the [URE3] prion.

Materials and methods

Genetic manipulations

Yeast media are as described by Sherman (1991), except 1, YPD is
5g Yeast Extract, 20 g Peptone, 20 g dextrose, and 20 g agar per li-
ter; YES+W is 5g yeast extract, 30g dextrose, and 30 mg trypto-
phan and 20g agar per liter. Strains of S. cerevisiae are listed in
Supplementary Table S1. Yeast transformation was performed
by the Li acetate method (Geitz 2014). PCR was performed using
Q5 polymerase (New England Biolabs) or Titanium Taq
(Clonetech) using primers as shown in Supplementary Table S2.
Knockout constructs were obtained by PCR amplification from
the Saccharomyces Genome Deletion Collection (http://www-se
quence.stanford.edu/group/yeast_deletion_project/deletions3.
html). Hermes is marked by nourseothricin
(Gangadharan et al. 2010).

resistance

Detecting site of Hermes insertion

Genomic DNA was prepared from strain YESO1 using the YeaStar
Genomic DNA Kit from Zymo Research. Genomic DNA (1.5 pg)
was digested with Msel in a total volume of 100pl. The Qiagen
MinElute Reaction Cleanup Kit was used and DNA was eluted
with 15 pl water. Linkers HE968 and HE969 (20 pmol/pl each) were
annealed in a thermocycler as follows: 95°C 15min, 75°C 13 min,
55°C 13 min, 35°C 3min 30s, 20°C 5min, hold at 4°C. Annealed
linkers (100 pmol each) were ligated to 750ng digested genomic
DNA in a total volume of 20 ul using 1 pl of NEB ligase (4 units/ul)
at 16°C (there is only a 2 nuclotide overhang) for 3h. Ligase and
linkers were then removed using a Qiagen MinElute Kit and elu-
tion was done with 15pl of water. The Hermes/genomic DNA
junction was amplified using Titanium Taq (Clonetech) polymer-
ase with 1ul Msel-digested, linker-ligated genomic DNA, and
1pmol/ul each of oligo HE967 and oligo HE970. The cycle was (1)
94°C 3min, (2) 94°C 20s, (3) 55°C 15s, (4) 68°C 255, (5) go to 2 for
30 cycles, (6) 68°C 5min. The PCR product was then cloned into
PCR-2.1-TOPO (ThermoFisher) and sequenced, revealing one
junction of Hermes and chromosomal DNA.

Hermes insertion in TOF2

Genomic DNA of strain YESO1 (the originally identified Hermes
insertion isolate) was prepared using YeaStar Genomic DNA Kit
from Zymo Research and the full Hermes insertion in TOF2 was
amplified using primers HE1025 and ES02 using Titanium Taq
(Clonetech). The PCR product was cloned into pCR2.1-TOPO cre-
ating pESO1 and sequenced. The Hermes insertion replaced nt
1045-1054 of TOF2.

Tof2::Hermes was amplified from plasmid pESO1 using oligos
HE1025 and ES02.

Tof2::G418 was amplified from genomic DNA of the knockout
strain using primers ESO3 OR ES04 AND primers ESO5 OR ESO06.
PCR products were transformed into strains BY241, X1278b, and
779-6A, and transformants were selected on 1/2YPD (to monitor
[URE3]) containing the appropriate antibiotic. Hermes is marked
by nourseothricin resistance (Gangadharan et al. 2010). Mutations
were confirmed using oligos ES08, ES09, ES10, ES11, HE267, and
HE268.


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data
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Gene deletion

Using the deletion collection as the source of knockout con-
structs, PCR amplification was performed using Q5 polymerase
(New England Biolabs). For example, irc25::kanMX was amplified
with combinations of ES21, ES22, ES23, and ES24, and
rpn4::kanMX was amplified using primers ES37 and ES39 or ES38
and ES40. PCR reactions for each of the genes were mixed and
used to transform YHE1609. Transformants were selected on 1/
2YPD plates containing G418, and confirmed by PCR of DNA puri-
fied from candidate clones.

Overexpression of TOF2

TOF2 with 500bp upstream UTR was amplified from genomic
DNA using oligos ES12 and ES16. The PCR product was cloned
into pRS424 as a BamHI-HindIIl fragment resulting in plasmid
PESO4. Transformation of plasmid pES04 into YHE1609 or
YHE1608 did not give any transformants while many transform-
ants were obtained using pRS424. This suggests that overexpres-
sion of Tof2 is toxic to these cells.

Template for TRP1-based cassette used to disrupt
BTN2 and CUR1

TRP1 containing 278 nt 5 UTR and 46 nt 3’ UTR and with loxP sites
(ATAACTTCgTATAgCATACATTATACGAAGTTAT) added was am-
plified with primers ES69 and ES70 from pCWO037 to knock out
BTN2 or ES71 and ES72 to knock out CURL. pCW037 is identical to
pCWO036 (Edskes et al. 2014, Genetics) except for the BsmBI site be-
ing replaced with a Sapl site. To create strains in which both
BTN2 and CUR1 were deleted TRP1 was removed by expression of
CRE from plasmid YEp351-cre-cyh (DELNERI et al. 2000) after the
first knockout.

Assay of prions

When a good nitrogen source, such as ammonia, is present in the
medium, Ure2p represses genes needed for utilizing poor nitro-
gen sources, such as allantoate (Cooper 2002). DALS encodes the
allantoate transporter, which is ~100-fold repressed on ammonia
through the action of Ure2p. The prion form of Ure2p is essen-
tially inactive in nitrogen catabolite repression, and this effect is
detected in [URE3] cells as an Ade+ phenotype and white colony
color (on adenine-limiting plates) in cells whose ADE2 gene has a
DALS5 promoter; [ure-o] cells are Ade- and red (Schlumpberger
et al. 2001; Brachmann et al. 2005).

