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Abstract

The ubiquitin proteasome system (UPS) is a highly conserved and tightly regulated bio-

chemical pathway that degrades the majority of proteins in eukaryotic cells. Importantly, the

UPS is responsible for counteracting altered protein homeostasis induced by a variety of

proteotoxic stresses. We previously reported that Rpt6, the ATPase subunit of the 19S regu-

latory particle (RP) of the 26S proteasome, is phosphorylated in mammalian neurons at ser-

ine 120 in response to neuronal activity. Furthermore, we found that Rpt6 S120

phosphorylation, which regulates the activity and distribution of proteasomes in neurons, is

relevant for proteasome-dependent synaptic remodeling and function. To better understand

the role of proteasome phosphorylation, we have constructed models of altered Rpt6 phos-

phorylation in S. cerevisiae by introducing chromosomal point mutations that prevent or

mimic phosphorylation at the conserved serine (S119). We find that mutants which prevent

Rpt6 phosphorylation at this site (rpt6-S119A), had increased susceptibility to proteotoxic

stress, displayed abnormal morphology and had reduced proteasome activity. Since

impaired proteasome function has been linked to the aggregation of toxic proteins including

the Huntington’s disease (HD) related huntingtin (Htt) protein with expanded polyglutamine

repeats, we evaluated the extent of Htt aggregation in our phospho-dead (rpt6-S119A) and

phospho-mimetic (rpt6-S119D) mutants. We showed Htt103Q aggregate size to be signifi-

cantly larger in rpt6-S119A mutants compared to wild-type or rpt6-S119D strains. Further-

more, we observed that phosphorylation of endogenous Rpt6 at S119 is increased in

response to various stress conditions. Together, these data suggest that Rpt6 phosphoryla-

tion at S119 may play an important function in proteasome-dependent relief of proteotoxic

stress that can be critical in protein aggregation pathologies.
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Introduction

The balance between synthesis and degradation is crucial for maintaining protein homeostasis.

Many studies have shown that altered protein homeostasis occurs during normal aging and

age-related disease [1–6]. In post-mitotic neurons, genetic alterations together with oxidative

stress and other forms of cellular damage are thought to underlie many of the abnormalities

that contribute to age-related and neurodegenerative diseases. The inability to repair or

remove damaged and aggregated proteins is a key feature of the pathogenesis of many diseases

of the central nervous system [7–10]. Whereas ribosomes and chaperones ensure proper syn-

thesis and folding of proteins, the ubiquitin proteasome system (UPS) and autophagosomal/

lysosomal pathways control the majority of cellular protein degradation.

The UPS is an evolutionarily conserved and tightly regulated biochemical pathway involved

in protein degradation [2, 3, 11]. The selective degradation of proteins via the UPS involves

three steps: recognition of the target protein via specific signals, modification of the target pro-

tein with ubiquitin chains, and delivery of the target protein to the 26S proteasome, a multi-

subunit protein complex that degrades the ubiquitinated proteins [3, 12]. The 26S proteasome

is a large energy-dependent protease consisting of a proteolytic 20S core particle (CP) and a

19S regulatory particle (RP). A base and a lid form the RP of the proteasome. A heterohexa-

meric ring formed by six ATPases (Rpt1-6) constitutes part of the base, which makes direct

contact with the proteolytic CP. The RP is necessary for interaction and unfolding of ubiquiti-

nated substrates and gating of the CP to ensure proper degradation [13–15].

Accumulation of aberrant or misfolded proteins occurs in many progressive neurodegener-

ative disorders [8–10, 16, 17]. Alzheimer’s disease (AD), Huntington’s disease (HD), Parkin-

son’s disease (PD) and other clinically distinct neurodegenerative disorders are considered

’proteinopathies’ of the nervous system. However, it remains unresolved whether neuronal

dysfunction and disease occur as a result of toxic protein aggregation and pathogenic activities

or whether protein aggregation interferes with the degradation of other proteins [18, 19].

Although numerous reports indicate a decline in proteasome function in age-related and

neurodegenerative diseases (reviewed in [20, 21]), a mechanistic understanding of how protea-

some activity decreases remains unclear.

We previously described the activity-dependent regulation of the 26S proteasome in mam-

malian neurons including the key step of phosphorylation of the 19S ATPase subunit, Rpt6, by

