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Chapter Five
Abstract

To maintain cellular fitness and functionality throughout its lifetime, a cell needs
to maintain the quality of its proteins. Cells therefore employ the ubiquitin-
proteasome system (UPS) to specifically degrade damaged proteins. Still, protein
damage tends to accumulate during cellular aging and is implicated in several age-
related diseases, which suggests limiting UPS activity. One reason for limiting UPS
activity may be that proteasomes get damaged and then become less effective.
Therefore, analogous to damaged proteins, one would expect that damaged
proteasomes would be specifically cleared from the cell. The scope and mechanism
of such a proteasome quality control system, however, remain to be determined.
In this Chapter, we present arguments for lysosomal degradation of proteasomes
in budding yeast and mammalian Hela cells. Also, our data is consistent with
specificity towards damaged proteasomes, as a quality control system requires. Our
observations may thus represent the first sketches of a quality control system for
the proteasome. A deeper understanding of such system may yield new insights in
aging and the treatment of age-related diseases.

Introduction

To survive as a single cell or to function within a multicellular organism, a cell needs to
maintain its fitness and functionality throughout its lifetime. An important aspect thereof
is the maintenance of a functional pool of cellular proteins.To keep their proteins in optimal
condition, cells continuously synthesize new proteins and repair or degrade damaged
proteins. In fact, synthesis, repair and degradation processes keep the pool of cellular
proteins in a constant flux. Tight regulation of these processes allows the cell to maintain
a functional pool of proteins under a variety of different conditions, like altering nutrient
conditions, stress conditions and signaling 2. Despite the cells efforts to maintain protein
fitness, damaged proteins do accumulate during the lifetime of a cell. Accumulation of
damaged proteins is a hallmark of cellular aging and has been implicated in several age-
related diseases **.

To prevent harmful accumulation of damaged proteins, cells have to degrade proteins
that cannot be repaired. Degradation of damaged proteins is mediated by two degrading
entities; the lysosome and the proteasome °. The lysosome is a membrane-enclosed
compartment filled with proteases. Proteins to be degraded by this compartment can be
targeted by a process called autophagy, of which several types exist. The most common
type is macro-autophagy, which involves the formation of a double membrane structure
(the autophagosome) around the substrate proteins. The autophagosome subsequently
fuseswith thelysosomefollowed by degradation of its content®. Anothertype of autophagy
is micro-autophagy, which entails the endocytosis of substrates by the lysosome 7.
Autophagy in general was long considered to be a non-specific bulk degradation process
of (damaged) cytoplasmic proteins and organelles 8. However, increasing specificity and
diversity is assigned to this process, such as the specific degradation of ribosomes and
mitochondria °.

The other protein degrading entity in cells is the proteasome. The proteasome is a
protein complex that can be divided into two sub-complexes; the 20S core particle
(20S) and one or two 19S regulatory particles (19S). The 20S and the 19S together form
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the active 26S proteasome '°, The 20S is the degrading part of the proteasome and is
formed by the stacking of four protein rings (each containing seven subunits) into a
tube-shaped structure. Inside this tube, the catalytic activity is conveyed by two sets of
three catalytically active subunits "'. For substrate proteins to be degraded inside the
20S they need to be unfolded and pushed into the 20S tube, a task mediated by the
19S complex that caps one or both ends of the 20S tube. The 19S complex recognizes
proteasome substrates by their poly-ubiquitin tail, which is removed before the substrate
is degraded . Poly-ubiquitination of substrate proteins is mediated by an enzymatic
cascade of ubiquitin-activating (E1), ubiquitin-conjugating (E2) and ubiquitin-ligating (E3)
enzymes. Together, these enzymes form the ubiquitination machinery, which selectively
targets (damaged) proteins for degradation by the proteasome . The proteasome and
the ubiquitination machinery together form the ubiquitin-proteasome system (UPS). By
selective degradation of damaged proteins, the UPS plays an important role in the cell’s
defense against the accumulation of damaged proteins during its lifetime ™.

