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Abstract

The 26S proteasome is responsible for most regulated protein turnover and for the degradation of
aberrant proteins in eukaryotes. The assembly of this ~2.5 MDa multicatalytic protease requires
several dedicated chaperones and, once assembled, substrate selectivity is mediated by ubiquitin
conjugation. After modification with ubiquitin, substrates are escorted to the proteasome by
myriad factors, including Cdc48 (cell-division cycle 48). Cdc48 also associates with numerous
cofactors, but, to date, it is unclear whether each cofactor facilitates proteasome delivery. We
discovered that yeast lacking a conserved Cdc48 cofactor, Vms1 [VCP (valosin-containing
protein)/Cdc48-associated mitochondrial stress-responsive], accumulate proteasome-targeted
ubiquitinated proteins. Vms1 mutant cells also contain elevated levels of unassembled 20S
proteasome core particles and select 19S cap subunits. In addition, we found that the ability of
Vms1 to support 26S proteasome assembly requires Cdc48 interaction, and that the loss of Vms1
reduced 26S proteasome levels and cell viability after prolonged culture in the stationary phase.
The results of the present study highlight an unexpected link between the Cdc48-Vms1 complex
and the preservation of proteasome architecture, and indicate how perturbed proteasome assembly
affects the turnover of ubiquitinated proteins and maintains viability in aging cells.
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INTRODUCTION

The UPS (ubiquitin—proteasome system) constitutes the major protein degradation
machinery in eukaryotic cells and regulates many essential cellular processes, including the
cell cycle, signal transduction, transcription and protein quality control [1-6]. As the name
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implies, UPS substrates are covalently modified by ubiquitin, which is a 76-amino-acid
peptide that is most commonly attached via an isopeptide bond on to a lysine residue in a
protein substrate [7,8]. The formation of a polyubiquitin chain, containing at least four
moieties, is required to target the substrate to a multisubunit catalytic protease, the 26S
proteasome [9].

The 26S proteasome is a ~2.5 MDa structure composed of two particles: the core particle
(20S or CP), which harbours three distinct proteolytic activities, each in duplicate, and the
regulatory particle (19S, PA700 or RP), which recognizes and processes ubiquitinated
substrates through ubiquitin receptors and deubiquitinating enzymes respectively [10,11].
When bound to the 20S particle, the 19S particle also opens an obstructed aperture in the
20S particle and unfolds substrates so they can access resident proteases. These events are
catalysed by a hexameric AAA-type ATPase ring that neighbours the 20S particle [12,13].
In turn, the central 20S core is flanked on either end by one or two 19S subunits, thus
forming the RP-CP and RP,CP proteasome subtypes respectively. Each 20S particle is
composed of two central B-type rings and two outer a-rings that exhibit seven-fold
symmetry [14-16]. The 19S particle, which contains at least 19 subunits, is more complex,
although recent papers have shed light on the placement of the ubiquitin-binding subunits,
the deubiquitinating enzyme and the hexameric AAA-ATPases in the particle [17-19].

Assembly pathways have been explored for both the 20S and 19S particles, and, not
surprisingly, these are quite complex. The 20S assembly pathway begins with the formation
of an a- and p-ring pair (the ‘half-mer’) and is assisted by the proteasome assembly
chaperones Pbal (proteasome biogenesis-associated 1)-Pba4 [11,20-22]. The coalescence
of two half-mers, along with another assembly chaperone, Ump1 (ubiquitin-mediated
proteolysis 1), precedes the maturation of the 1, 2 and 5 catalytic subunits and the
concomitant degradation of Ump1 [23-26]. In contrast, the 19S particle has historically been
defined to consist of two subparticles: the base, which directly contacts 20S, and the lid [27].
The assembly of the base, which is composed of the hexameric ATPases Rptl (regulatory
particle triple-A protein 1)-Rpt6, as well as the Rpn1 (regulatory particle non-ATPase 1),
Rpn2 and Rpn13 subunits, requires a cohort of assembly chaperones [Hsm3 (enhanced
spontaneous mutability 3), Nas2 (non-ATPase subunit), Nas6 and Rpn14] and proceeds in
an established order [28-33]. However, dedicated factors that assist in the assembly of the
lid subparticle, which consists of the Rpn3, Rpn5-Rpn9, Rpn11 and Rpn12 subunits, have
not been identified [34,35]. How the lid and base subparticles assemble is also not entirely
clear, but the incorporation of Rpn10, a ubiquitin-binding receptor, is believed to signify the
completion of 19S regulatory particle assembly [27,36]. The final assembly of the 26S
proteasome is proposed to occur through one of two possible pathways [37]. The 20S
particle may template the assembly of 19S [20,28,29], or 19S may assemble independently
before joining 20S [30,32,33]. Regardless, the assembly pathways are most probably
redundant since yeast lacking multiple 19S assembly chaperones are viable and, in some
cases, the production of 19S or formation of the 26S proteasome is unimpeded [28,30,33].