Ca2+/calmodulin-dependent protein kinase II α (CaMKIIα). Additionally, we have reported a

crucial role of Rpt6 phosphorylation on proteasome-dependent regulation of synaptic strength

and synaptic remodeling [22–24]. S. cerevisiae has been successfully utilized as a model organ-

ism to explore aging research. Indeed, studies analyzing human protein orthologs, or expres-

sion of heterologous human disease-associated proteins have revealed the value of yeast as

model to study molecular mechanisms of disease [25–29]. We confirmed that Rpt6 is phos-

phorylated in yeast, and that this modification is increased upon stress. In an effort to further

understand the functional significance of proteasome phosphorylation, we next generated dis-

crete models of altered Rpt6 phosphorylation and 26S proteasome function by manipulating a

single residue of a single proteasome subunit in S. cerevisiae. We introduced point mutations

that prevent or mimic phosphorylation at the conserved serine (S119) of Rpt6. We found that

mutants which prevent Rpt6 phosphorylation at this site (rpt6-S119Amutants) have reduced

proteasome activity, increased susceptibility to proteotoxic stress and display abnormal mor-

phology. Since impaired proteasome function has been linked to the aggregation of toxic pro-

teins including the HD related huntingtin (Htt) protein with expanded polyglutamine (polyQ)

repeats, we evaluated the extent of Htt aggregation in our phospho-dead (rpt6-S119A) and

phosphomimetic (rpt6-S119D) mutants. We showed Htt103Q aggregate size to be significantly
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larger in rpt6-S119Amutants compared to wild-type or rpt6-S119Dmutants. Furthermore,

rpt6-S119Amutants expressing Htt103Q displayed altered senescence profiles compared to

wild-type or rpt6-S119Dmutants. Together, these data suggest that dynamic phosphorylation

of Rpt6 at S119 in yeast (S120 in mammals) may play an important, conserved function in the

ability of the proteasome to counteract proteotoxic stress and protein aggregate formation.

Materials and methods

Yeast strains and knock-in strategy

We constructed an N-terminal 9xMyc-tagged RPT6 strain as previously described [30]. Since

RPT6 is essential, chromosomal gene replacement was performed in a wild-type diploid strain

(LPY15916, see S1 Table). To direct integration, a PCR product was prepared using oligonu-

cleotides oLP1751 and 1752 (S3 Table) and pLP1956 (POM20) plasmid DNA as a template (S2

Table). The strain generated was LPY17011. To allow expression of the tagged protein, the

kanMX marker was removed by Cre recombinase expression, induced from plasmid pLP192

(Life Technologies pBS39; [31]) by growth in 1% galactose. Myc-Rpt6 expression was con-

firmed by protein immunoblotting. The myc-RPT6 heterozygous diploid (LPY17208) strain

was sporulated and dissected to obtain LPY18040, the haploid myc-RPT6 strain (S1 Table).

To construct the site-specific substitution mutants, an rpt6Δ::kanMX strain (LPY16270) was

dissected from the yeast heterozygous diploid collection [32] using a covering plasmid contain-

ing wild-type RPT6 (pLP2636). The kanMX marker of LPY16270 was replaced with a natMX
cassette using pLP1630/p4339 (kindly provided by the C. Boone laboratory). ApaI digested

pLP2858 and pLP2859 were used to replace rpt6Δ::natMX in LPY16270 with the rpt6-S119A
and rpt6-S119Dmutant versions of 5’-RPT6-kanMX-N9xMyc-RPT6-RPT6-3’. Cre recombinase

was induced as above using pLP196 (Life Technologies), and cells without the covering plas-

mid were recovered by selecting for growth on 5-FOA. The integrated mutants were verified

by sequencing and immunoblot and subsequently backcrossed to wild-type to generate

LPY19188 (rpt6Δ::9myc-rpt6-S119A) and LPY19193 (rpt6Δ::9myc-rpt6-S119D) (S1 Table).

Plasmids

The wild-type RPT6 gene was subcloned from a genomic tiling library [33] into pRS316

(pLP126) using the 1.8 kb EcoRI-KpnI genomic fragment (pLP2636). A PCR product contain-

ing the 5’-RPT6-kanMX-N9xMyc-RPT6-RPT6-3’ construct from LPY17011 was cloned into

TOPO (Life Technologies), generating pLP2855 (S2 Table). The construct was amplified by

PCR sewing using oLP1707 + oLP883 for product one, and oLP1708 + oLP236 for product

two (S3 Table). Both products were mixed and amplified with oLP1707 and 1708. The con-

struct was verified by sequencing. The RPT6mutations S119A and S119D were introduced

into pLP2855 by site directed mutagenesis using oligonucleotides listed in S3 Table and veri-

fied by sequencing. The resulting plasmids were pLP2858 (rpt6-S119A) and pLP2859

(rpt6-S119D) (S2 Table).

Plasmids containing the GFP-tagged N-terminal portion of the human Huntingtin protein

were from Addgene (#1177, 1179 and 1180; [27]). Plasmids containing mHtt (Htt25Q, 72Q

and 103Q) were transformed into RPT6mutant strains (LPY6496, LPY18040, LPY19188 and

LPY19193) by standard methods [34].

Immunoprecipitations and immunoblots

200 ml cultures were grown to A600 0.8, collected by centrifugation and washed with 1X PBS.

