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Chapter One
General introduction

To survive as a single cell or to function within a multi-cellular organism, cells need to
continuously adapt their internal processes to changing internal and external signals
and stressors. Cellular processes can be modulated by controlling the local abundance
and activity of proteins. This is achieved by continuous and highly regulated synthesis,
degradation, folding, modification and translocation of proteins. Protein dynamics
therefore lies at the heart of virtually all cellular process and aberrations of it are implicated
in several diseases. To understand cellular processes and possibly treat these diseases,
knowledge of the underlying protein dynamics is essential. " In this Thesis we address
two important aspects of protein dynamics: protein synthesis and distribution upon cell
division and dynamics of the protein degradation machinery.

Cell division: A matter of equal sharing?

When cells divide they give rise to two new cells. Cell division is as simple as that. However,
as is often the case when things need to be divided, the exact distribution of components
is a more complicated issue. The heritage of the original cell consists of both functional
and damaged cellular components. Either type needs to be distributed adequately over
the two new cells to support a successful life of the next generation. Adequate distribution
of cellular components is an absolute prerequisite for life and therefore tightly regulated.
The importance and tight regulation of this distribution is exemplified by the process of
DNA replication and chromosome distribution during cell division.

‘Adequate distribution of cellular components’ does not necessarily mean ‘equal
distribution’ Infact,asymmetric sharing of cellular components appears to be animportant
aspect of cell divisions across the kingdoms of life. In single cell organisms asymmetric cell
division is suggested to be important to generate phenotypic variation in a population,
which allows this population to survive a variable environment. Moreover, asymmetric
distribution of damaged cell components provides a way to restrict the consequences of
aging in one cell at the expense of another. This prevents aging of the entire population,
which may otherwise lead to mass extinction. In multicellular organisms asymmetrical
distribution of cell components has been suggested to be essential for the creation of
differentiated cells and the maintenance of germ lineages and stem cell populations.
9,10,21,22

Asymmetric distribution of cellular components has both quantitative (one cells gets more
than the other) and qualitative (one cell gets components with different characteristics)
aspects. Quantitative aspects of asymmetrical inheritance are relatively easy to address
and examples include asymmetric distribution of a nuclear transport factor 2 and of
plasma membrane proton ATPase’s 2*. Qualitative aspects of asymmetric distribution are
usually caused by subtle changes in composition or small modifications of the protein
(complex) leading to altered functionality. The functional significance of these subtle
differences is often unknown, but may induce lineage differences. In budding yeast, for
example, the asymmetric distribution of malfunctioning mitochondria defines an ‘old’
and a ‘young’ lineage #*?°. Another example is formulated by the immortal DNA strand
hypothesis, which suggests that stem cells retain a template copy of genomic DNA to
avoid buildup of replication-induced mutations #.

Asymmetric distribution of cell components and the potential lineage differences they
induce are relatively easy to study in the budding yeast Saccharomyces cerevisiae *. This
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General Introduction