Western blotting

Lysis Buffer was 8 M urea, 1mM DDT, 1mM EDTA, 1mM PMSF,
1x protease inhibitor (Roche), 5% glycerol, in PBS. Rabbit poly-
clonal anti-Curlp antibody (Bezsonov et al. 2021) was affinity pu-
rified using E. coli-produced Curl-Hisép. Rabbit polyclonal anti-
Btn2p antibody is described by Bezsonov et al. Mouse monoclonal
anti-Sup35p antibody BE4 (Bagriantsev and Liebman 2006) was a
gift from S. Liebman. Mouse monoclonal anti Pgklp antibody
(ab113687) was purchased from Abcam. Anti-rabbit IgG(Fc)-alka-
line phosphatase secondary antibody (S3738) was purchased
from Promega. Anti-mouse IgG-alkaline phosphatase secondary
antibody (S3562) was purchased from Millipore Sigma. In order to
quantitate Btn2p levels in pre9A or proteasome chaperone
mutants the sample was diluted to avoid signal saturation.

SILAC methods

SILAC strains:

Because our attempts to delete ARG4 in YHE1608 were unsuc-
cessful, we created an arg1::TRP1 lys2::LEU2 strain to use in SILAC
experiments. YMD74 was white on adenine limiting medium
likely due to CAN1 being controlled by the DAL5 promoter. CAN1
was restored by transformation with a CAN1 containing DNA
fragment and screening transformants for production of red pig-
ment on adenine limiting medium. Disruption of PRE9 in YMD134
by kanMX resulted in YMD144.

Cells were grown in synthetic complete minimal glucose me-
dium. Medium for isotope labeling contained 20 mg/L L-lysine-
2HCI [13C6 99%; 15N2 99%] and 30mg/L L-arginine-2HCI [13C6
99%; 15N4 99%)] instead of the 50mg/L used for the nonlabeling
medium. In addition to the labeled amino acids, 200mg/L of
L-Proline was also present to reduce the metabolic conversion of
arginine to proline. A starter culture was grown in media without
labeled amino acids from which 12 ul was used to inoculate
60ml media with or without labeled amino acids. When cells
reached an ODgq between 0.6 and 0.7 they were collected by cen-
trifugation at 4°C and washed 3 times with ice-cold water before
resuspending in a volume of water proportional to final ODggg of
the cultures. Cells were stored frozen at —80°C.

Equal amount of cells from one labeled and one unlabeled cul-
ture were mixed and pelleted. Cells were resuspended in lysis
buffer [1% sodium dodecanoate, 8 M urea, 1mM DTT, 1mM
EDTA, 1mM PMSF, 1x proteinase inhibitor (Roche), 5% glycerol,
10mM Tris-HCl pH7.4] and broken with glass beads using a
Biospec Mini-Beadbeater. The extract was clarified by centrifuga-
tion at 4°C. Further processing is described in the supplementary
information: after reduction and alkylation of thiols samples
were digested with trypsin, subjected to off-line high pH
concatenated separation, and subjected to LC/MS/MS with data
analysis using MaxQuant (Rappsilber et al. 2007; Cox and Mann
2008; Wang et al. 2011).

Statistical analysis:

The distribution of Hermes inserts in Table 1 follows the binomial
distribution, because each data point expresses two alternative
results, finding the Hermes transposon in the indicated gene open
reading frame or finding it elsewhere in the genome. The number
of total insertions in the culture identified (N), the probability of
finding an insertion in the indicated gene (p) and of finding it
elsewhere (q) are used in calculations. The results should be ap-
proximately normally distributed as long as Npg>> 1, which was
true for all our data. We want to calculate the probability that
two sets of data ([URE3] culture vs. [ure-o] culture) could be sam-
ples from the same distribution of insertions, differing only be-
cause of random fluctuations on sampling. If p3, g3, N3 vs. po,
qo, No are the parameters for [URE3] and [ure-o0], respectively,
then, combining populations, the overall chance of insertion in
the particular gene is p = (p3eN3+poeNo)/(N3+No), and the
expected insertion number in the [URE3] clones is peN3 with
standard deviation S = [(N3+No)p(1-p)] ¥ The difference psN3—
p3eN3 between expected and observed number of mutant clones
that lost the prion, is divided by the standard deviation S, and the
probability of this difference (z) or greater from the expected re-
sult is obtained from a normal distribution table. The Mann-
Whitney U-test was used for Table 2 to confirm that each mutant
seed number was less than that of the wild-type.
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Table 1 Hermes insertions recovered in proteasome-related genes

Gene Gene size (nt) [URE3]-Ade [ure-o] +Ade
Insertions Unique Insertions Unique

TOF2 2316 *4120 21 3723 67
RPN4 1596 458 8 3734 67
IRC25 540 50 “1 269 16
PBA1 917 1006 8 6913 46
POC4 447 **0 *0 134 17
HMS3 1443 179 5 4019 52
RPN10 807 0 0 2665 24
ADDG66 804 349 *5 1574 27
RPN14 1254 10226 *55 7513 106
NAS6 687 2472 14 3499 29
NAS2 664 2538 10 1940 24
PRES 777 60 1 558 11

Note: The Hermes transposon was mobilized in isogenic [ure-o] and [URE3] cells.
After growth, DNA was isolated and insertion sites amplified by PCR, cloned,
and sequenced (>57 x 10° reads for [URE3] and >45 x 10° for [ure-o] cultures;
Edskes et al. 2018). “Insertions” means total reads within the indicated ORF,
while “Unique” indicates distinct sites represented among the insertions in
that ORF. Decreased recovery of insertions in a gene in the [URE3] culture
could be due to failure of the insertion mutants to stably propagate [URE3] (as
is the case for PRE9, for example) or their failure to prevent toxicity of the prion
[as was shown for LUG1 (Edskes et al. 2018)]. Data from Edskes et al. (2018).
Insertion recovery frequency was less in [URE3] cultures with *P < 0.005,

P <0.0001.