Once assembled, ubiquitinated substrate delivery to the proteasome requires a cohort of
factors, one of which is Cdc48 (cell-division cycle 48) in yeast or its homologue p97 [also
known as VCP (valosin-containing protein)] in mammals. Cdc48, which is an AAA-type
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ATPase, does not act alone and a growing number of Cdc48 partners have been identified,
although in most cases the functions of these proteins are mysterious [38,39]. In the present
paper we report that the loss of a conserved Cdc48 partner Vms1 (VCP/Cdc48-associated
mitochondrial stress-responsive) [40-42] leads to the accumulation of ubiquitinated proteins
and is accompanied by increased levels of 20S and 19S proteasome assembly intermediates.
Because the observed phenotypes can only be rescued with a copy of Vms1 that interacts
with Cdc48, and based on the accumulation of distinct proteasome subunits, we propose that
Vms1-Cdc48 maintains proteasome architecture. We have also discovered that Vms1
function maintains the population of capped proteasomes and is required for cell viability in
aging yeast cells. The results of the present study explain the mechanism underlying
previous observations linking Vms1 function to several UPS-associated phenomena.

EXPERIMENTAL

Yeast strains, growth conditions and plasmids

The yeast strains used in the present study are listed in Supplementary Table S1 (http://
www.biochemj.org/bj/458/bj4580459add.htm). Strains were either obtained from Open
Biosystems or made by standard genetic procedures [43].Double- and triple-mutant strains
were generated by mating yeast mutants of the opposite mating type and sporulating the
resulting diploids in 2% potassium acetate. Tetrads were dissected and genotypes were
confirmed by screening on selective medium. Strains containing HA (haemagglutinin)
epitope-tagged versions of Vms1 were created by amplifying a cassette containing URA3
and Vms1-HA from pRS316-VMS1-HA or pRS316-VMSI1AVIM-HA [41]. The cassette,
which contained homology towards KanMX, was used to replace the vms1AKanMX locus.
The plasmids used in the present study are listed in Supplementary Table S2 (http://
www.biochemj.org/bj/458/bj4580459add.htm).

For all experiments, including stationary-phase analysis, yeast strains were grown at either
26°C or 30°C with shaking at 200 rev./min. The liquid culture medium was either YPD (1%
yeast extract, 2% bacto-peptone and 2% dextrose) or SC (synthetic complete) [43]. For spot-
growth assays, one Dggq of cells was serially diluted 10-fold, spotted on to YPD plates and
incubated for 1 day. For the Methylene Blue viability experiments, an aliquot of cells (5-25
ul) was mixed with a 0.1% solution of Methylene Blue (Sigma) and viable and inviable cells
were counted with a haemacytometer.

Protein extraction

Total protein extracts for SDS/PAGE were prepared as described previously [44]. When
total levels of ubiquitin were assayed, samples were heated at 37°C for 30 min before SDS/
PAGE. When protein extracts were prepared to monitor proteasome activity and were
analysed by immunoblotting after native PAGE, samples were processed according to
published methods, but with minor modifications [45]. In brief, strains were grown to an
Dgoo of 0.6-1.0, harvested and washed with ice-cold water. The cell pellet was then
resuspended in 50 mM Tris/HCI (pH 7.4), 5 mM MgCl,, 5mM ATP and 1mM DTT, and the
cell slurry was added drop-wise to liquid nitrogen in a mortar. The cells were ground with a
pestle for 80 strokes and the resulting powder was snap-frozen in liquid nitrogen and stored
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at —80°C until used. Where indicated, cell extracts were prepared by glass-bead lysis on a
vortex mixer with six 1-min pulses with a 1-min rest on ice in between each pulse. In both
cases, lysates were clarified by centrifugation (18000 g for 30 min at 4°C). To
immunoprecipitate Cdc48, protein extracts were prepared as follows. Cells were grown to a
Dgoo of 0.6-1.0, treated with 0.1 M sodium azide, and then harvested and washed with ice-
cold water. The cells were resuspended in 50 mM Hepes/NaOH (pH 7.4), 150 mM NaCl and
5 mM EDTA, supplemented with a protease inhibitor cocktail (including MG-132) and 10
MMNEM (N-ethylmaleimide), and were lysed with glass beads as described above. Cdc48
and associated proteins were precipitated for 4 h at 4°C with an anti-Myc antibody-agarose
conjugate (Santa Cruz Biotechnology) in the same buffer, but supplemented with 0.25%
Nonidet P40. The precipitates were washed three times with this buffer and bound proteins
were eluted with sample buffer.