Pellets were lysed in 250 μL of cold IP lysis buffer (50mM Tris-HCl pH7.5, 100mM NaCl,
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1mM EDTA, 0.1% Triton X-100, 10% Glycerol supplemented with Sigma COMPLETE Prote-

ase Inhibitor cocktail and 1X NME) by bead beating. Cleared lysates were incubated overnight

with 25mg of mAb anti-Myc. Protein A-Sepharose (Sigma-Aldrich) previously equilibrated in

IP buffer was added and samples were rotated for 4 hours at 4˚C. Beads were washed 3 times

with IP wash buffer (50mM Tris-HCl pH 7.5, 100mM NaCl and 1mM EDTA). Samples were

boiled for 10 min in sample buffer and resolved on 10% SDS-PAGE. Proteins were transferred

to a 0.2μm nitrocellulose membrane in a Bio-Rad Trans-Blot SD semi-dry transfer box,

blocked in 5% milk in TBS-Tween and immunoblotted for either anti-Myc 1:4,000 (Santa

Cruz, c-40; Myc1-9E10.2 hybridoma: B lymphocyte cells from Spleen: CRL-1729), pAb anti-

phospho Rpt6 1:4,000 [23], β- tubulin 1:20,000 (described in [35]) or mouse anti-GFP 1:5,000

(NeuroMab, 75–131) and anti-20S antibodies (Enzo, BML-PW8195-0025).

Growth assays

Dilution assays were performed as previously described [36] and represented five-fold serial

dilutions from A600 0.5 units of cells. Images were captured after 2–5 days of growth. Stress

plates tested included canavanine 1μg/ml (in arg- media), ethanol 8% (in synthetic complete

(SC) media), formamide 2.5% (SC), CdCl2 20μM (SC) and YPD (Yeast extract-Peptone-Dex-

trose medium) at 37˚C. Camptothecin sensitivity was assayed using 20μg/ml in DMSO, added

to YPD plates buffered with 100 mM potassium phosphate to pH 7.5 [37].

Viability assays

Assays were performed as previously described [38]. Freshly transformed strains (with

pLP3012, pLP3013 or pLP3014) were grown to saturation and diluted to A600 0.2 in ura- selec-

tion medium. Duplicates of 400 cells were plated on ura- plates from the same starting cultures

after 1, 5, 7, 10, 12 and 15 days of growth at 30˚C. Cells were counted before plating using a

hemocytometer. After 3 days at 30˚C, colony forming units (CFU) were counted from three

independent experiments. Results were normalized to vector transformed myc-RPT6-wild-

type strain.

Flow cytometry

As described in [39], cells were ethanol fixed (A600 0.8) during logarithmic growth. A total of

30,000 propidium iodide-stained cells of each strain were analyzed by flow cytometry (BD

Accuri C6) after sonication.

Bud profiling

Morphology was assessed by light microscopy for 2500–3000 cells per mutant strain from

three independent experiments. Either single cells or cells with one bud were registered as nor-

mal. Two or more fused cells, cells with two or more buds or increased size cells when com-

pared to wild type were registered as abnormal. Statistical analysis consisted of average and

one-way ANOVA p< 0.1.

Native-PAGE peptidase and 26S fluorogenic peptidase activity assays

Strains were grown to both A600 5.0 and 0.6, spun down and freeze-dried with liquid nitrogen

as previously described [40]. Briefly, cells were rehydrated using lysis buffer (25mM HEPES--

KOH pH 7.4, 5mM MgCl2, 10% Glycerol, 1mM DTT, 2mM ATP), and ultracentrifuged at

100,000xg 30 min to obtain whole cell lysates. Native PAGE was performed as previously

described [41]. 3–12% gradient gels run at constant voltage for 4 hr at 4˚C were soaked in

Rpt6 phosphorylation and proteotoxic stress in yeast
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developing buffer (50mM Tris-HCl pH 7.4, 5mM MgCl2, 0.5mM EDTA, 1mM ATP) contain-

ing 50μM Suc-LLVY-AMC substrate. Stimulation of CP gate opening was performed using

0.02% SDS for 30 min. All images were obtained using Protein Simple FluorChem E imaging

system. Gels were then transferred to nitrocellulose and probed with anti-myc and anti-20S

antibodies. Chymotrypsin-like activity of 26S proteasomes from whole cell lysates was moni-

tored over time (20 sec/ 2 hr) using Suc-LLVY-AMC substrate (Enzo) as previously described

[42]. The peptidase assay was run in triplicate using a normalized protein concentration moni-

tored on a Perkin-Elmer HTS7000 BioAssay Microplate reader. Kinetic rates from each

mutant strain were plotted from the averaged triplicate data.

Results

Rpt6 is phosphorylated in S. cerevisiae in response to stress

Several subunits of the proteasome have been reported to be phosphorylated in vivo [43, 44],

however, relatively few studies have addressed how phosphorylation may regulate proteasome

function. Phosphorylation might regulate proteasome subunit assembly, disassembly, or dis-

tinct proteasome activities, such as peptidase activity, ATPase activity, ubiquitin binding, and/

or deubiquitinating activities. Further, phosphorylation might regulate the cellular distribution

and trafficking of proteasomes and association with proteasome-interacting proteins. In mam-

malian neurons, we found that Rpt6 is phosphorylated at serine 120 (S120) in a neuronal activ-

ity-dependent fashion [22]. It is clear that Rpt6 S120 phosphorylation increases proteasome

activity and promotes the redistribution of proteasomes to synapses [22, 23, 45], although fur-

ther mechanistic details remain under study.