The accumulation of damaged proteins during cellular aging suggests that the degrading
activity of the cell can become limiting and correlates with the decrease in proteasome
activity observed in several aging model organisms *-'8, Decreasing proteasome activity
is suggested to be a causative factor in the aging process 2° and enhanced activity of
the proteasome is found to correlate with longer longevity in several organisms including
humans 2?2, These observations fuel a growing interest in ways to enhance proteasome
activity as a potential treatment for neurodegenerative and other age-related diseases
“. Finding the causes underlying this age-related decrease in proteasome activity, may
provide new modalities of treatment for age-related diseases.

Severalfactorsare proposedtoplayaroleintheage-related decrease of proteasomeactivity,
including decreased proteasome levels, altered proteasome conformation or decreased
efficiency of proteasomes. Decreasing proteasome levels are observed in several model
organisms, often deduced from lower expression of proteasome subunits '>'7. The reason
for this counterintuitive decrease in expression levels is unclear. Conformational changes
in proteasomes during aging are observed in Drosophila and budding yeast, which show
an age-dependent decline in 26S proteasomes in favor of the less active 20S forms 823, In
human lymphocytes on the other hand, levels and conformation of the proteasome are
stable during aging and still they show a decreasing proteasome activity. This decreasing
activity correlates with an increasing number of post-translational modifications of the
proteasomes (glycation and conjugation with lipid peroxidation products), suggesting
that these modifications damage the proteasome and make it less efficient 2. A model
in which damage to the proteasome compromises its efficiency is also consistent with
several invitro and in vivo studies showing decreased proteasome activity upon treatment
with oxidizing agents like nitric oxide '>?°. Although none of these studies shows the
actual oxidative damage to the proteasome, it is likely that proteasomes obtain oxidative
damage during their lifetime, given their long half-life -2 and the increased oxidative
stress in aging cells as a result of malfunctioning mitochondria %. Another reason for age-
dependent decreasing efficiency of the proteasome may be that they may get ‘clogged’
by certain substrates .

To prevent the accumulation of less functional proteasomes, cells are expected to employ
a ‘proteasome quality control system’ The action of such a quality control system would
be of particular importance for long-lived non-dividing cells, like neurons. This type of
cells cannot simply ‘dilute’ their malfunctioning proteasomes by cell division and since
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they are long-lived they will need exquisite proteasome activity to maintain proteome
fitness during their entire lifetime. The relevance of optimal proteasome activity in these
cells is highlighted by the accumulation of damaged proteins in many neurodegenerative
disorders 3. Elucidation of the mechanism involved in proteasome quality control may
therefore yield important insights in the pathology of neurodegenerative and other age-
related diseases.

Two issues should be considered for proteasome quality control; recognition of damaged
proteasomes and a degradation mechanism. Nothing is known about the first, though
there are hints for mechanisms involved in the latter. The first evidence for in vivo
degradation of proteasomes came from pulse-chase experiments in Hela cells with
tritium labeled leucine. In this study a half-life of 5-6 days was found for the 19S ‘prosome;
which was later identified as the 20S core particle 2°. Pulse-chase experiments in adult
rats yielded half-lifes ranging from 4 to 15 days for the 20S particle in the liver and 8 days
for the 20S particle in rat brain 2283, These pulse-chase experiments show that the 20S
proteasome is remarkably stable in both dividing (HeLa) and non-dividing (rat brain and
liver) cells, but do not provide mechanistic insights.

The first mechanistic insights came from a study with isolated lysosomes from the liver of
adult rats. Incubation of purified proteasomes with broken rat lysosomes at pH 5 at 37°C
showed that proteasomes can be degraded under lysosomal conditions. Furthermore,
proteasomes were detected in lysosomes isolated from starved and/or leupeptin treated
rats, whereas they could not be detected in lysosomes of normally fed rats %. This
suggests that proteasomes can be degraded by lysosomes in vivo and the correlation with
starvation may suggest that autophagy plays a role in the delivery of the proteasome
to the lysosome. Proteasome delivery to the lysosome was shown in an in vitro model
for micro-autophagy, which may be indicative for the involvement of micro-autophagy
in vivo %,

In this Chapter, we extend the above findings to model systems more suitable for in-
depth analysis of the mechanisms underlying proteasome degradation; budding yeast
and Hela cells. In both model systems we find indications for lysosomal degradation of
the proteasome and our findings in HelLa cells are consistent with autophagic delivery of
damaged proteasomes to the lysosome. Our findings may thus provide the first sketches
of a proteasome quality control system.