Native gel analysis and proteasome activity assays

Native gel analyses were performed as described in [45] using 3.5 or 4.25% non-denaturing
PAGE. The gels were prepared in a buffer containing 90 mM Tris base, 90 mM boric acid, 5
mM MgCl,, 0.5mM EDTA, 2.5mM ATP and 1mM DTT, and were polymerized with
0.075% TEMED (N,N,N’,N’-tetramethylethylenediamine) and 0.1% APS (ammonium
persulfate). Unless noted otherwise, 50 pg of clarified lysate was mixed with the appropriate
amount of 5x sample buffer [250 mM Tris/HCI (pH 7.4), 50%glycerol and 60 ng/ml Xylene
Cyanol] and centrifuged for 5 min at 18000 g at 4°C. After the samples were loaded, the gel
was run at a 100-110 V constant voltage at 4°C with buffer circulation. The running buffer
was the same as the buffer used to prepare the gel except 1 mM ATP was added. To measure
the activity of singly and doubly capped proteasomes, the gel was incubated in 50 mM
Tris/HCI (pH 7.4), 5 mM MgCl,, 1 mM ATP and 50 pM Suc-LLVY-AMC (N-succinyl-
Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin; Enzo Life Sciences) for 30 min at 37 °C, and
the fluorescent signal was visualized using a Kodak Image Station 440CF. To image the
activity of the latent 20S core particle, SDS was added to a final concentration of 0.02% and
the gel was incubated for 20 min at 37°C before imaging. For Western blotting, gels were
pre-incubated in transfer buffer for 10 min before proteins were transferred on to
nitrocellulose membranes and blotted with the indicated antibodies.

Real-time measurements of proteasome activity were performed as reported previously
[22].Atotal of 50 pgof clarified yeast extract, prepared by glass-bead lysis as described
above, was mixed with an equal volume of 50 mM Tris/HCI (pH 7.4), 5 mM MgCl,, 5mM
ATP, ImM DTT and 20% glycerol. The reaction was brought up to 2 ml with 50 mM
Tris/HCI (pH 7.4), 5 mM MgCl,, 5mM ATP, ImM DTT and 10% glycerol and pre-
incubated at 30°C for 30 min. Suc-LLVY-AMC was added to a final concentration of 100
UM and the fluorescent signal was read in an Aminco-Bowman Series 2 Luminescence
spectrometer (excitation/emission wavelength, 380/460 nm respectively) at the indicated
times.

Antibodies and Western blotting

Western blotting was performed with the indicated antibodies (Supplementary Table S3 at
http://www.biochemj.org/bj/458/bj4580459add.htm) and signals were visualized on a Kodak
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Image Station 440CF using either SuperSignal West Pico or Femto chemiluminescent
substrate (Thermo). Image analysis was done with ImageJ v1.46e (NIH). Statistical tests
were performed in Microsoft Excel 2007. As determined by Student’s t test, P values less
than 0.05 were considered significant.