unicellular eukaryotic organism produces two morphologically distinct cells upon cell
division, a‘mother’ and a‘daughter, that differ in age and define an ‘old’ and a ‘young'’ cell
lineage. Asymmetric distribution of cell components that consistently favor one of the
two lineages may therefore be connected to the aging of the old lineage or the fitness of
the young lineage 2. The asymmetric distribution of cell wall components can be used to
define both lineages. Upon cell division the mother cell keeps its own cell wall, whereas
the cell wall of the emerging daughter cell (bud) is formed completely de novo %. When
the daughter breaks away from the mother cell, chitinous scar tissue (the bud scar) is left
on the mother cell. Every cell division leads to a new bud scar which allows tracking of the
number of cell divisions a mother cell underwent #. This allows the study of the cumulative
effects of multiple cell divisions with asymmetric distribution of cellular components.
Adequate distribution of cell components is of particular importance for organelles and
macromolecular complexes since they are essential, often synthesized in a template-
based manner and their size and complexity don't always allow rapid synthesis after cell
division. Like chromosomes, the distribution of these large cell components is therefore
actively controlled during cell division. This process is extensively studied in S. cerevisiae
and involves three fundamental steps: cell polarization, transport and retention. Cell
polarization is established by a complex signaling network that recruits formin proteins
to the cell membrane at the future bud site. Formins act as a nucleation point for the
assembly of unbranched actin cables. These cables function as the transport route for cell
membrane and cell wall material which is deposited at the growing bud site. Later, these
cables serve the transport of cellular organelles from the mother cell into the growing
bud (Figure 1). The transport itself is mediated by class-V myosin motor proteins that
recognize the different organelles by specific receptor molecules. Important exceptions
are the nucleus and the nuclear ER, which depend on microtubules for their transport
towards the daughter cell. Once at their destination, organelles need to be retained by
tethering, e.g. to the cytoskeleton or the cell cortex, to prevent them from diffusion back
into the mother cell. To make sure the mother cell keeps enough organelles for herself,
some organelles are retained in the mother cell, as has been shown for peroxisomes °.
Many of the key aspects of the mechanisms to distribute organelles upon cell division in
yeast are conserved in mammalian cells and are reviewed by Jongsma et al *°.

To ensure that both new cells get sufficient amounts of organelles and macromolecular
complexes, sharing the pre-existing components of the original cell (inheritance) is
not enough. To support life in both new cells the pre-existing components need to be
supplemented with synthesis of new components, which can either occur before or after
cell division. Whether pre-existing (old) and newly synthesized components are equally
shared between the two new cells, is unknown for most organelles and macromolecular
complexes. One exception is the spindle pole body (SPB), the yeasts centrosome, for
which itis reported that one cell inherits mainly old proteins and the other cell mainly new
proteins *'. This asymmetric distribution of old and new SPB proteins may imply functional
differences between the two SPB’s, which may induce lineage differences. Whether
this qualitative asymmetric distribution is a curiosity of the SPB or a common topic for
organelles and macromolecular complexes was unclear. A comprehensive analysis of the
different organelles would greatly benefit from methods to simultaneously visualize old
and new proteins.

Synthesis of new organelles and complexes can take place de novo or template-based.
Template-based synthesis of an organelle or complex is a combination of growth by
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Figure 1: Organelle transport in dividing budding yeast

When a yeast cell divides, a daughter cell (bud) emerges from the mother cell. To equip the bud with all
necessary organelles, a mother cell transports a portion of her organelles towards the emerging bud. For
most organelles this transport is mediated by Myosin-V motor proteins that ‘walk’ along actin cables from
the minus to the plus end. The directionality of this transport towards the bud is facilitated by the polar
distribution of formin proteins, which position the formation of actin cables (and thus the plus end) at
or near the emerging bud. To transport organelles, they are attached to the motor proteins by organelle-
specific receptor molecules. In contrast to the actin-based transport of most organelles, the nucleus is
transported along microtubules. Microtubules attach with their minus end to the nucleus at the spindle
pole body and are oriented towards the bud by actin-based transport of their plus end. Pulling forces on
the microtubules drag half of the nucleus towards the daughter cell and retain the other half in the mother
cell.

addition of new components and division in two new organelles or protein complexes.
A well-established example of this method is the formation of new mitochondria
by growth and division 32. Also the ER is thought to utilize this method as many of its
constituents require functional ER for their synthesis. Macromolecular complexes like
the proteasome or the ribosome on the other hand are formed completely de novo 3334,
However, the contribution of de novo and template-based synthesis is much debated
for other organelles and macromolecular complexes. Peroxisomes, for example, are
proposed to form de novo using the ER as a platform for their synthesis 3>, but also by
growth and division ¥. As for their asymmetrical inheritance, the study of organelle and
macromolecular complex synthesis would greatly benefit from methods to track old and
new proteins simultaneously.