Results

Proteasomes can be detected in yeast vacuoles, but degradation cannot be detected
by RITE

To study degradation of proteasomes in budding yeast, the catalytically active 31 subunit
(Pre3) of the proteasome was tagged endogenously with a GFP tag. B1-GFP is efficiently
and quantitatively incorporated in functional 20S core particles 3. A potential role of the
vacuole, the yeast homologue of the lysosome, is best studied in starved yeast cells as
they have one big central vacuole. Electron microscopy after a five-day starvation showed
immunogold labeling of GFP in the vacuolar compartment (Fig1A). GFP was found both
in the vacuolar lumen and in membrane-enclosed structures that may resemble the final
stages of autophagosomes. Analogous to the findings in rat livers, this suggests a role for
the vacuole in the degradation of the proteasome and a possible role for autophagy.

To further study the potential factors involved in proteasome degradation, the 31 subunit

94



How is the proteasome degraded?

Figure 1

B WTI WT Il atgsA | atgba Il o T
f ] ] [ 1 w 0_1'6
0 10 10+70 10-10+0 10- 10+"0 10- 10+'M G E kDa &
~—--—-———----.- 55 € 81'2
(0]
NO038
o - 43 T
s Eo4
3 - 3 2 g
® " TO  T10-  T10+
< Ewrt  [Matgsal
g‘_______.__.._ — Cwtu [ atg5a 1
(o]
C WT I WTII atg5A | atg5A Il " 016
L o >
‘0 10 10+"0 1010+ 0 10- 10+"0 10- 10+'M © E kDa &12
B -— sse« £
© 1]
£ - - - 43 3
©
> E
Y o
o 4
S TO  T10-  T10+

O

o
(4]
P4
[}

o
w

o
ES

=4
e

Fraction PSG containing cells
o
N

o

WT atgbA

Figure1: Proteasomes can be detected in yeast vacuoles, but degradation cannot be detected by RITE
A) Immunolocalization of yeast 20S proteasomes by EM in starved yeast cells expressing 31-GFP. Samples
were stained with a primary antibody against GFP and a secondary antibody coupled to 10-nm gold
particles. Examples of gold particles are highlighted with a horizontal arrow. Potential remainders of
autophagosomes are highlighted with a vertical arrow. Scale bar: 500 nm. B) Detection of old proteasomes
(B1-GFP, ~55 kDa) in total lysates of two WT and two autophagy-deficient (atg5A) yeast strains expressing
1-RITE. Samples were taken after 2 days in starvation (T0), when the recombination was induced and 10
days later in both non-recombined (T10-) and recombined (T10+) cultures. Full length 31-GFP is indicated
with an arrow and the housekeeping enzyme Pgk1 was used as a loading control. Values and standard
deviations of the quantification are based on a biological triplicate and normalized to a strain expressing
31-GFP. C) The same samples used for B) were also probed and quantified for new proteasomes (31-mRFP,
~55 kDa and a degradation band at ~43 kDa). D) Single plane confocal images of 5 day starved 31-GFP
expressing WT and autophagy-deficient cells. Hoechst was used as nuclear counter staining. Scale bar: 5
pum. The prevalence of cells containing PSG is quantified by cell counting. Values and standard deviations
are based on a biological triplicate.
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of the yeast proteasome was endogenously tagged with a fluorescent Recombination-
Induced Tag Exchange (RITE) cassette. The RITE cassette behind the 31 gene results in
a fusion protein, which initially expresses as $1-GFP. However, an irreversible hormone-
induced DNA recombination event results in expression of 31-mRFP. This system defines
an old population of proteasomes, produced before the recombination event (green), and
a new population produced after the recombination event (red) 3. Degradation of the
proteasome can now be detected by a decrease in the old (GFP-tagged) population of
proteasomes (like in a classical pulse-chase), whereas synthesis of proteasomes can be
addressed by an increasing level of new (mRFP-tagged) proteasomes.