The Vms1-Cdc48 complex functions in ubiquitinated protein homoeostasis

We showed previously that yeast lacking VMS1 accumulate Cdc48-associated ubiquitinated
proteins [41]. One explanation for this observation is that ubiquitinated protein levels
globally increase; thus, substrate flux to the proteasome rises and Cdc48 captures a portion
of these substrates. To test this hypothesis, we probed total precipitated protein extracts from
wild-type and vms1A yeast for the ubiquitinated protein pool (Figure 1A). As predicted,
vms1A strains accumulated high-molecular-mass ubiquitinated species to a greater extent
when compared with the wild-type strains (Figure 1A, compare lanes 1 and 2). Furthermore,
deleting VMS1 in strain backgrounds defective in other UPS-related processes, such as in
yeast lacking another Cdc48 partner Ubx2 (ubiquitin regulatory X2) [46], when deleted in
the context of the Cdc48 mutant cdc48-3 or when ubiquitinated protein escorts were absent
[39] [Rad23 (radiation sensitive 23) and Dsk2], led to an additive increase in the
ubiquitinated protein pool (Figure 1A, lanes 3-8). Deleting VMSL in strains containing
mutations in proteasome subunits also gave rise to an additive increase in the ubiquitinated
protein pool (Supplementary Figure S1A at http://www.biochemj.org/bj/458/
bj4580459add.htm).

Because Vms1 associates with Cdc48 though a conserved VIM (VCP-interacting motif)
sequence [40,47,48], we next addressed whether the Vms1-Cdc48 interaction was required
to restore the ubiquitinated protein pool to wild-type levels. We found that vms1A strains
harbouring a full-length singly HA-tagged copy of VMS1 reduced the population of
ubiquitinated species to those of the wild-type strain, but the expression of the Vms1 AVIM
mutant was unable to rescue this phenotype (Figures 1B and 1C). The appearance of an
increased level of Vms1 AVIM is due to the fact that the mutant construct was triply HA
tagged, and thus the expression levels of Vms1 AVIM and VVms1 are quite similar. In
accordance with previous studies, expression of Vms1 lacking VIM also failed to rescue the
sensitivity of vms1A yeast to cycloheximide and the protein was unable to bind Cdc48
(Supplementary Figures S1B and S1C) [40,47]. These results suggest that the Vms1-Cdc48
complex acts at a late step in the protein degradation pathway.

Yeast lacking Vms1 accumulate free 20S proteasome particles

On the basis of the data presented above, one possibility is that the proteasome itself was
somehow affected when Vms1 was absent. A search for VMS1 interactors in the DRYGIN
synthetic genetic array database [49,50] revealed a number of genes encoding proteasome
subunits [e.g. Pre9 (proteinase yscE), Rpn12 and Rpnl10]. Therefore we examined whether
proteasome function might be impaired in the vms1A strain. To this end, protein extracts
were resolved on native gels from both wild-type and vms1A strains and an in-gel
fluorescence reporter assay was used to monitor proteasome activity and stability. In this
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assay, the gels were incubated with a fluorogenic reporter, Suc-LLVY-AMC (see the
Experimental section), and the appearance of AMC-derived fluorescence corresponded to
proteasome activity mediated by the resolved RP-CP and RP-CP, particles [45]. Access to
proteases in the 20S particle is restricted in the absence of the 19S, so to visualize 20S (CP)
activity the gel can be incubated in a low concentration of SDS, which opens the aperture.
When this analysis was performed using lysates from the wild-type and the vms1A mutant
strain we discovered that loss of Vms1 led to an ~39% increase in the amount of activity
associated with the 20S particle, and this effect was accompanied by an identical increase in
20S (CP) protein (Figure 2A). The increase in 20S-mediated proteolytic activity for the
fluorescent reporter was also observed in real-time measurements of proteasome activity in
solution (Supplementary Figure S2A at http://www.biochemj.org/bj/458/bj4580459add.htm)
and was fully recoverable, but only with a copy of Vms1 that interacts with Cdc48
(Supplementary Figure S2B). Because Cdc48 associates with the proteasome [51-54], it was
formally possible that the deletion of VMS1 might have grossly affected the integrity of the
Cdc48 hexamer. However, the amount of hexamer was unaltered when extracts from a
vms1A mutant strain were examined by immunoblot analysis after native gel electrophoresis
(Supplementary Figure S2C). Because Cdc48 is estimated to be expressed at a 20-fold
excess over Vmsl [55], these data suggest that a subpopulation of Cdc48, that which is
associated with Vms1, regulates the proteasome.