Results

Insertion or deletion mutations of TOF2
destabilize [URE3]

The [URE3] prion assay uses the red color developed by ade2 aux-
otrophs and a DALS: ADE? fusion gene. Ure2p negatively regu-
lates DALS5 (and so ADE?2 in our strains), but is inactive in [URE3]
cells because it is converted to amyloid filaments. Thus, on
adenine-limited media (e.g., YES+W plates) [ure-o] strains are red
Ade- (DALS shut off, cells are ade2) while [URE3] strains are white
Ade+ (DALS derepressed and ADE?2 actively transcribed). In our
Hermes transposon mutagenesis screen (Edskes et al. 2018), we
compared insertion locations of a [URE3] culture grown without
adenine to a [ure-o] culture grown with adenine. Failure to find
insertions in a given gene preferentially in the [URE3] cells could
be due to lethality of the prion in the absence of that gene (our
goal in that work) or to that gene being essential/important for
the propagation of the prion. To monitor loss of [URE3], cultures
were plated on YES+W plates. In most cases, re-plating red/white
sectored colonies produced only red and white colonies, but one
exceptional colony produced many sectored subclones, even af-
ter several sub-clonings (Figure 1A). Red colonies produced only

Table 2 [URE3] prion propagon numbers

w.t. (YHE1609) tof2A irc25A pocdA

99 9 12 31

3980 14 7 98

126 437 27 66

2568 338 107 68

363 22 50 38

158 8 55 18

185 19 71 63

81 3 22 53

945 + 1488 106 + 175* 44 + 34* 54 + 25*

Note: Eight whole colonies from YPAD plates with guanidine were replated on
-Ade. Number of Ade+ colonies formed reflects number of seeds or propagons
in the founder cell of the original colony (see Materials and Methods). The
mean * standard deviation is shown in the last row. Using the Mann-Whitney
U-test, we found that the mutant seed numbers were lower than the w.t. with
*P=0.01 or *P<0.001.

red subclones, but white or red/white sectored colonies produced
more sectored colonies. This continuous production of [ure-o]
sectors during mitotic growth on solid media, suggested that the
gene disrupted by the transposon was important for prion propa-
gation.

The site of the Hermes insertion was identified by a PCR-based
method (EDSKES et al. 2018), and proved to have replaced nt
1045-1054 (relative to the AUG) of the 2316nt TOF2 ORF. This
same Hermes insertion or the tof2::kanMX knockout was intro-
duced into each of three backgrounds (BY241, Sigma 1278b or
779-6A). In each case, [URE3] was destabilized (Figure 1B).

First identified as a topoisomerase I interacter (Park and
Sternglanz 1999), Tof2p is required for rDNA silencing as a part of
a complex including Csm1 and Lrs4 (cohibin) and Cdc14, Sir2 and
Netl (RENT) (reviewed in Mekhail and Moazed 2010; Gartenberg
and Smith 2016; Srivastava et al. 2016). This complex bridges be-
tween Foblp bound to special sites in rDNA (RFB sites) and CLIP
complexes (Hehlp and Nurlp) on the inner nuclear membrane.
But what is the connection of Tof2p to instability of [URE3]?

Cmrlp (changed mutation rate) is a nuclear protein that
responds to DNA damage or replication stress by changing from
an even distribution in the nucleus to localization in a discrete
site at the periphery (but inside) the nucleus (Gallina et al. 2015).
Co-localizing with Cmrlp in the discrete particles are certain
DNA replication, cell cycle, and chromatin remodeling proteins,
and, notably, the Hsp104 disaggregase, the Hsp40 family protein
Apjlp and Btn2p (Gallina et al. 2015). The curing of [URE3] by
Btn2p requires Hsp42 (Wickner et al. 2014), and similarly, the lo-
calization of Cmrlp requires Btn2p and Hsp42 (Gallina et al.
2015). Remarkably, Cmrlp localization occurred at high fre-
quency in tof2 mutants, as well as in the proteasome-related
mutants, irc25, rpn4, and sanl (Gallina et al. 2015). This finding led
us to examine whether these or other proteasome factors
(Budenholzer et al. 2017) affect propagation of [URE3-1].

Proteasome-related genes necessary for the
stability of [URE3]
In strain BY241 carrying [URE3-1] we introduced irc25A or rpn4A,
and found that, like tof2A, each of these mutations destabilized
[URE3-1] (Figure 2A). Consistent with this result, in our Hermes
transposon screen (Edskes et al. 2018), insertions in either IRC25
or RPN4 or TOF2 (slightly), but not other proteins involved in the
rDNA silencing complex, were unusual in [URE3] cells grown
without adenine (selecting for the presence of the prion) com-
pared to [ure-o] cells (Table 1). We previously showed that sanl1A
does not destabilize [URE3-1] (Wickner et al. 2014). We examined
other proteasome-related genes for their effects on [URE3]. In the
Hermes screen, insertions in PBA1, POC4, HSM3, ADD66, and
RPN10 were less common in [URE3] cells, but for RPN14, NAS6, or
NAS?2 there was little or no such effect (Table 1; Edskes et al.
2018). Rpn4p is a transcription factor stimulating the expression
of proteasome-related genes (Xie and Varshavsky 2001), while
Irc25p(Pba3p) and Poc4p(Pba4p) form a heterodimeric chaperone
involved in assembly of alpha subunits into the 20S core protea-
some (Le Tallec et al. 2007). Add66p(Pba2p) and Pbalp form an-
other heterodimer involved in 20S particle assembly (Le Tallec
et al. 2007) (Supplementary Figure S1 reviewed in Budenholzer
et al. 2017). Hsm3p, Nas2p, Nas6p, and Rpn14p are assembly fac-
tors for the base of the 19S regulatory particle, while Rpn10 links
the base of the 19S particle to its lid.