In S. cerevisiae RPT6 has been previously studied with conditional alleles in which variable

phenotypes were observed, depending on the strength of each mutation [46, 47]. These studies

were important for defining Rpt6 function in RP’s base assembly and its interaction with the

core particle, which is indispensable for 26S proteasome assembly [48]. Similar mutants of

other RP ATPases had distinct phenotypes [49], showing specialized roles in protein degrada-

tion, chromatin regulation, gene expression and DNA damage repair, among other cellular

processes [50–55]. To date however, little is known about the role of phosphorylation in the

regulation of RP ATPase subunits.

The sequence of proteasomal subunits is conserved from yeast to humans. The sequence

identities of the RP base ATPase subunits range from 66%-76%, with Rpt6 74% identical to its

human ortholog [56]. Furthermore, the sequence surrounding S120 in mammals and S119 in

yeast is 81% identical (Fig 1A). To address the functional relevance of Rpt6 phosphorylation

on proteasome function in vivo, we performed studies in yeast. Two strains with chromosom-

ally integrated mutations were constructed. The first substituted Ser119 of Rpt6 with alanine

(rpt6-S119A) creating a non-modifiable phospho-dead residue; the second mutant strain was

generated with an aspartic acid (rpt6-S119D) substitution as a phosphomimetic residue (S1

Table). Because the carboxy-terminus of Rpt6 contributes to proteasome assembly by estab-

lishing direct contacts with the CP [40, 57] and with protein chaperone Rpn14 [58], we con-

structed an N-terminal Myc-epitope tagged Rpt6 to facilitate immuno-precipitation while

retaining C-terminal function. Wild-type (myc-RPT6) and both mutants (myc-rpt6-S119A and

-S119D) were expressed from the endogenous chromosomal locus at similar levels (Fig 1B). To

determine if Rpt6 was phosphorylated at S119 in yeast, Myc-Rpt6 was immunoprecipitated

using a mouse anti-Myc antibody, and probed with an anti-phospho S120 Rpt6 pAb (pS120)

by immunoblotting. We observed little signal to no signal for the myc-rpt6-S119Amutant (Fig

1C). In contrast, strong immunoreactivity was detected for the Myc-Rpt6 protein (Fig 1C)

indicating that Rpt6 is phosphorylated in yeast at S119 (Fig 1C).
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Fig 1. The rpt6-S119A mutants had increased susceptibility to proteotoxic stress and displayed

abnormal morphology. (A) Alignment of Rpt6 sequences from rat, human and yeast indicate conservation of

the S120 phosphorylation site. Note the presence of a serine at position 117 in yeast. This residue may

contribute to some cross-immunoreactivity for the pS120 antibody in the myc-rpt6-S119A strain (see below). (B)

Qualitative analysis of myc-tagged Rpt6 (myc-Rpt6) expression. Immunoblot depicts similar levels of expression

in strains tested. (C) Representative immunoblot of myc-RPT6 and myc-rpt6-S119A lysates immunoprecipitated

with α-myc antibodies and resolved on SDS-PAGE. The anti-Rpt6 pS120 antibody recognizes wild-type myc-

Rpt6, whereas little to no signal is observed for the myc-rpt6-S119A mutant, suggesting that Rpt6 is

phosphorylated in yeast. (D) Increased sensitivity to proteotoxic stress is observed in the myc-rpt6-S119A

mutant. The fitness of the myc-rpt6-S119D strain was comparable to myc-RPT6. The myc-rpt6-S119A strain

was sensitive to elevated temperature, ethanol and canavanine. Arg- medium serves as a control for

canavanine, which is a toxic analog of arginine. (E) Phosphorylation of endogenous Rpt6 is increased upon

stress. Protein lysates from cells grown under normal and stress conditions (37˚ and canavanine (1ug/ml;2h))

were probed with the anti-pS120 antibody. (F) Representative micrographs of myc-RPT6 strains (DIC and DAPI)

during log phase indicate abnormal morphology in the myc-rpt6-S119A mutant. (G) Quantitative analysis of

morphological studies in (F). Graphs denote 3 independent experiments. Abnormal morphology is increased to

10% of the total population in myc-rpt6-S119A.

https://doi.org/10.1371/journal.pone.0179893.g001
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The rpt6-S119A phospho-dead mutant is sensitive to conditions that

induce protein misfolding

Proteasome function is required for maintaining protein homeostasis and cell survival during

protein stress. To characterize the importance of Rpt6 phosphorylation on proteasome func-

tion, we evaluated growth of the RPT6 phospho-mutant strains under proteotoxic stress. As

shown in Fig 1D, the growth and fitness of myc-RPT6 and the phosphomimetic mutant, myc-
rpt6-S119D, was comparable to wild-type RPT6 (See also S1 Fig). We did, however, find that

the expression of the phosphomimetic rpt6-S120Don a 2μ plasmid in the RPT6 null back-

ground promoted greater resistance to proteotoxic stress (ethanol 8%) when compared to