How to distinguish and track old and new proteins?

Several methods have been developed to distinguish and simultaneously track old
(synthesized long ago) and new (recently synthesized) proteins. These methods can be
divided into four categories: differential chemical labeling, differential isotope labeling,
fluorescent timers, and photo-transformable fluorescent proteins.

Differential chemical labeling involves the expression of a protein with a tag that reacts
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General Introduction

with different chemical probes. Sequential administration of these probes allows tracking
of old (labeled with the first probe) and new (labeled with the second probe) proteins.
Several (differential) chemical labeling methods tag the protein of interest with an enzyme
and use modified (eg. containing a fluorescent group) substrate molecules as chemical
probe. Commonly used examples are SNAP-, CLIP-, and Halo tags *°. The protein of
interest can also be tagged with a small peptide tag, like the tetra-cysteine sequence used
for FIAsH-ReAsH labeling *'.

Differential isotope labeling is usually achieved by stable-isotope labeling by amino
acids in cell culture (SILAC) during a defined time (pulse), followed by a chase in the
presence of the ‘'normal’ amino acids “2. New and old proteins can now be distinguished
by mass spectrometry by the mass differences caused by the isotopic labeled amino
acids. Commonly used isotope labeled amino acids include *H leucine, *C lysine and °N
arginine. Differential isotope labeling has been successfully used to track the inheritance
of (very) old proteins in budding yeast and to reveal the long-lived proteome in rat brains
43,44

A fluorescent timer is a protein tag that changes its fluorescent properties as a function of
time. An exampleis dsRed, which undergoes a fluorescence shift during its slow maturation
*. Newly synthesized dsRed-tagged proteins will first have green fluorescence, whereas
the fluorescence of older proteins will have matured to red. This fluorescent timer was
successfully used to address the distribution of old and new proteins of the yeast SPB upon
cell division *'. Another example is a series of mCherry derivatives developed by Subach et
althat change their fluorescence over time from blue to red. As a result, newly synthesized
proteins show blue fluorescence whereas older proteins show red fluorescence. These
fluorescent timers were developed with a half-life for the shift in fluorescence of 0.25,
1.2 and 9.8h . Unlike the other methods to distinguish and track old and new proteins,
fluorescent timers entail a continuous flux from the new to the old population.

This limitation is largely overcome in the use of photo-transformable fluorescent proteins
(PTFPs). PTFPs change their fluorescent properties upon exposure to light of a specific
wavelength. A well-known example is photo-activatable GFP (PA-GFP), which only starts
to fluoresce like a GFP molecule after exposure to intense 405 nm light #’. PTFPs allow
simultaneous tracking of new and old proteins by their fluorescent properties. The last ten
years have shown a tremendous expansion of the collection of PFTPs, fuelling many new
and exciting imaging techniques, like super resolution microscopy “.

The different techniques to assess the (relative) age of proteins have led to valuable new
insights in protein dynamics. However, with the exception of some differential chemical
labeling methods, these techniques do not provide handles for selective purification or
biochemical analysis of old and new proteins. Differential chemical labeling then has
the drawback of the need for (expensive) chemicals. Also, presented techniques are not
easily incorporated in (genetic) screenings. These limitations of the existing techniques
are largely overcome by a novel technique that we present in this Thesis; Recombination-
Induced Tag Exchange (RITE) °. RITE allows distinction and simultaneous tracking of old
and new proteins and the used protein tags can be easily adjusted to the experimental
needs.