One explanation for the observations presented in Figure 2(A) is that the increased amount
and activity of free 20S core particles was simply due to changes in the cellular
concentration of proteasome subunits or proteasome regulators. To address this hypothesis,
we performed immunoblot analyses with lysates used for the proteasome activity assay
(Figure 2B) as well as protein extracts from the wild-type and vms1A strains (Figure 2C). In
each case, the levels of the examined proteasome components and proteasome regulators
were unchanged (Figures 2C and 2D). To confirm these findings, we created an
rpn4Avms1A double mutant and re-examined whether 20S core activity and levels increased.
Rpn4 is a transcription factor that triggers the production of proteasome subunits under
various stress conditions [56,57]. As shown in Supplementary Figure S2(D), reduced 20S
activity and levels were evident in yeast lacking Rpn4, but when Vms1 was also absent an
increase in 20S-mediated activity and 20S protein levels were again observed (note the
signal corresponding to CP). We also prepared yeast lysates using an alternative method
(glass beads) and after proteasome activities were examined using the in-gel assay we
measured a 47 £ 7.3% increase in 20S activity in the vms1 mutant. In addition, there was an
expected loss of capped proteasomes from 100% to 74 + 4.9% between lysates from the
isogenic wild-type and the vms1A strain (results not shown). Together, the loss of Vmsl
leads to an altered distribution of capped and uncapped proteasome isoforms without
affecting the steady-state levels of proteasome components.

Yeast deleted for VMS1 accumulate 19S assembly intermediates

The accumulation of 20S core particles without an accompanying increase in the amount of
resident proteins in vms1Amutant yeast suggests that there is a defect in 19S assembly or in
the association of the 19S and 20S subunits. If there is a defect in 19S assembly, one might
expect 19S assembly intermediates to accumulate in the vms1A strain. To test this
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hypothesis, we again resolved lysates from wild-type and vms1A mutant yeast, but in this
case we immunoblotted for distinct proteins associated with either the 19S base (Rpt5), lid
(Rpn12) or both subassemblies (Rpn10). As shown in Figure 3, an increase in the amount of
a rapidly migratingRpt5-immunoreactive species was evident in the vms1A strain. On the
basis of its migration, this species appears to be a 19S base assembly intermediate described
previously, the Rpt5—-Rpt4 complex [30]. In addition, we observed increased levels of the
described free Rpn10 and Rpn12 subunits, of which the latter is referred to as the ‘LP1’
subunit [35,58,59]. These results indicate that 19S components accumulate in vms1A yeast
and are consistent with the observed accumulation of 20S core particles.

Vms1 maintains proteasome levels in the stationary phase

Cells lacking VMS1 exhibit several phenotypes, including sensitivity to cycloheximide and
rapamycin, defects in the degradation of a misfolded membrane protein in the ER
(endoplasmic reticulum) and in the turnover of a mitochondrial membrane protein, and a
loss of viability during prolonged culture in the stationary phase [40-42,60,61]. Of these
phenotypes, prolonged growth in stationary phase is also known to down-regulate the
activity of capped proteasomes [62]. To examine whether Vms1 function contributes to
proteasome homoeostasis in the stationary phase, and whether the deletion of VMS1
enhances the decline in capped proteasome activity in aging cells, we cultured wild-type and
vms1A cells for 25 days with constant aeration. Aliquots were taken at various times, and
cell lysates were prepared. We found that vms1A cells displayed reduced RP,-CP and RP-
CP proteasome activity and levels after 18 and 25 days in the stationary phase (Figures 4A
and 4B). In parallel, and consistent with data indicating a proteasome defect in vms1A yeast
(Figure 3), significantly lower levels of Rpt5, Rpn10 and Rpn12 were present in the gels at
positions corresponding to the RP,-CP and RP-CP proteasomes (Figures 4C-4E,
arrowheads). We note that both wild-type and vms1Acells accumulate free 20S core particles
during the stationary phase (Figure 4A, CP). This suggests that Vms1 plays a positive role in
maintaining the RP,-CP and RP-CP population. In contrast with what was observed in
logarithmically growing cells, we did note variable levels of unassembled 19S components
in each case (Figures 4C-4E, *). This may arise from complex changes in metabolic activity
and protein synthesis in the stationary phase, along with changes in protein degradation
pathways (e.g. autophagy) under these conditions [63,64]. Nevertheless, the loss of 19S
components in the RP,-CP and RP-CP proteasomes and decreased activity after 18 and 25
days were mirrored by a dramatic decrease in viability when vms1A cells in the stationary
phase were transferred to rich medium (Figure 5A). The enhanced decrease in viability of
vms1A cells was also observed when cells were exposed to a vital dye, Methylene Blue, and
viable cells were counted (Figure 5B). These collective data indicate that\VVms1 maintains the
integrity of singly and doubly capped proteasomes during prolonged culture at the stationary
phase. We propose that this phenomenon explains the loss of viability in vms1A in aging
yeast and the decreased lifespan of nematodes lacking the Vms1 homologue [40] (see the
Discussion section).
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DISCUSSION