RPT6 or rpt6-S120A (also expressed on a 2μ plasmid in the RPT6 null background) (S1 Fig). In

contrast, the chromosomal myc-rpt6-S119A phospho-dead mutant was sensitive to growth at

37˚C, to ethanol and to canavanine. The sensitivity phenotypes of the myc-rpt6-S119Amutant

are similar to those previously found in strains with mutations in the ATPase domain of Rpt6

[40, 59]. Since growth was comparable between myc-RPT6 and myc-rpt6-S119D, we suggest

that phosphorylation of Rpt6 at S119 is important for maintaining proteasome function during

cellular protein stress. In addition, when myc-rpt6-S119Awas evaluated as a heterozygote, no

sensitivity to proteotoxic stress was observed (S2B Fig), demonstrating that the S119A muta-

tion in RPT6was recessive.

The myc-rpt6-S119Amutant proved to be sensitive to other agents that disrupt protein

structure, including formamide and cadmium chloride (S2A Fig). Furthermore, this mutant

was sensitive to the DNA damage inducing agent camptothecin (CPT), an inhibitor of topo-

isomerase I (S2A Fig). Collectively, these data indicate that alanine substitution at S119, pre-

venting its posttranslational modification, results in growth defects in stress conditions similar

to those of null alleles of non-essential proteasome subunits and to strains carrying thermosen-

sitive alleles of CP or RP subunits [48, 50, 54, 55, 60].

To confirm the biological relevance of the findings above, we evaluated phosphorylation of

myc-Rpt6-S119 in response to stress. When cells were grown at either high temperatures or in

the presence of proteotoxic stress agents, we observed an increase in S119 phosphorylation rel-

ative to cells grown under normal conditions (Fig 1E). This suggests that phosphorylation of

Rpt6 at S119 may have a role in regulating proteasome function as a response to stress

mechanisms.

Because of established roles for protein turnover in cell cycle regulation [61, 62] the cell

cycle profiles of both rpt6 phospho-mutants were also analyzed. As shown in S3 Fig, a defect in

progression through the G2/M phase of the cell cycle was observed in all myc-RPT6 strains

tested, which was in agreement with previous reports [46]. This shows that the N-terminal

Myc-epitope may modestly interfere with Rpt6 function in the G2/M transition. This effect

appears independent of any effects on proteasome function in proteotoxic and cellular stress

conditions, and may thus point to a previously unsuspected role for the N-terminus. Notably,

the delay in the G2/M transition was independent of S119 mutations (S3 Fig). Typically, a G2/

M block is characterized by a high percentage of budded cells. All three myc-RPT6, myc-
rpt6-S119A and myc-rpt6-S119D strains had between 40–55% budded cells (Fig 1F). However,

we observed a significant increase in the multi-budded phenotype in myc-rpt6-S119Amutants

(Fig 1G) suggesting additional defects in the control of cell division. Together, these data indi-

cate that the myc-rpt6-S119Dmutant strain had similar growth phenotypes to the myc-RPT6
strain, whereas the myc-rpt6-S119Amutant was sensitive to proteotoxic and other cellular

stressors and had an exacerbated budding defect.
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Decreased proteasome activity in the myc-rpt6 S119A mutant

It was important to determine if proteasome function was altered in the myc-rpt6-S119A
mutant. We first evaluated proteasome activity from lysates of wild-type and mutant strains by

native gel electrophoresis followed by an in-gel activity assay with the fluorogenic proteasome

substrate Suc-LLVY-AMC. The myc-rpt6-S119Amutant had significantly decreased protea-

some activity associated with both singly and doubly capped proteasomes (20S CP associated

with one and two 19S RP, respectively), although the total level of proteasomes was compara-

ble (Fig 2A and 2B). We additionally monitored the chymotrypsin-like activity of 26S protea-

somes in whole cell lysates by Suc-LLVY-AMC cleavage over time. We found that proteasome

activity was significantly decreased in lysates of myc-rpt6-S119Amutant when compared to

myc-RPT6 or myc-rpt6-S119Dmutant strains (Fig 2C). We did not see enhanced proteasome

activity in myc-rpt6-S119Dmutant strain compared to myc-RPT6. Thus, preventing Rpt6 phos-

phorylation at S119 decreased proteasome function and increased susceptibility to proteotoxic

stress.

Altered Rpt6 phosphorylation exacerbates Htt polyQ aggregation and

proteotoxicity

Since the cloning of the Huntington’s disease (HD) gene in 1993, transgenic models of HD

have been constructed in multiple model organisms including yeast, nematodes, flies and mice

[63]. S. cerevisiae has proven to be an excellent organism in which to study molecular mecha-

nistic aspects of human neurodegenerative disease [28, 64]. In particular, HD which is caused

by the expansion of a tri-nucleotide CAG repeat (poly-Q expansion) at the N-terminus of

exon 1 of mutant Huntingtin (Htt), has been well-characterized [27, 65, 66]. The poly-Q

expansion leads to misfolding of Htt and formation of mutant Htt-containing protein aggre-

gates [27, 64]. Several studies have shown that proteasome activity is decreased in the affected

brain regions of HD patients [67], whereas in yeast, expression of a mutant Htt fragment

(Htt72Q or higher) causes aggregate formation, transcriptional dysregulation, cellular toxicity,

perturbations in kynurenine pathway metabolites, increased reactive oxygen species (ROS),

mitochondrial dysfunction, and defects in endocytosis and apoptotic events [27, 64–66].