Protein Quality Control counteracts accumulation of damaged proteins during aging
Another aspect of protein dynamics that is addressed in this Thesis is the dynamics of the

protein degradation machinery in aging cells. In aging cells, damaged proteins tend to
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accumulate, which is a hallmark of cellular aging and implicated in several age-related
diseases. This suggests that the degradation of these proteins is insufficient and that
protein degradation is a relevant factor in cellular aging. However, protein degradation is
only one modality of a larger system that prevents the accumulation of damaged proteins:
the Protein Quality Control (PQC) system. The cellular PQC system has two modalities,
protein refolding and protein degradation, that often compete for the same damaged
proteins 2,

Cellular proteins are continuously at risk for (partial) unfolding, e.g. as a result of post-
translational modifications or altered concentrations of certain metabolites. Various
cellular stresses, like osmotic stress or heat shock, can dramatically increase this risk. Not
only are (partially) unfolded proteins less likely to function properly, they also tend to
cluster with other (misfolded) proteins. This clustering is often caused by the exposure
of hydrophobic patches as a result of protein unfolding and may lead to the formation of
harmful aggregates.To maintain proper folding, cellular PQC employs a family of refolding’
proteins; chaperones. Some chaperone proteins, like the small heat shock proteins, bind
the (partially) misfolded proteins, thereby shielding their exposed hydrophobic patches
and preventing aggregate formation. Other chaperones are also able to support the
refolding of substrate proteins in an ATP-dependent process, like chaperones belonging
to the HSP70 family *°. How chaperones ‘decide’ when proteins are correctly folded, is
unclear but probably relates to the absence of hydrophobic patches as detected by these
various chaperones.

When a soluble protein cannot be refolded, the cellular PQC system can only destroy
the protein to prevent the formation of aggregates. There are two ‘degrading entities’
to degrade these proteins; the proteasome and the lysosome. The proteasome is a
multi-subunit protein complex containing protease activity, whereas the lysosome is a
membrane enclosed compartment containing multiple proteases *°. The proteasome and
the lysosome have in common that they shield their catalytic activity from the rest of the
cell to prevent unwanted degradation. Although safe, this necessitates the cell to ‘present’
the proteins to be degraded to the degrading entities. In case of the lysosome this is
either mediated by direct import of the proteins to be degraded or by fusion with vesicles
containing these proteins >'*2 These vesicles can for example originate from autophagy
or the endocytic machinery *>%, In case of the proteasome, substrate molecules are
presented by the ubiquitin-proteasome system (UPS) ™.

The UPS is the primary degradation mechanism for the specific degradation of short-lived
regulatory proteins and damaged soluble proteins. The UPS enables protein degradation
in a time and place specific manner and is essential for virtually all cellular processes. The
UPS is an extensive network of co-operating proteins (and protein complexes) and can be
divided in a part that marks the proteins to be degraded (the ubiquitination machinery)
and a protein complex that degrades the marked proteins, the 26S proteasome ' (Figure
2).

The recognition signal for proteasomal degradation is a ubiquitin chain attached to
the protein to be degraded. The covalent attachment of ubiquitin to the target protein
is called ubiquitination. Ubiquitination is performed by an ATP-dependent enzymatic
cascade involving three classes of enzymes; ubiquitin-activating enzymes (E1), ubiquitin-
conjugating enzymes (E2) and ubiquitin-ligating enzymes (E3). Together they form an
isopeptide bond between the e-amino group of substrate lysines and the carboxyl group
at the C-terminal glycine of ubiquitin. The presence of internal lysines in ubiquitin allows
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the formation of poly-ubiquitin chains. The signal conveyed by the poly-ubiquitin chain
is highly dependent on the internal lysines used to make the chain. A lysine 63 linked
ubiquitin chain for example is a signal to be degraded by autophagy, whereas a chain
of at least four ubiquitins linked via lysine 48 is the typical recognition signal for the 265
proteasome 44,

The 26S proteasome is the macromolecular protease responsible for the degrading
capacity of the UPS. The 26S proteasome consists of one 20S core particle (CP) flanked
by one or two 19S regulatory particles (RP). Within the 26S proteasome the 20S CP
is the degradation functionality, whereas the 19S RP’s are needed for recognition of
ubiquitinated substrates and their translocation in the 20S CP 33,