The Cdc48 cofactor Vms1 has been linked to ubiquitin-mediated degradation of select
protein substrates in the ER, mitochondria and nucleus [40-42,61]. In the present study, we
show that vms1 mutant yeast accumulate ubiquitinated proteins and that this effect correlates
with an altered distribution of proteasome particles and an increase in 19S assembly
intermediates. The increased concentration of total ubiquitinated proteins provides an
explanation for our observation that more ubiquitinated proteins are bound to Cdc48 in
vms1A strains [41]. Our combined data also provide a clear view of how a defect in
proteasome assembly translates into a defect in ubiquitinated protein turnover. Moreover,
these collective phenomena may explain the source of the degradation defects observed
previously in vms1A strains [40-42].

We found that both free 20S core particles and components of the 19S cap accumulate when
Vmsl is absent. On the basis of the accumulation of these species, we posit a role for Vms1
in 19S assembly since other mutants that affect 19S base (e.g. hsm3A, rpt3A-1, rpt4A-1) and
lid [e.g. rpn12(211-274)] assembly also accumulate free 20S core and 19S intermediates
[28-30,33,35]. Some chaperones that affect 19S base assembly, such as Nas2 and Hsm3,
interact directly with the ATPase subunits [28-30,33]. Vms1, which binds to Cdc48, could
similarly interact with 19S ATPase subunits to facilitate their assembly. However, we were
unable to detect a stable interaction between VVms1 with the proteasome (J.R. Tran and J.L.
Brodsky, unpublished work). It is possible that VVms1 associates transiently with proteasome
assembly intermediates, and/or with proteasome chaperones. On the basis of the
accumulation of polyubiquitinated proteins in the vms1A strain, Vms1 may alternatively
function as an adaptor for any one of a number of ubiquitin-binding proteins that deliver
substrates to the proteasome, and as a result proteasome integrity and function are altered
when VMSL is deleted. Like Vms1, most of the adaptors and the assembly chaperones are
not essential. Yet another possibility is that Vms1 regulates Cdc48—proteasome interaction.
Cdc48 was found recently to associate with 20S and form a proteasome subtype [54], but no
difference in the Cdc48—proteasome interaction was observed when we isolated a functional
tagged version of Cdc48 from wild-type and vms1A yeast (J.R. Tran and J.L. Brodsky,
unpublished work). Furthermore, proteasome assembly was robust in strains containing a
temperature-sensitive allele in CDC48, cdc48-3, and the deletion of VMS1 in this genetic
background yielded only a modest increase in free 20S particles (J.R. Tran and J.L. Brodsky,
unpublished work).

Yeast deleted for VMS1 exhibit reduced fitness in the stationary phase, but the mechanism
underlying this phenomenon was mysterious [40]. We propose that reduced fitness arises as
a consequence of the observed decline in the amount of capped proteasomes and in capped
proteasome activity (Figures 4 and 5). The profile of proteasome subcomplexes is also
altered in the stationary phase when another gene, SPG5 (stationary phase gene 5), is deleted
[65]. However, the proteasome profiles of stationary phase cultures of vms1A and spg5A
cells differ. Cells lacking VMS1 lose capped proteasomes and maintain free 20S core
particles (Figure 4), whereas spg5A cells lose free 20S core particles, but maintain doubly
capped proteasomes. Paradoxically, both vms1A and spg5A show decreased viability during
the stationary phase, albeit at different time scales, indicating that a balance of proteasome

Biochem J. Author manuscript; available in PMC 2015 March 15.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Tran and Brodsky

Page 9

subtypes is necessary for viability. A simple testable hypothesis based on work from our
laboratory and the Finley group is that Vms1 and Spg5 function antagonistically to maintain
a balance of proteasome subtypes. The prediction is that loss of SPG5 in a background
lacking VMS1 restores the balance of proteasome subtypes. To begin to address this
possibility, we examined the activities of proteasome particles in extracts from
logarithmically growing wild-type, vms1A, spg5A and spgbAvms1A yeast. We show in
Supplementary Figure S3 that the loss of SPG5 in the vms1A strain led to no recovery of the
phenotype. The simplest conclusion is that Spg5 and Vms1 may simply function
independently of one another, and only Vms1 (which unlike Spg5 is conserved in higher cell
types) facilitates the maintenance of proteasome architecture in rapidly growing cells.
Further work is needed to clarify the respective roles of Vms1 and Spg5 in the ubiquitin—
proteasome pathway.