Importantly, some models of HD recapitulate the relationship of mutant Htt-containing pro-

tein aggregates and decreased proteasome activity.

To determine if altered Rpt6 phosphorylation influences mutant Htt-induced defects in

growth and the extent of protein aggregate formation, we transformed myc-RPT6, myc-
rpt6-S119Aand myc-rpt6-S119D strains with plasmids to induce expression of a fragment of

Htt with differing polyQ lengths (Htt25Q, Htt72Q and Htt103Q) (Fig 3A). The growth of myc-
RPT6 and myc-rpt6-S119D strains expressing all mutant Htt polyQ variants upon challenge

with canavanine was comparable to cells transformed with the vector control (Fig 3B). There

was a slight decrease in growth with increasing length of the polyQ repeat length (Fig 3B). In

contrast, the myc-rpt6-S119A strain displayed significantly reduced growth with increasing

polyQ repeat length (Fig 3B). We subsequently evaluated protein aggregate formation of

mutant GFP-Htt in all RPT6 strains. As shown in Fig 3C, expression of Htt25Q was evenly dis-

tributed throughout the cell, whereas Htt72Q formed small protein aggregates in all strains, as

previously described in a wild-type strain [27]. Htt103Q expression in the myc-rpt6-S119A
mutant formed considerably larger mHtt aggregates compared to myc-RPT6 and myc-
rpt6-S1119D (Fig 3C and 3D). Together these data demonstrate that clearance of mutant

Htt103Q protein aggregates is compromised in the myc-rpt6-S119Amutant with decreased

proteasome function.
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Compromised senescence in myc-rpt6-S119A cells expressing Htt103Q

Yeast stationary phase growth or chronological life span (CLS) assays measure the survival of

cell populations in post-mitotic or non-dividing phases. These metrics appear similar to those

for mammalian cells such as neurons that do not divide or that have long non-mitotic rest

phases [68, 69]. Because we found differences in protein aggregate size among RPT6 strains,

we sought to simulate conditions analogous to the neuronal non-dividing state by analyzing

how cell survival upon extended chronological age might be affected. The viability of all myc-

Fig 2. Proteasome activity was decreased in the myc-rpt6-S119A mutant. (A) Lysates from strains in

stationary phase (A600>5.0) were subjected to native gel electrophoresis followed by an in-gel activity assay

with the fluorogenic proteasome substrate Suc-LLVY-AMC. The myc-rpt6-S119A mutant displays lower

activity by native in-gel analysis (before and after 20S gate opening by SDS). (B) Gels from (A) were

transferred to nitrocellulose and probed with anti-myc and anti-20S antibodies. Immunoblotting indicated

similar levels of proteasomes. Shown are representative in-gel and immunoblot analysis from 3 or more

independent experiments. RP = Regulatory Particle, CP = Core Particle. (C) The chymotrypsin-like activity of

26S proteasomes in whole cell lysates of stationary phase cells (A600>5.0) was monitored by Suc-LLVY-AMC

cleavage over time on microplate reader (ex. 360nm and em. 465nm). The mean ± SEM rate of Suc-

LLVY-AMC cleavage is decreased in the myc-rpt6-S119A mutant compared to the WT and myc-rpt6-S119D

strains. *p < 0.05, one way ANOVA. Data are from two biological samples (n = 2) with triplicate analysis.

https://doi.org/10.1371/journal.pone.0179893.g002
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Fig 3. Altered Rpt6 phosphorylation and proteasome function exacerbated Htt polyQ aggregation and

proteotoxicity. (A) Representative immunoblot (anti-GFP) of GFP-tagged (Htt) with different polyQ repeats

(Htt25Q, Htt72Q and Htt103Q). Expression is similar in all myc-Rpt6 strains. (B) Expression of Htt72Q and

Htt103Q increased the sensitivity of myc-rpt6-S119A to canavanine. Strains transformed with URA3 marked

vector, Htt25, Htt72 and Htt103 plasmids were plated on canavanine to induce proteotoxic stress. The arg- ura-

plates are controls. (C) Representative images of RPT6 mutants transformed with Htt25Q, Htt72Q and Htt103Q

constructs. Larger GFP-Htt aggregates are observed in the myc-rpt6-S119A mutant compared to WT and the

myc-rpt6-S119D mutant. (D) Quantification of aggregate size (total GFP signal within a cell) is presented for