Since cell divisions will cause a decrease in the old protein population by dilution,
degradation of the old proteasome pool can best be detected in conditions with little or
no proliferation. These conditions can be met by growing a liquid yeast culture until the
carbon source gets depleted and cells enter a starvation induced quiescent state 3. In our
experiments, the recombination of the RITE cassette was induced after a two day growth
of a liquid culture, when cell division has almost ceased (Fig S1). At this time point ~5%
of the cells had already undergone (non-induced) recombination, whereas adding the
hormone B-estradiol in these conditions resulted in recombination in ~90% of the cells
(Fig S1).

To assess a role for autophagy in proteasome degradation, the proteasome was RITE
tagged in two WT and two autophagy-deficient (atg5A) yeast strains. Yeast strains lacking
Atg5, are deficient for macro-autophagy and hampered in micro-autophagy . After a
two day starvation of WT and atg5A cells, recombination was induced and the cells were
kept in this low-dividing state for an additional 10 days to allow them to degrade their
proteasomes. A parallel culture without induction of recombination served to assess the
changes in overall proteasome levels. Recombination and growth characteristics are not
significantly different between both strains, which allows their comparison (Fig S1).

The levels of old (GFP-tagged) proteasome were assessed by the levels of B1-GFP (~55
kDa) in cell lysates made at the time of recombination (T0) and 10 days after that, either
with (T10+) or without (T10-) recombination (Fig 1B). The housekeeping enzyme Pgk1
served as a loading control. The B1-GFP levels did not show a decrease between TO and
T10+ for either WT or atg5A cells, indicating that there was no detectable proteasome
degradation. Neither was fast proteasome degradation detected by the accumulation of
free GFP (~25 kDa), as was previously reported for the starvation-induced degradation of
ribosomal subunits by autophagy **>. The 1-GFP levels do show that overall proteasome
levels were higher for atg5A cells in both TO and T10-, which may suggest that the loss
of autophagic activity in these cells was compensated by increased proteasome activity.
Also, comparing the B1-GFP levels of TO with T10- shows that overall proteasome levels
increase during the starvation process in both WT and atg5A cells. Increasing overall
proteasome levels in the population of cells that did not perform the recombination
(~10%) may also explain the slight increase in 31-GFP levels observed between T0 and
T10+. Detection of B1-mRFP (~55kDa and a degradation band at ~43 kDa) in the same
lysates yielded information about the synthesis of new proteasomes during starvation
(Fig 1Q). As expected, the B1-mRFP levels were low for TO and T10- and the higher levels
in T10+ are consistent with the overall increase in proteasome levels. Overall, we can
conclude that RITE technology was not able to detect degradation of the proteasome in
this system. This can be due to insufficient sensitivity of this technology or the absence of
proteasome degradation in starved yeast cells.
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A very slow, or even absent, degradation of the proteasome in starving yeast cells may be
caused by the presence of Proteasome Storage Granules (PSGs). These starvation-induced
cytoplasmic clusters of proteasomes were found in respectively ~35% of the WT and 40%
of the atg5A cells (Fig 1D) and suggested to be important for proteasome storage under
starvation conditions ¢. Our data is consistent with a model in which proteasomes in
PSGs are protected from degradation. Given this hypothesis, we decided not to pursue
the study of proteasome degradation in starved budding yeast and move on to another
model system; mammalian cell lines.
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Figure 2: Proteasomes can be detected in autophagosomes in HelLa cells