An intriguing previous observation is that Caenorhabditis elegans lifespan is reduced when
VMS-1 expression is attenuated by RNAI [40]. We suggest that the decreased lifespan of
nematodes lacking VMS-1 arises from compromised proteasome homoeostasis, which is
associated with a variety of age-related disorders in model organisms and in mammals
[66,67]. An analysis of the effects of Vms1 and its homologues on proteasome
homoeostasis, aging and physiology in higher organisms is clearly warranted.

Vmslwas identified as a protein quality control component that affects the turnover of select
substrates in the ER, mitochondria and nucleus [40-42]. Why are so few protein substrates
affected even though ubiquitinated proteins accumulate in vms1A cells [41,42]? One
explanation is that functionally redundant factors contribute to degradation in the absence of
Vms1 function, and that the degree of ubiquitination required to degrade a given protein
differs among proteasome-targeted substrates. In other words, substrates that are overtly
affected may be exceptionally sensitive to proteasome modulation. This idea is supported by
our previous finding that additive degradation defects are evident when vms1 and ufd2 or
ubx4 mutants are combined [41], and that defects in proteasome assembly, brought about by
deleting the ADD66 (al-proteinase inhibitor-degradation deficient 66) gene, affect the
degradation of only select substrates [22]. Thus the increased ubiquitin signal in the vms1A
strain may result from the accumulation of a relatively minor substrate pool. The source of
this pool is unknown, but Vms1 is found along with Cdc48 as a component of the RQC
(ribosomal quality control) complex [68]. The purification of the RQC complex captured
Vmsl, as well as Shpl (suppressor of high-copy PP1 1), Ubx2 and Ubx4 [69], which we
showed previously exhibit negative genetic interactions with VMS1 [41]. Because 1-15% of
nascent translated proteins are ubiquitinated [70,71], it is possible that these substrates,
which are subjected to the RQC pathway, might be overrepresented in the vms1A mutant.
Finally, Vms1 could promote transfer between select Cdc48-bound clients to downstream
components of the UPS, such as ubiquitin receptors, deubiquitination enzymes or the
polyubiquitin-extending enzyme Ufd2 (ubiquitin fusion degradation 2) [41,42]. Why then
might the loss of Vms1 affect proteasome assembly? It is possible that Rpt5 decline in the
vms1A mutant (Figure 4B) triggers proteasome disassembly. Alternatively, Vms1 may
couple proteasome assembly with the degradation of specific proteins or Vms1 may help
assemble a particular proteasome variant that handles a distinct substrate ensemble. Several
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proteasome variants exist, and the functional distinctions and substrate specificities between
these are poorly understood [72,73]. Future work is clearly needed to distinguish between
these models.
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ER endoplasmic reticulum

HA haemagglutinin

Hsm3 enhanced spontaneous mutability 3

Nas?2 non-ATPase subunit

Rpn regulatory particle non-ATPase

Rpt regulatory particle triple-A protein

RQC ribosomal quality control

SPG5 stationary phase gene 5

Suc-LLVY-AMC N-succinyl-Leu-Leu-Val-Tyr-7-amino-4-methylcoumarin
Ubx ubiquitin regulatory X

Umpl ubiquitin-mediated proteolysis 1

UPS ubiquitin—proteasome system

VCP valosin-containing protein

VIM VCP-interactingmotif

Vmsl VCP /Cdc48-associated mitochondrial stress-responsive.
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Figure 1. Ubiquitinated proteins accumulate in strains lacking VMSL1 or expressing a form of