We directly tested the proteasome assembly and subunit
genes for effects on stability of [URE3-1] by making knockouts in
BY241 [URE3-1] (Figure 2A). Deletions of RPN4, IRC25, POC4,
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[ure-o]

BY241

21278b

779-6A

tof2::-Hermes  tof2::G418

Figure 1 tof2::Hermes or tof2::kanMX destabilize [URE3]. (A) The original BY241 [URE3-1] strain with a Hermes insertion (shown here to be tof2::Hermes)
destabilizing [URE3-1]. A white [URE3-1] single colony of the strain in which [URE3-1] was unstable was streaked for single colonies on YES+W plates.
White or pink colonies or sectors are [URE3] and red colonies are [ure-o]. (B) The original Hermes insertion or a deletion/insertion with kanMX (G418-
resistance) in each of three strain backgrounds show the same effect as the original Hermes mutant. BY241 is the background that was utilized for the
Hermes screen. £1278b is often used in studies of nitrogen regulation. Strain 779-6A has been used in studies of [PSI+] and [URE3].

HSM3, and RPN10 clearly destabilized [URE3-1] while those of
PBA1 and PBA2 only weakly or very weakly did so, respectively. Of
the proteasome 20S core particle subunits, only a3, encoded by
PREY, is nonessential, and pre9A cells rapidly lost the prion.

If any of these genes were producing red colonies by merely af-
fecting the prion phenotype without losing the prion, we would
expect an even colony color. Sectoring at this high frequency
implies loss of the prion. To confirm this conclusion, we mated
the rpn4A, irc25A, poc4A, and rpn10A red colonies with the [ure-o]
strain YHE1635. The diploids formed were mostly red and Ade-,
implying that [URE3] had been lost from most of the cells. In
many cases, some white prion-containing diploid papillae were
also detected on —Ade plates implying that there were still a few
[URE3] cells in the red colonies, and that the prion was being
gradually lost during growth of the mutants.

In confirmation of the above, we find that MG132, a specific in-
hibitor of proteasome activity, cures [URE3-1] (Figure 2B). These
results imply that a stable proteasome is required for mainte-
nance of [URE3].

Propagon numbers are reduced in tof24, irc25A,
and poc4A

Propagons (or seeds) are the minimal unit of heritable prion amy-
loid (Cox et al. 2003). New propagons are made by Hsp104, Hsp70,
and Hsp40 removing a monomer from the middle of a filament
(reviewed by Mogk et al. 2015). To measure propagon number,

cells are plated on solid medium containing 5 mM guanidine HCI,
which effectively inhibits Hsp104. Cells then grow, with propagons
(seeds) segregating into separate cells of the clone, until there is
only one (or none) per cell. The number of propagons in the
founding cell of each clone is then estimated by plating the entire
colony on -Ade medium and counting the number of clones (Cox
et al. 2003). We found that tof2A, irc25A, and poc4A mutations each
reduced the propagon number of [URE3-1] (Table 2).

Proteasome mutants do not have evident effects
on [PSI+]

We tested many of our proteasome mutants for effects on [PSI+]
propagation in the 779-6 A background (Supplementary Figure S2).
We found no evidence of sectoring for any of these strains. Note
that in this background, tof2A (Figure 1) or pre9A (Supplementary
Figure S3) destabilize [URE3] as much or more than they do in
BY?241. It has been reported that pre9A strains have decreased fre-
quency of [PSI+] generation and lowered levels of Sup35p in the
74D-694 background (Tyedmers et al. 2008; Manogaran et al. 2011).
We did not find any change in Sup35p levels in either the BY241
(Supplementary Figure S4) or 779-6A (Supplementary Figure S5)
background for pre9A, poc4A, irc25A, add66A, or pablA mutants
compared to wild-type. Our experiments included log phase har-
vesting or stationary phase harvesting, and examination of both
[PSI+] and [psi-] cells in rich or minimal media. In addition, in our
SILAC experiments (see below) Sup35p levels were similar in the


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data
https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data

6 | GENETICS, 2021, Vol. 218, No. 1

A

pbalA

add66A

rpnl10A

Figure 2 Proteasome effects on [URE3-1] (A) [URE3-1] is destabilized by deleting genes for some proteasome chaperones or PRE9 encoding a proteasome
subunit. Strain BY241 [URE3-1] with the indicated knockout, except for the [ure-o] strain, was grown as a patch on —-Ade plates, then streaked for single
colonies on YES+W plates. Red sectors or colonies are [ure-o]. (B) Strain BY241 [URE3-1] was grown in rich medium for 2 days with just solvent (DMSO)

or 50 uM MG132 added and plated for single colonies on /> YPD.

WT and pre9A cells. We note that the presence of [PSI+] adds to
defects in proteasome genes to mildly increase the induction of
Btn2p (Supplementary Figure S6).

Loss of [URE3] in proteasome mutants is
prevented by btn2A and curlA mutations or
hsp42A

The prel-1" mutation (proteasome B4 subunit) results in elevated
levels of Btn2p (Malinovska et al. 2012) and as the elevation of
Btn2p cures [URE3] (Kryndushkin et al. 2008), this suggests that
the destabilization of [URE3-1] in our proteasome mutants occurs
via Btn2p. We found that in either btn2A pre9A or curlA pre9A,
[URE3-1] was partially stabilized compared to a pre9A strain, but
only in the curlA btn2A pre9A combination was [URE3-1] fully sta-
bilized (Figure 3). These results indicate that the pre9A protea-
some mutation acts through both Btn2p and Curlp. In contrast,
the btn2A deletion was sufficient to suppress the lower degree of
[URE3-1] instability produced by irc25A or poc4A (Figure 3).