A) Single plane confocal images of methanol-fixed 31i-GFP overexpressing Hela cells either treated or
non-treated for 16h with chloroquin to inhibit lysosomal degradation. B1i-GFP was visualized by direct
fluorescence and immunofluorescent staining was used to visualize LC3, which marks autophagosomal
membranes. Scale bar: 10 um. B) The percentage of cells with a clustered LC3 phenotype was scored in the
experiment depicted in panel A. 150 cells were scored per condition. C) The percentage of cells with one
or more co-localization events between LC3 and the proteasome was scored in the experiment depicted in
A). A co-localization event is defined as proteasome enrichment surrounded (Ring) or partially surrounded
(Ring-like) by LC3 staining. 150 cells were scored per condition. D) Representative confocal images of the
two types of proteasome-LC3 co-localization found: ring-like and ring. Scale bar: 10 um.
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Proteasomes are substrates of autophagosomes in Hela cells

To visualize proteasomes in Hela cells, a GFP-tagged 1i (LMP2) (immuno-) proteasome
subunit was stably over expressed. B1i-GFP is efficiently and quantitatively incorporated
in the 20S core particle and thus a bona fide marker for proteasome localization . If the
proteasome is indeed targeted for degradation by autophagy, one would expect to find
co-localization with autophagosomal membranes. These membranes can be visualized
by immuno-fluorescent staining for LC3 3%, which showed a punctate pattern in untreated
Hela cells (Fig 2A). In these cells, one or two LC3 B1i-GFP co-localization events were
observed in ~2% of the cells (Fig 2C). A co-localization event is defined as proteasome
enrichment surrounded (Ring) or partially surrounded (Ring-like) by LC3 staining (Fig 2D).
Ring and ring-like co-localization may represent different stages in the internalization of
proteasomes in the autophagosome. The low incidence of this co-localization can either
be caused by a low incidence of proteasome degradation or by the high rate of the
autophagic flux. Autophagosomes and their internalized substrates have a relatively short
half-life, as they will fuse with lysosomes and thereby get degraded. This short half-life
decreases the chance of finding co-localization of autophagosomes and their substrates,
but can be prolonged by inhibition of lysosomal degradation. Lysosomal degradation
can be inhibited by the addition of chloroquin 3, which neutralizes the lysosomal pH and
results in a strong increase in the number and clustering of LC3 positive vesicles (Fig 2A-
B). Despite a strong increase in LC3 positive vesicles, the number of cells with LC3 31i-GFP
co-localization increased very modestly from ~2% under untreated conditions to ~3%
after a 16h treatment with chloroquin (Fig 2C). This modest increase suggests that the
uptake of the proteasome by autophagosomes is a process with a low flux under normal
conditions.

Proteasome uptake by autophagosomes is induced by covalent proteasome
inhibitors

If the observed uptake of proteasomes in autophagosomes is part of a quality control
system, one would expect that damage to the proteasome would increase the flux of
this process. To damage proteasomes, cells were treated with the covalent proteasome
inhibitor MV151, which targets an active site of proteasomes and has a fluorescent group
0, Hela cells overexpressing B1i-GFP were treated with MV151 for 2h and proteasome
localization was observed 16h after thoroughly washing the cells. Treatment with MV151
alone resulted in a modest increase in LC3 B1i-GFP co-localization, though an additional
16h treatment with chloroquin resulted in a strong increase (Fig 3AC). This suggests an
increased autophagic flux of the proteasome upon inhibition with MV151. Other covalent
proteasome inhibitors, like epoxomycine and lactacystin had a similar effect (data not
shown). Unlike these inhibitors, MV151 has a fluorescent group, which allows visualization
of the inhibited proteasome. The presence of MV151 within the ring or ring-like LC3
staining showed the internalization of mature inhibited proteasomes (Fig 3B). However,
since MV151 signal co-localized with B1i-GFP throughout the cell we cannot tell whether
this internalization is specific (excluding not inhibited proteasomes). The overall co-
localization of MV151 with B1i-GFP, suggests that the (partial) proteasome inhibition by
MV151 not necessarily renders the proteasome useless for the cell. Still our data suggests
an increased autophagic flux of the proteasome following covalent inhibition.
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Figure 3: Proteasome uptake by autophagosomes is induced by covalent proteasome inhibition