Vmsl that is defective for Cdc48 interact

ion

(A) The indicated yeast strains were grown to log-phase in rich medium, and total protein
was precipitated and resolved by SDS/PAGE. Western blot analysis was used to detect
protein-conjugated ubiquitin species (Ub) and GPD (glycerol-3-phosphate dehydrogenase),
which served as a loading control. (B) Wild-type (WT) or vms1A yeast strains harbouring an
empty vector (-), or vectors engineered for the expression of full-length VMS1 (Vms1 HA)
or a mutant lacking the VIM domain (AVIM HA) were grown in minimal medium to log-
phase and processed as in (A) for Western blot analysis. (C) The levels of ubiquitinated
proteins > 72 kDa in part (B) were quantified. P values are shown for specific pairwise

comparisons.
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Figure 2. Yeast lacking VMS1 accumulate free 20S particles

(A) Lysates from the indicated strains were prepared in liquid nitrogen and total protein was
resolved by native PAGE in the presence of ATP. Proteasomes were visualized by
incubation with a fluorogenic substrate (Suc-LLVY-AMOC) in the absence (left-hand panel)
or presence (middle panel) of 0.02% SDS, which activates the proteolytic activity of the 20S
particle. An accompanying Western blot was performed for samples resolved by native
PAGE (right-hand panel, 20S) and shows an increase in the amount of the core particle
(CP). RP,-CP and RP-CP are doubly and singly capped proteasomes respectively. Values
below the middle and right-hand panels represent the mean + S.E.M. of the signal
corresponding to the 20S particle (n =14). (B) A total of 2.5 ug of cellular protein used for
the analysis in (A) was resolved under denaturing conditions by SDS/PAGE and Western
blot analysis was performed to detect the indicated proteins. (C) Total trichloroacetate-
precipitated protein was obtained from the indicated strains, resolved under denaturing
conditions by SDS/PAGE and the amounts of the indicated species were analysed by
Western blotting. (D) Quantification of the Western blots shown in (C). All values are
means £ S.D. from three independent samples, except for Hsm3 which was from a single
experiment. WT, wild-type.
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Figure 3. Strains lacking VMS1 accumulate 19S assembly intermediates

(lid)

Lysates from the indicated strains were resolved by 4.25% native PAGE and the gels were
incubated with the fluorogenic proteasome substrate Suc-LLVY-AMC in the presence of
0.02% SDS and were imaged (left-hand panel). A Western blot analysis with lysates from
the indicated strains was performed in parallel after resolution by native PAGE. Antibodies
used include one that detects the 20S core particle (CP) and others that are directed against
proteins in different regions of the 19S cap: Rpt5, base; Rpn10, the connecting subunit; and
Rpni2, lid. Where indicated, the faster-migrating species in the vms1A strain was quantified
relative to the wild-type (WT) strain in at least nine independent experiments. VValues under
the blots are means + S.E.M.
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Figure 4. VMS1 maintains 26S proteasome stability after prolonged incubation at the stationary
phase
(A) The indicated yeast strains were cultured with constant aeration for 25 days at 25°C.

Samples were taken over time, lysates were prepared and equal amounts of protein were
resolved by native PAGE. Proteasomes were detected with the fluorogenic substrate Suc-
LLVY-AMC in the presence of 0.02% SDS (left-hand panels) and by Western blot analysis
(right-hand panels) using antibodies directed against proteins in the 20S core particle (CP).
Note the more rapid disappearance of the singly (RP-CP) and doubly (RP,-CP) capped core
particles in the vms1A strain. Data are representative of three independent experiments. (B)
Quantification of singly and doubly capped proteasomes (upper panel) and free core particle
(lower panel) from (A). Results are means + S.D. from three independent experiments. (C—
E) A Western blot analysis was performed using antibodies directed against the indicated
components in the 19S particle. As in (A), note the more rapid disappearance of components
in the RP-CP and RP,-CP particles (denoted by arrowheads), especially at days 18 and 25,
in the vms1A strain. The asterisk denotes the faster-migrating species observed in Figure 3.
WT, wild-type.
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Figure 5. Loss of Vms1 reduces cell viability after prolonged incubation at the stationary phase
(A) The indicated strains were cultured with constant aeration for 25 days at 25°C. Serial

dilutions of the cultures, taken at different times, were plated on rich medium and incubated
for 2 days at 30°C. (B) Methylene Blue staining to detect dead cells was performed by visual
inspection with a haemacytometer. The plot shows the log percentage of viable cells (i.e. the
unstained cells) relative to total cell numbers during the indicated time course. Data at each
time point represent the mean + S.E.M. for four separate cultures. A minimum of 100 cells
was analysed in each culture. WT, wild-type.
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