Hsp42 is necessary for curing of [URE3] by overproduction of
Btn2p or Curlp, and overproduction of Hsp4? is itself sufficient to
cure [URE3] (Wickner et al. 2014). If proteasome mutant curing of
[URE3] is due to overproduction of Btn2p, then we expect that
that curing should be blocked in hsp42A strains. Indeed, pre9A
hsp42A cells propagate [URE3] stably (Figure 4).

Anti-Btn2p and anti-Curlp used to quantitate
cellular levels

The protein abundance database (https://pax-db.org/), summa-
rizing a large number of studies, gives the abundance of Curlp as

1.4ppm (~140 molecules/cell) and Btn2p as 6.1 ppm (~300 mole-
cules/cell). We obtained polyclonal antibodies to both Btn2p and
Curlp, and calibrated them with purified recombinant proteins
made in E. coli (Supplementary Figure S7). Even using affinity—
purified antibody, Curlp levels in the wild-type were difficult to
measure because of the presence of cross-reacting bands very
close to the Curlp band (Supplementary Figures S7 and S8) and
the very low level of Curlp in the wild-type (Figure 5). It is also
clear that there are multiple bands reactive with anti-Curlp, ab-
sent in a curlA strain, and dramatically elevated in proteasome
mutants (Figure 5, Supplementary Figure S8). However, we esti-
mate that Curlp comprises 1ppm of cell protein in strain 779-6A
(110 molecules per cell) and less in strain BY241. We find that
Btn2p comprises 2.7 ppm in strain 779-6A (170 molecules per cell)
and less in strain BY241. Given the substantial errors in the
measurements and the variability between strains, both of our
measurements are consistent with earlier estimates cited above.

Btn2p and Curlp expression is elevated in
proteasome mutants

The suppression by btn2A and curlA of the effects of proteasome
mutants on [URE3] stability suggests that the abrogation of pro-
teasome activity allows higher levels of Btn2p and Curlp which,
in turn, cures [URE3]. We therefore examined the effects of pro-
teasome mutants on the levels of Btn2p and Curlp. We find that
the un-tagged Btn2p and Curlp each are expressed at dramati-
cally higher levels in the proteasome mutants than in the wild-
type in both strain BY241 and in strain 779-6A (Figure 5,
Supplementary Figure S5). In addition, Btn2p levels are also
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pre9A btn2A curlA pocdA btn2A

Figure 3 [URE3-1] loss in proteasome chaperone mutants and

pre9A strains is prevented by btn2A and curlA mutations. Red sectors
or colonies are [ure-o]. All mutants were made in the BY241
background.

elevated in TOF2 knockout strains (Supplementary Figure S9).
Moreover, the degree of overexpression is roughly proportional to
the destabilization of [URE3]. Mutants pbalA and add66A have
substantially increased Btn2p and Curlp (19- to 24-fold in
Figure 5 for Btn2p) but do not destabilize [URE3-1], while irc25A
(89%), poc4A (92x) and pre9A (125x) result in even higher levels and
do produce prion loss. The fold-increase varies somewhat
(Supplementary Figures S5, S6, and S9) but the relative increase
is quite consistent. We detect no sign of ubiquitin-conjugated
Btn2p, even though the proteasome (and not the ubiquitin-
conjugating system) is impaired. See, for example, pre9A cells in
Supplementary Figure S10. Our data suggest that in pre9A cells
the ubiquitin tag is removed but the defective proteasomes then
do not degrade the Btn2p.

hsp42A hsp42A pre9A

pre9A

Figure 4 Loss of [URE3-1] in pre9A cells requires Hsp42p. Red sectors or
colonies are [ure-o]. All mutants were made in the BY241 background.
hsp42A causes flocculation.

SILAC screen for other mediators of proteasome
effects on [URE3]

The experiments described above show that proteasome mutants
lead to elevated Btn2p and Curlp, and that these two proteins, as
well as Hsp4?2, are both needed for the instability of the [URE3]
prion in those strains. We sought other proteins involved in these
effects by comparing the levels of proteins in a pre9A with an iso-
genic wild-type using the SILAC method (Ong et al. 2002; see
Materials and Methods).

The data showed the expected ~20-fold elevation of Btn2p in
the pre9A strain, but Curlp was below the detection limit even in
the mutant due to its very low levels. A range of other proteins
were significantly elevated or depressed in the pre9A strain
(Table 3, Supplementary Tables S3 and S4), but except for Btn2p,
none of these changes had evident relation to the curing process.
A total of 162 proteins had levels elevated 1.5-fold or more in the
pre9A strain (44 proteins >2.0; Supplementary Table S3). The
largest group of proteins (44) in this class are related to the pro-
teasome and ubiquitination (Table 4.). A group of 17 proteins acts
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Figure 5 Elevation of Btn2p and Curlp in proteasome mutants. Extracts of [ure-o] strains of BY241 with the indicated genotypes were analyzed by
western blot. Fold-increase of Btn2p was measured relative to the wild-type with correction for loading using the Pgklp control. Accurate
measurements of Curlp in the wild-type were impaired by the presence of nearby cross-reacting bands, but the elevation of Curlp in the proteasomal

mutants appears to be of the same order of magnitude as for Btn2p.

in protein folding. One hundred and seven proteins were reduced
1.5-fold or more in abundance in the pre9A strain (32 proteins
>2.0; Supplementary Table S4). Somewhat surprisingly, 11 per-
meases and transporters were among those decreased in the mu-
tant (Table 4).

Several proteins whose overexpression or deficiency are
known to affect [URE3] propagation were detectable in our SILAC
experiments (Table 5). Significantly, Hsp42 was only slightly ele-
vated in the pre9A strain (1.32 = 0.25 fold in six measurements).
Overexpression of Hsp42 can cure [URE3-1], and we find that
hsp42A prevents destabilization of [URE3] by proteasome muta-
tions, but our result suggests that, in this case, elevated Hsp4?2 is
not responsible for curing the prion, but is a required co-factor. It
is striking that Btn2p is easily the most dramatically elevated pro-
tein in our SILAC data, and the Western blot data indicates that
Curlp is similarly increased. Notably, none of the other detected
proteins known to affect [URE3] propagation were substantially
altered (Table 5).