A) Single plane confocal images of formaldehyde-fixed B1i-GFP overexpressing Hela cells 16h after a
2h treatment with the covalent and fluorescent proteasome inhibitor MV151. B1i-GFP and MV151 are
visualized by direct fluorescence and LC3 by immunofluorescent staining. Chloroquin was added to inhibit
lysosomal degradation. Scale bar: 10 um. B) Single plane confocal images of ring-like and ring LC3 staining
around the proteasome. Scale bar: 10 um. C) Prevalence of cells showing ring and rind-like LC3 staining
around the proteasome 16h after the MV151 pulse of the experiment shown in A). Values are based on
~150 cells per condition.

Inhibited proteasomes are degraded

The data presented above suggests that the degradation of the proteasome can be
enhanced by its covalent inhibition. To test whether inhibited proteasomes are degraded,
Hela cells were pulsed with the covalent and fluorescent proteasome inhibitor MV151
for 2h and chased for three days. Proteasome subunits bound to MV151 are visualized in
total lysates by fluorescent scan of a SDS-PAGE gel (Fig 4A). Tubulin staining after protein
transfer to a nitrocellulose membrane shows the increasing number of cells during
the assay (Fig 4A). The decrease of proteasome-associated MV151 signal in cell lysates,
as determined by fluorescent gel scan, showed that inhibited proteasomes are indeed
degraded (Fig 4A,B). Whether this degradation is enhanced by (and thus selective for)

Figure 4
A Days after Probe pulse: B 10
0 1 2 3 M =
508
) B2 @
Q [0)
o 5 0.6
O | i d— —— p1p5 &
ke
So4
©
c E
= [ — s5kpa 2 02
=}
= 43kDa o T2 T Ts

Figure 4: Inhibited proteasomes are degraded

A) Fluorescent gel scan of a pulse-chase experiment with the covalent and fluorescent proteasome inhibitor
MV151 in HelLa cells. Cells were pulsed for 2h with MV151, washed extensively and chased for three days.
Proteasome subunits bound to MV151 are visualized in total lysates by fluorescent scan of a SDS-PAGE gel.
Tubulin staining after protein transfer to a nitrocellulose membrane shows the increasing number of cells
during the assay. B) Quantification of four independent experiments. Values were normalized to T0O and
standard deviations were calculated.
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covalent inhibition cannot be concluded since the turnover of un-inhibited proteasomes
was not addressed in this experiment. However, the observed decrease in proteasome-
associated MV151 signal suggests a half-life of ~2 days, which is shorter than the reported
half-life of ~5 days of non-inhibited proteasomes in HeLa cells .

Conclusions and Discussion

To maintain sufficient proteasome activity throughout their lifespan, cells are expected
to employ quality control mechanisms on the proteasome. Insufficient activity of such
mechanisms could result in a pool of damaged proteasomes and may lead to an (age-
dependent) decrease in proteasome activity and (harmful) accumulation of damaged
proteins. Unraveling the mechanisms underlying proteasome quality control may
therefore yield valuable new insights in the process of aging and the onset of age-related
diseases like Alzheimer’s disease.

An important aspect of proteasome quality control would be the specific degradation
of damaged proteasomes. In this study we detected proteasomes in the vacuole of
starving budding yeast and in LC3-coated vesicles in HelLa cells. This suggests degradation
of the proteasome by the autophagy-lysosome system in these model systems as was
also suggested for proteasomes in rat livers 2. Degradation of another macromolecular
complex, the ribosome, has been shown to be mediated by a specific form of macro-
autophagy °. Whether this is also true for degradation of proteasomes remains unclear,
since LC3-containing vesicles are implicated in both macro-autophagy and in several
forms of micro-autophagy ’. Possibly, both types of autophagy are involved like for
peroxisomes and mitochondria &.