Rpt6 phosphorylation and proteotoxic stress in yeast
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RPT6 strains expressing vector control or mutant Htt103Q was measured to assess the influ-

ence of mutant Htt protein aggregation and senescence profiles. We grew all transformed

strains in glucose-containing medium for up to 15 continuous days, plating on fresh medium

after 1, 5, 7, 10, 12 and 15 days of growth. The colony forming units (CFU), corresponding to

cells able to exit senescence and resume growth were quantified after three days and the results

were normalized to myc-RPT6 cultures transformed with vector (plated after one day of

growth). The relative number of colonies indicated the survival of the strains, where the CFU

number is proportional to the fitness of the strains after varying times in stationary phase. Vec-

tor-transformed myc-RPT6, myc-rpt6-S119D and myc-rpt6-S119A strains had a similar loss in

viability after 5 days of growth, also comparable to that obtained for Rpt6 mutants transformed

with Htt- 25Q (S4 Fig). However, when GFP-Htt103Q was expressed, the initial viability of all

tested strains after one day of growth was 30% lower compared to vector transformants. We

propose that this phenotype could reflect a problem in establishing a senescent state, delaying

cell death as the cells age. This phenotype is stronger in the myc-rpt6-S119Amutant (Fig 4B),

suggesting that normal proteasomal function may be relevant in establishing a cell’s death pro-

gramming during chronological aging.

Discussion

The UPS, which controls the majority of protein degradation in eukaryotic cells, is particularly

important for counteracting altered protein homeostasis observed in age-related and neurode-

generative diseases. Indeed, the inability to rid cells of damaged proteins is believed to be key

to the pathogenesis of many neurodegenerative diseases including AD, PD and HD. In some

cases these proteins form heavily ubiquitinated protein aggregates. One hypothesis is that an

increased proteotoxic load impairs proteasome function, thereby making cells more suscepti-

ble to stress. Alternatively, the degradation of non-toxic proteins may become impaired, which

then alters normal cellular function. Historically, proteasome inhibitors have been used to

understand how proteasome dysfunction contributes to disease pathogenesis. However, these

have a limited utility because they are toxic to cells and cause death by apoptosis, perhaps due

to cell cycle arrest [42, 70–73]. Several recent studies have reported the phosphorylation of

multiple proteasome subunits. We and others have shown that the ATPase RP subunit, Rpt6,

is phosphorylated at serine 120 by the CaMKIIα plasticity kinase in the mammalian CNS [22,

45]. We reported that Rpt6 phosphorylation is important for synaptic strength and protea-

some-dependent remodeling of dendritic spines [23, 24]. Yet, the physiological significance of

how proteasome phosphorylation regulates the rate and selectivity of substrate degradation

remains an important question that is the topic of ongoing investigation.

The budding yeast S. cerevisiae has been used successfully to model neurodegenerative dis-

eases, not only to understand the molecular mechanisms involved but also to provide insight

into potential therapeutic approaches for these diseases [74]. In this study, we created phos-

pho-dead and phospho-mimetic mutants of Rpt6 serine 119 in yeast (serine 120 in mammals)

and report phosphorylation of the 26S proteasome to be an important cis-regulatory post-

translational modification for the proteasome in counteracting proteotoxic stress. Using phos-

phospecific Rpt6 S120 antibodies we showed that Rpt6 is phosphorylated at serine 119. This

posttranslational modification is increased upon temperature and proteotoxic stress, under-

scoring a possible role in regulation of Rpt6 and proteasome function. In addition, rpt6-S119A
mutants that prevent Rpt6 phosphorylation at this site have reduced proteasome activity.

Htt103Q expression. Graphs depict mean aggregate size ± SEM (arbitrary units). **p < 0.01, one way ANOVA.

n = 45 to 60 individual GFP-aggregates (cells) measured over 2 independent experiments.

https://doi.org/10.1371/journal.pone.0179893.g003
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In mammalian cell lines and primary neurons we found that the overexpression of CaM-

KIIα induced a dramatic increase in the chymotryptic peptidase activity of the proteasome

[22]. Furthermore, purified 26S proteasomes from Rpt6 S120A mutant mouse brains have

both decreased chymotryptic activity in addition to decreased ATPase activity (F.Gonzales and

G.Patrick, unpublished findings). CaMKIIα activity promotes the active sequestration of 26S

proteasomes in dendritic spines [23, 45], however in this case, CaMKIIα kinase activity is dis-

pensable which indicates that interactions of CaMKIIα with the 26S proteasomes can be suffi-

cient to drive proteasomes into dendritic spines [45]. It is therefore plausible that in yeast the

S119A mutation alters a variety of 19S proteasome activities (e.g. assembly, gating of 20S CP,

substrate translocation) as well as interactions with the many proteasome interacting proteins

(PIPs) [57, 58, 75–81].