The overall client spectrum of the proteasome has not been
mapped. Many papers focusing on the proteasome use model
substrates. How and if the activity measured using these model
substrates matches with the normal clientele is unknown. Our
SILAC data offers a first glimpse into the normal functioning of
the proteasome. For example, impairment of proteasome func-
tion improves growth of fzolA strains defective in mitochondrial
fusion (Shirozu et al. 2016), suggesting that there is an interaction
between the proteasome system and mitochondrial fission/fu-
sion. Our SILAC data show that 16 mitochondrial proteins have
increased abundance in a pre9A strain whereas the abundance of
13 proteins is decreased (on ammonium medium; Table 5).
Among those that are decreased are 5 of the 12 members of the
cytochrome ¢ complex. As discussed below, these changes may
be explained by a posssibly changed proteasome specificity of the

a4-04 proteasomes produced in pre9A, irc25A, and poc4A strains
(Velichutina et al. 2004; Kusmierczyk et al. 2008).

Discussion

Beginning with our observation that a tof2::Hermes mutation
destabilized [URE3-1], and the fact that tof2A, like proteasome-
deficient mutants irc25A and rpn4A, showed frequent intranu-
clear focus formation by Cmrlp (Gallina et al. 2015), we tested
these and other mutants affecting proteasomes for effects on
[URE3-1] stability. We found that many mutants in proteasome
assembly destabilized [URE3] as much or more than the
tof2::Hermes mutant, particularly pre9A, deficient in the a3 protea-
some core component. Btn2p and Curlp are known anti-prion
proteins acting on [URE3] (Kryndushkin et al. 2008; Wickner et al.
2014), and the report of elevated Btn2-GFP and Curl-GFP fusion
proteins in prel-1% strains (Malinovska et al. 2012) led us to test
whether btn2A or curlA would suppress the destabilization of
[URE3] by proteasome mutants. We found the curing by protea-
some deficiency required Btn2p and Curlp in an additive way,
suggesting that these are two distinct anti-prion systems, and
that the proteasome effect works through Btn2p and Curlp.
Previous work has shown that although Btn2p and Curlp are
paralogs, Btn2p collects Ure2p amyloid filaments in the process
of curing, while Curlp does not (Kryndushkin et al. 2008), consis-
tent with their having different curing mechanisms.

We found that all of the proteasome deficient mutants had el-
evated levels of Btn2p and Curlp, but only those with the highest
levels destabilized [URE3]. In the opposite direction, ubr2A, known
to increase proteasome activity by decreasing degradation of
Rpn4p (a transcription factor promoting proteasome gene tran-
scription) prevents curing of [URE3] by Btn2p or Curlp overpro-
duction (Bezsonov et al. 2021). The tof2::Hermes and tof2A strains


https://academic.oup.com/genetics/article-lookup/doi/10.1093/genetics/iyab037#supplementary-data

H. K. Edskesetal. |

Table 3 Protein level changes in pre9A cells (SILAC)

pre9A/WT  StdDev Gene Function

0.14 0.06 PTR2 Transporter of di- and tri-peptides

0.33 0.11 SST2 GTPase-activating protein for Gpalp; regulates desensitization to alpha-factor pheromone

0.36 0.15 STE6 Plasma membrane ATP-binding cassette (ABC) transporter; required for the export of a-factor

0.36 0.15 STE2 Receptor for alpha-factor pheromone

0.36 0.17 INO1 Inositol-3-phosphate synthase

0.37 0.07 CWP1 Cell wall mannoprotein that localizes to birth scars of daughter cells

2.53 0.45 OTU1 Deubiquitylation enzyme that binds to the chaperone-ATPase Cdc48p

2.56 0.39 ECM29  Scaffold protein that assists in association of the proteasome core particle with the regulatory particle

2.57 0.69 APl HSP40 chaperone with a role in SUMO-mediated protein degradation

2.62 1.01 RTS3 Putative component of the protein phosphatase type 2A complex

2.71 0.55 HBN1 Protein of unknown function; similar to bacterial nitroreductases

2.74 1.00  YOR052C AN1-type zinc finger protein

2.82 0.42 EDC1 RNA-binding protein that activates mRNA decapping directly

2.94 1.67 SSA3 HSP70 chaperone

2.94 0.50 CUzZ1 Interacts with ubiquitinated proteins, Cdc48p, and the proteasomal regulatory particle

3.33 1.21 YKRO11C  Protein of unknown function

3.37 0.73 HLR1 Protein involved in regulation of cell wall composition and integrity

3.42 1.13 BIO2 Biotin synthase; catalyzes the conversion of dethiobiotin to biotin

3.66 0.66 YPL113C  Glyoxylate reductase; acts on glyoxylate and hydroxypyruvate substrates

411 3.35 ARO10  Phenylpyruvate decarboxylase; catalyzes decarboxylation of phenylpyruvate to phenylacetaldehyde

4.39 4.60 BNA2 Tryptophan 2,3-dioxygenase or indoleamine 2,3-dioxygenase; required for de novo biosynthesis of NAD
from tryptophan

452 3.24 PDC5 Minor isoform of pyruvate decarboxylase

494 1.85 TMA10  Protein of unknown function

4.95 0.67 MAG1 3-methyl-adenine DNA glycosylase; involved in protecting DNA against alkylating agents

4.97 3.56 SNZ1 Pyridoxal-5-phosphate synthase subunit

5.02 1.07 LPL1 Phospholipase that maintains lipid droplet (LD) morphology

6.44 1.49 UMP1 Chaperone required for correct maturation of the 20S proteasome

21.43 6.42 BTN2 Aggregase and v-SNARE binding protein

Note: Proteins changed 2.5-fold or more in the pre9A strain compared to the WT strain.

also had similarly elevated levels of Btn2p and Curlp, suggesting
that these mutants also have reduced proteasomal activity. The
previously known activities of Tof2p involve interaction with
topoisomerase I (Toplp; Park and Sternglanz 1999), silencing of
rDNA by tethering sites on rDNA to the nuclear membrane (along
with other proteins; reviewed in Mekhail and Moazed 2010;
Gartenberg and Smith 2016; Srivastava et al. 2016) and regulation
of Cdc14 (Geil et al. 2008). It remains unclear what role Tof2p has
in proteasome activity.