For proteasome degradation to be part of quality control it needs to be specific for
damaged proteasomes. The observation that only few LC3-containing vesicles contain
proteasomes, may suggest specific targeting of proteasomes by autophagy instead
of being a bycatch of other (non-specific) autophagic events. Specificity for damaged
proteasomes is consistent with the increased internalization of proteasomes upon their
covalent inhibition. Pulse-chase experiments with MV151 clearly showed the degradation
of inhibited proteasomes. Although the half-life of these proteasomes is lower than has
been reported for untreated proteasomes, we cannot claim that this means specificity as
we did not study the latter.

Specific degradation of damaged proteasomes implies that the cell can recognize them.
This can be mediated by post-translational modifications (PTMs) or associated proteins
that mark damaged proteasomes for degradation. A myriad of different PTMs and
associated proteins have been assigned to the proteasome *'#? though asaruleitis unclear
whether their presence is damage induced. Age-related PTMs of proteasomes (glycation
and conjugation with lipid peroxidation products) are reported in human lymphocytes,
thoughitis unclear whether they signal damage ?*. Amore direct link between proteasome
damage and PTMs on the proteasome has been reported by Besche et al. They reported
that in vivo and in vitro treatment with various proteasome inhibitors leads to selective
poly-ubiquitination of a ubiquitin receptor of the 19S (Rpn13) by the proteasome-
associated ubiquitin ligase Ube3c/Hul5. Poly-ubiquitination of Rpn13 strongly inhibits the
degradation of proteasome substrates, supposedly by occupying the ubiquitin binding
sites of the 19S proteasome “*. The authors suggest that this mechanism evolved to
prevent binding of ubiquitinated proteins to (temporarily) impaired proteasomes, but it
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may also serve as a mark for the degradation of these impaired proteasomes. Although
this is an interesting possibility, the exact signal for degradation of damaged proteasomes
remains to be identified.

Inthis Chapter we present the RITE tool, which seems fit for further study of this degradation
signal. In-depth mass spectrometry analysis of old and new proteasomes isolated from
dividing yeast cells is likely to yield proteasome modifications that are dependent on the
‘age’ of the proteasome. These age-dependent modifications are potential degradation
signals, but may also give indications for the proteasome damage that induces these
signals. Although we recognize the potential of this approach, we considered it outside
the scope of this study.

In summary, we can conclude that our data in budding yeast and Hela cells is consistent
with a model of (damaged) proteasome degradation by autophagy and the lysosome.
Our data adds two new model systems to the proteasome degradation research and
could represent the first sketches of a proteasome quality control system.

Materials and Methods

Yeast strains and growth conditions

The Saccharomyces cerevisiae strains used in this study were NKI4103 3 and an atg5A
derivative of this strain. The atg5 gene knockout was made by PCR-mediated gene
disruption based on pRS plasmids #. Yeast cells were grown at 30°C in 5 ml liquid YEPD
cultures. Unwanted recombination of the RITE cassette was prevented by the addition of
Hygromycin B (200 ug/ml, Invitrogen). Liquid cultures were starved by inoculating 5 ml
of YEPD with 0.5 ml of an overnight culture followed by 12 days of incubation without
medium refreshment. Recombination of the RITE cassette was induced after 2 days of
starvation as described by Verzijlbergen et al *.

Cell culture and treatments

[31i-GFP overexpressing Hela cells 3’ were cultured in DMEM (Invitrogen) supplemented
with 10% FCS and 250 pg/ml Neomycin (BioConnect) under standard culturing conditions.
Cells were treated with 50 uM chloroquin (Sigma) to inhibit lysosomal degradation and
100 nM MV151 to inhibit the proteasome. A pulse-chase experiment with MV151 was
performed by a 2h incubation of cells with MV151 followed by three PBS washes and the
reseeding of the cells in different wells for each time point.