Although it is yet to be determined mechanistically how the S119A mutant alters 26S pro-

teasome function, we find that it renders the cells more susceptible to various proteotoxic

Fig 4. Senescent myc-rpt6-S119A cells expressing Htt103Q had a delayed loss of viability relative to

myc-RPT6 upon chronological aging. Strains were plated at 30˚C to assess viability after 1, 5, 7, 10, 12

and 15 days of growth in liquid medium. Graphs are the average of three independent experiments performed

with duplicate samples. Values were plotted relative to myc-RPT6 transformed with vector. Comparison of all

strains transformed with p416 control vector (A) or p416-Htt103Q (B). Graph for all strains expressing Htt25Q

is shown in S4 Fig.

https://doi.org/10.1371/journal.pone.0179893.g004
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stresses. One might predict that the rpt6-S119Dmutation would confer enhanced ability to

counteract proteotoxic stress in comparison to the wild-type strain. We found this to be the

case when RPT6 null strains overexpressing rpt6-S119Dwere grown in 8% ethanol (S1 Fig).

When rpt6-S119Dwas expressed from the endogenous locus, the susceptibility to proteotoxic

stress was similar to wild type RPT6. Nonetheless, while the rpt6-S119A strain grew similar to

wild type and rpt6-S119D in normal growth media, growth was significantly perturbed in

stress-inducing conditions. As we demonstrated that the myc-Rpt6-S119A protein (the only

cellular source of the Rpt6 protein in the null background) is clearly incorporated into func-

tional proteasomes allowing viability of the cells in normal growth media, we suggest that Rpt6

phosphorylation has a role in the cellular response to proteotoxic stress.

We also found protein aggregates of mutant Huntingtin protein with expanded CAG

repeats (mHtt103Q) to be significantly larger in rpt6-S119Amutants compared to wild-type or

rpt6-S119Dmutants. Intriguingly, Krobitsch and Lindquist did not find any effects on aggre-

gate size in various partial loss-of-function mutations of the UPS, including mutations in

genes encoding 20S (DOA3) and 26S (SEN3/RPN2) proteasome subunits [27]. In this work, we

showed that Htt aggregates did not appear to be toxic for cells unless sensitized by proteotoxic

stress, such as growth in canavanine. Furthermore, Lin et al. (2013) showed that expressing

Rpt6 S120A in mouse brain blocked the ability of a cAMP-elevating reagent to enhance protea-

some activity, whereas the phosphomimetic Rpt6 mutant (Rpt6 S120D) increased proteasome

activity, reduced HTT aggregates, and ameliorated motor impairment [82]. This further sup-

ports the idea that Rpt6 S120 phosphorylation is important for proteasome function under var-

ious stress conditions including protein aggregation.

We expected myc-rpt6-S120Amutants, which are significantly more sensitive to proteo-

toxic stress and have larger toxic Htt103Q aggregates (Figs 1 thru 3), to be more susceptible

to chronological aging. However, viability was instead increased in myc-rpt6-S120Amutant

strain compared to myc-rpt6 and myc-rpt6-S119D strains (Fig 4B). In part, this is reminiscent

of the findings in neurodegenerative disease models, where persistence of a non-functional

cell state can exhaust brain resources, causing longer time in a senescent state, until apoptosis

is activated [83–85]. This result will be of interest to pursue as the possibility of an adaptive

response involving activation of chaperones or autophagy remains. It is also possible that the

senescence phenotypes observed here are distinct from the response to stress discussed

above.

Together, our findings support the notion that Rpt6 phosphorylation at S119/S120 plays an

important, conserved function in the ability of the proteasome to counteract proteotoxic stress

and protein aggregate formation. Interestingly, the proteasome has been shown to be modified

by other post-translational modifications [86–89, 89, 90]. Future studies will be important to

help determine the mechanisms of how Rtp6 phosphorylation or other modifications alter 26S

proteasome function in both normal and pathological states.
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S1 Fig. Overexpression of phosphomimetic rpt6-S120D promotes resistance to

proteotoxic stress in the RPT6 null background. rpt6Δ null strains overexpressing RPT6
or rpt6-S120Awere sensitive to ethanol 8%. All plasmids transformed in the experiment were

2μ.
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S2 Fig. The rpt6-S119A mutant had increased susceptibility to proteotoxic stress. (A)

Growth assays for all mutants challenged with elevated temperature or protein instability and

DNA repair blocking agents. (B) WT and mutant strains were mated to WT yeast to produce
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diploids. Heterozygous diploid strains (�) had comparable growth to WT diploid yeast indicat-

ing that the rpt6mutants are not dominant.
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S3 Fig. Cell cycle profiles of myc-RPT6, myc-rpt6-S119A, and myc-rpt6-S119D strains were

comparable. Flow cytometry analysis performed during logarithmic phase A600 0.6 (30˚C and

34˚C) and stationary phase A600 >5 (30˚C) revealed a similar delay in cell cycle progression in

all myc-tagged strains.

(PDF)

S4 Fig. Strains myc-rpt6-S119A and myc-rpt6-S119D expressing Htt25Q had a similar loss

of viability upon chronological aging. Strains were grown in liquid ura- medium at 30˚C and

plated to asses viability after 1, 5, 7, 10, 12 and 15 days of growth. The graph is the average of

three independent experiments performed with duplicate samples. Values were plotted relative

to myc-RPT6 transformed with vector.

(PDF)

S1 Table. List of strains utilized in this study.
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