While the elevation of Btn2p and Curlp in proteasome
mutants is clear, we expected to see some accumulation of ubig-
uitinylated forms, at least for Btn2p. Conceivably, ubiquitin mod-
ification obscures the site recognized by our antibody, or it is not

but the proteasomes do not degrade the protein. The N-terminal
tails of the proteasome alpha ring proteins fan out over the hole
in the center of the proteasome core particle thus limiting access.
The N-terminal tail of Pre9p makes contact with the N-terminal
tails of all other proteasome alpha ring proteins. Deletion of the
N-terminal domain of Pre9p opens the center of the proteasome
core particle. This has fueled speculation that these “opened”
core particles differ in the client spectrum that the proteasome
handles (Groll et al. 2000).

Table 5 Levels of proteins known to affect [URE3] propagation

ubiquitinylation that tags Btn2p for proteasomal degradation. Protein preSA/WT StdDev
Most likely, the deubiquitinase (proteasome associated or not) is Btn2p 21 6
unaltered in pre9A cells and can remove the polyubiquitin chains, Ssalp 154 0.23
Ssa2p 1.54 0.29
_ _ Hsp104p 153 0.28
Table 4 Proteins changed in pre9A cells (SILAC) grouped by Feslp 142 0.26
description Sselp 1.40 0.20
- - Sis1p 1.33 0.17
Increased >1.5-fold in pre9A  # Decreased >1.5-fold in pre9A  # Hsp42p 1133 0.25
Proteasome/ubiquitin 44 Transporter 19 Ydjip 1.20 0.22
. - Hsp26p 1.09 0.21
Unknown 23 Mitochondria 17
- Cpr7p 1.04 0.15
Chaperone 17 Lipids 15
Zuolp 0.98 0.19
Carbohydrate 17 Carbohydrate 12
. . Ssz1p 0.96 0.17
Mitochondria 16 Unknown 11
¢ Upf3p 0.96 0.16
Golgi/ER 15 Phosphate 9 Swa2 085 014
Cell cycle 14 Cell wall 8 s p 054 090
Amino acids 13 Mating 6 Ssblp 0.81 017
Cell wall 6 — — P : :
Vacuole 5 - - Note: Summary of SILAC data for proteins whose overproduction or deficiency
NAD 5 — — is known to affect the propagation of [URE3]. Except for Btn2p, the values

Note: Nine proteins within the proteasome/ubiquitin group are linked to the
Cdc48 complex; 8 of these proteins are also present in the cell cycle group and
4 are also present in the golgi/ER group.

shown are the average and standard deviation of 6 biological duplicates of the
ratio of the given protein in pre9A cells to that in isogenic wild-type cells. For
Btn2p, the amount in the wild-type was so low that it was only accurately
measurable in three of the six experiments.
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[PSI+] prions are generally not sensitive to overproduced
Btn2p or Curlp (Kryndushkin et al. 2008; Bezsonov et al. 2021).
The sequestration mechanism for Btn2p curing should be (and is
Wickner et al. 2014) more effective on variants of lower seed num-
ber. Most variants of [PSI+] have a higher seed number than do
any known [URE3] variants, and this may explain why most var-
iants of [PSI+] are not cured by even overproduced Btn2p.
However, while the absence of an effect of proteasome mutations
on [PSI+] is consistent with their acting on [URE3] via Btn2p and
Curlp, the wide variety of proteasome actions would preclude
the converse inference.

pre9A, irc25A, and poc4A cells contain
proteasomes with two «-4 subunits instead of one
«-3 and one «-4 subunit in their « rings.

The only nonessential subunit of the proteasome core is -3,
encoded by PRE9 (Emori et al. 1991). The pre9A strains have
replaced o-3 subunits with an extra copy of a-4, located in the a-3
position, and have several fold reduced activity as measured by
model substrates and Mata2 stability (Velichutina et al. 2004).
Mutants lacking the proteasome assembly chaperones Irc25 or
Poc4 make about half of their proteasomes with the same a-4 for
a-3 substitution (Kusmierczyk et al. 2008). Interestingly, human
cells normally make a fraction of this same double a-4 protea-
some lacking a-3 in a process regulated by the o-4 to a-3 ratio
with o-4 levels regulated by the oncogenic tyrosine kinases ABL
and ARG and the tumor suppressor BRCA1 (Padmanabhan et al.
2016). In a variation on this theme, mouse spermatogenesis (but
not oogenesis) requires the substitution of the normal a-4 with
another a-4, called a-4s, without which substitution the process
is arrested in meiosis I (Zhang et al. 2019). Whether yeast physio-
logically makes the (a-4), proteasome is not yet known. Thus,
while we have interpreted our results as due to decreased protea-
some activity, the real (interesting) possibility exists that it is due
to altered proteasome specificity.

Confirming the extremely low levels of Btn2p and Curlp in
normal cells found in general surveys (https://pax-db.org/), we
find that Btn2p and Curlp are present at 170 and 110 molecules
per cell compared to the reported high abundance of Sislp of
about 5 x 10* molecules per cell. The fact that Btn2p and Curlp
can each cure most variants of [URE3] at normal levels of either
protein (Wickner et al. 2014) indicates that they are not, in this
case, acting by sequestering Sis1p, as has been suggested for their
prion-curing action on overproduction (Malinovska et al. 2012;
Barbitoff et al. 2017).