Immunoelectron microscopy

Yeast cells were washed in PBS, fixed for 2h (2% paraformaldehyde and 0.2% glutaraldehyde
in 60 mM PIPES, 25 mM HEPES, 2 mM MgCL, 10 mM EGTA, pH 6.9) and processed for
ultrathin cryosectioning #. Before immunolabeling, sample sections were blocked by
incubation with 0.15 M glycine in PBS for 10 min, followed by 10 min incubation with
1% BSA in PBS. The blocked sections were then incubated with a polyclonal rabbit anti-
GFP antibody “¢ and a secondary goat anti-rabbit antibody coupled to 10 nm protein-A
conjugated colloidal gold (EMlab, University of Utrecht). The immune-stained sections
were embedded in uranylacetate and methylcellulose and examined with a Philips CM 10
electron microscope (FEI Eindhoven, The Netherlands).
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Microscopy sample preparation and microscopy

To prepare yeast cells for microscopic imaging they were washed in PBS and fixed in
4% formaldehyde for 5 min. The fixed cells were washed, stained with 1 ug/mL Hoechst
33342 (Invitrogen) for 15 min and washed again. Samples were mounted with Vectashield
(VectorLaboratories) onto Con A-coated coverslips. Hela cells were grown on coverslips
and fixed for 2 min in 4% formaldehyde or ice-cold methanol. This methanol treatment
was also used to permeabilize formaldehyde fixed cells. Fixed and permeabilized cells
were blocked at room temperature in 0,5% BSA (Sigma) in PBS for 30-60 min. Blocked
cells were incubated for 60 min with rabbit anti-LC3 (Novus Biologicals) in 0.5% BSA,
washed with PBS and subsequently incubated for 30 min with goat anti-rabbit coupled to
a 647 nm fluorescent dye (Invitrogen). After a final wash step, samples were mounted in
Prolong containing DAPI (Life Technologies). Samples were analyzed using a 63x objective
on a Leica SP5 confocal microscope, equipped with LAS-AF software (Leica). Single plane
images were made using sequential scanning settings and a 405 nm laser for DAPI and
Hoechst, 488 nm for GFP labeled proteins, 561 nm for MV151 and 633 nm for secondary
antibodies with a 647 nm dye.

Biochemical analysis

Yeast cell lysates were made of 1x102 cells, which were washed in cold TE supplemented
with 2 mM PMSF and stored at -80°C before further processing. Lysis was performed as
described in Terweij et al . Samples were run in a 12% polyacrylamide gel and blotted
on a 0.45 pm nitro-cellulose membrane. Membranes were blocked with 4% skim milk
powder (Oxoid) in PBS + 0.1% Tween. Primary antibody incubations were performed at
RT for 1h in blocking buffer using mouse anti-3-PGK (1:5000, Invitrogen) and rabbit anti-
GFP or rabbit anti-mRFP (1:2000; 46). Secondary antibody staining was performed for 45
min at RT using the goat anti-rabbit (700 nm) and the goat anti-mouse (800 nm) LI-COR
Odyssey IRDyes (1:10.000; LI-COR). Membranes were scanned with a LI-COR Odyssey IR
Imager (Biosciences) and analyzed with the associated software package.

Hela cells were lysed in 1x sample buffer with 5% 3-mercaptoethanol and subsequently
sonicated and boiled for 5 min at 96°C. Hela lysates were separated on gel as described for
the yeast cell lysates. A fluorescence scan was made of the gel on a ProXpress fluorescence
scanner (Perkin Elmer), using 550/30 nm excitation and 590/35 nm emission. Gels were
blotted and blocked as described before and stained with mouse anti-tubulin (1:5000;

Sigma) and the goat anti-mouse (700 nm) LI-COR Odyssey IRDye (LI-COR; 1:10.000).
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Figure S1: WT and autophagy-deficient cells have similar recombination and growth characteristics
A) Fraction of cells with a recombined RITE cassette as determined by plating assay *. Limited non-induced
recombination can be observed before recombination is induced (T0) and ten days after that without
recombination (T10-). Hormone-induced recombination can be observed ten days after the recombination
event (T10+). Non-induced and hormone-induced recombination is not significantly different for WT
and autophagy-deficient cells. Values and standard deviations are based on a biological triplicate. B) The
number of cell divisions between the time of the recombination (T0) and the end of the experiment (T10)
was assessed by FACS-based cell counting. No significant differences were observed between WT and
autophagy-deficient cells. Values and standard deviations are based on a biological triplicate.
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