We find that proteasome mutants destabilizing [URE3] lower
the propagon number of the prion. Note that in measuring propa-
gon number, colonies formed in the presence of guanidine that,
when replated on -Ade plates produce no Ade+ colonies are not
included in the averaging process. The diminished propagon
number is as expected for curing mediated by Btn2p, which acts
by collecting the many dispersed Ure2p filaments (Edskes et al.
1999) into one place in the cell, coincident with Btn2p itself
(Kryndushkin et al. 2008). Even in the cells not yet cured by ele-
vated Btn2p, the number of propagons or seeds should be re-
duced by their sequestration into one or a few sites in the cell, so
they no longer separate as the cell forms a colony. Conversely,
the seed number of [URE3-1] was raised by introducing btn2A and
curlA deletions (Kryndushkin et al. 2008).

Btn2p is overexpressed >200-fold in a pre9A strain based on
quantitation of Western blots (Figure 5). Quantitation of Curlp in
a wild-type strain is difficult because of nearby cross-reacting
bands and multiple Curlp species, but it is clearly massively

overproduced in pre9A and other proteasome-related mutants.
The massive overproduction of Btn2p in proteasome mutants as
judged by western blots is confirmed by SILAC, but Curl levels
are too low in the wild-type to register above background by the
latter method. Remarkably, these are easily the two most in-
creased proteins compared to the other 4,600 proteins detected
by SILAC. This suggests that pre9A not only lowers proteasome
activity, but also changes its specificity because of the o4 for o3
substitution. For example, among the 15 most short-lived pro-
teinsin S. cerevisiae (Christiano et al. 2014), none were significantly
different according to our SILAC data (see Supplementary Table
S3). The most strongly elevated proteins comprise an eclectic ar-
ray with widely varying functions. Lpll, a type B phospholipase
removing fatty acyl groups from phospholipids (Weisshaar et al.
2017), is among those most strongly increased in the pre9A strain.

We infer that interfering with the proteasomal degradation of
Btn2p and Curlp results in their elevated levels. One caveat to
this conclusion is that the pre9A mutation may be sensed as a cel-
lular stress, and part of the elevated Btn2p and Curlp may be in-
creased stress-induced synthesis. Of course, stress should also
induce an array of chaperones and other proteins, such as Hsp26
and Hsp42, neither of which showed substantial elevations in our
SILAC data for pre9A cells (Table 5). Ho et al. (2019) have reported
that in hspl04A fes1A strains, Btn2, Hsp26, and Hsp42 are each
present at substantially elevated levels, suggesting that the ele-
vation was due to an Hsflp-mediated heat shock response. Heat
shock induces TSL1, HSP78, and UBI4 by 135-, 41-, and 26-fold, re-
spectively (Gasch et al. 2000), but our SILAC data for pre9 cells
show them induced by 1.007-, 0.57-, and 0.79-fold, respectively. It
is also a general feature of heat-shock and other stress responses
that they are transient, and with continued growth under the
shock condition, levels soon return to near normal. Our mutants
are growing in log phase and have been under the stress of the
mutation for many generations by the time they are harvested.
Our results are, by these criteria, not due to induction of a heat
shock response.

Are the phenomena described here merely pathology of rare
mutants or are they part of the physiological response to stress?
Btn2p and Curlp are stress-inducible (Malinovska et al. 2012; Ho
et al. 2019), but it is possible that their stress-regulation is medi-
ated by the proteasome. When heat or other stress produces
large amounts of denatured proteins occupying the proteasome’s
attention, less Btn2p and Curlp are degraded allowing the Btn2p
sequestration activity (and the unknown Curlp activity) to aid in
recovery. One assumes that degradation of irretrievably dena-
tured proteins and recycling of their amino acids is preferable to
merely sequestering them. Perhaps only when the proteasome is
swamped with denatured proteins does the cell resort to seques-
tration as a Plan B.

Data availability

Strains and plasmids are available upon request. The authors af-
firm that all data necessary for confirming the conclusions of
this article are represented fully within the article and its tables,
figures, and supplementary files, the latter deposited in figshare:
https://doi.org/10.25386/genetics.14161517. The Supplementary
Information includes extended SILAC methods, strains of S. cere-
visiae (Supplementary Table S1), primers used (Supplementary
Table S2), proteins increased 1.5-fold or more in abundance in
pre9A (Supplementary Table S3), Proteins decreased 1.5-fold or
more in abundance in pre9A (Supplementary Table S4), a diagram
of the proteasome o ring (Supplementary Figure S1), evidence
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that proteasome—related knockouts do not affect [PSI+] propa-
gation (Supplementary Figure S2), evidence that [URE3-1] is less
stable in 779-6A pre9A than in BY241 pre9A (Supplementary
Figure S3), data showing that levels of Sup35p are not affected by
proteasome—related mutations in strain BY241 (Supplementary
Figure S4), data showing Btn2p levels in proteasome mutants are
elevated by the presence of [PSI+] (Supplementary Figures S5 and
S6), measuring the absolute levels of Btn2p and Curlp in strain
779-6A by comparison with purified recombinant Btn2-His6 and
Curl-His6 (Supplementary Figure S7), the multiple bands of
Curlp (Supplementary Figure S8), the elevation of Btn2p in tof2
mutants (Supplementary Figure S9) and the absence of a ubiqui-
tin ladder of Btn2p in a pre9A strain (Supplementary Figure S10).
Supplementary Table S5 compares protein turnover rates with
their levels by SILAC in pre9A strains. Supplementary material
available at figshare: https://doi.org/10.25386/genetics.14161517.
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