The 20S CP consists of four stacked heptameric rings, together forming a barrel-shaped
structure with an inner catalytic chamber. The catalytic activity in this chamber comes
from three catalytic active subunits in each of the two inner, or 3, rings. The two outer, or
a, rings close the catalytic chamber leaving only a small entrance. To prevent untargeted
degradation of proteins, the access through this ‘gate’is restricted by the N-terminal tails
of the a-subunits. This renders the 20S CP on its own largely inactive towards folded
peptides. To activate the 20S CP it needs to associate with one of several proteasome
activators, the most common of which is the 19S RP 33,

The 19S RP recognizes ubiquitinated proteins, de-ubiquitinates them to recycle ubiquitin,

Fig- 2 1he Ubiquitination Machinery: The 26S Proteasome:

@,@

Figure 2: The ubiquitin-proteasome system

The ubiquitin-proteasome system (UPS) facilitates specific degradation of proteins and can be divided in
two parts; the ubiquitination machinery and the 26S proteasome.

The ubiquitination machinery marks proteins for degradation by covalent attachment of ubiquitin (Ub).
This is mediated by an extensive network of ubiquitin-activating (E1), ubiquitin-conjugating (E2) and
ubiquitin-ligating (E3) enzymes. Together E1, E2 and E3 form an enzymatic cascade that attaches ubiquitin
to an internal lysine residue (K) of the targeted protein. The presence of lysine residues in ubiquitin itself
allows the formation of poly-ubiquitin chains. A chain of at least four ubiquitins attached via lysine 48 is the
typical recognition signal for the 26S proteasome.

The 26S proteasome recognizes ubiquitinated substrates and degrades them into peptide fragments. The
26S is a proteins complex that can be subdivided in a central 20S particle and two flanking 19S particles.
The 20S particle contains protein degrading activity inside a barrel-like structure formed by the stacking
of four heptameric rings. The two inner (or 3-) rings contain three catalytic active subunits each, which
supply protein degrading activity to the 20S. The two outer (or a-) rings close the access to the degrading
activity by blocking the entrance of the barrel-like structure with their N-terminal tails. This ‘gate’ can be
opened by the 19S particle. The 19S particle consists of two sub-complexes; the base and the lid. The lid
recognizes ubiquitinated substrates and removes the ubiquitin, whereas the base unfolds the substrates
and transports them into the 20S barrel.
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and then unfolds them before translocation into the 20S catalytic chamber where
they are degraded. The 19S RP consists of a base and a lid complex. The lid complex is
important for substrate recognition and de-ubiquitination and is loosely connected to
the base by a ‘hinge’ subunit. Recognition of ubiquitinated proteins is mediated by two
ubiquitin receptors; RPN10 and RPN13. De-ubiquitination is mediated by the RP resident
RPN11, possibly aided by the proteasome associated dubs USP14 and UCH37. The base is
attached to the 20S proteasome where it opens the ‘gate’ formed by the N-terminal tails
of the a-subunits. Six AAA+ ATPase subunits in the base are required for unfolding and
possibly translocation of the substrate protein . In summary, the 26S proteasome is a
multi-protein protease with a unit for substrate recognition and unfolding (the 19S) and a
unit for degradation (the 20S).

The other degrading entity at the disposal of cellular PQC is the lysosome. Damaged
cytosolic proteins, and even damaged organelles, are targeted to the lysosome by a
process called autophagy. The autophagy lysosome system (ALS) was long considered a
non-specific degradation mechanism for bulk degradation of cytoplasmic proteins and
compartments *. However, over the years increasing specificity has been assigned to
this process, like the identification of specific autophagy mechanisms for ribosomes and
mitochondria *5°7.

Different ways of lysosomal targeting define three different forms of autophagy; macro-
autophagy, micro-autophagy and chaperone-mediated autophagy (Figure 3). Macro-
autophagy is most predominant and includes the formation of a double membrane, the
phagophore, around cytosolic proteins or organelles that are destined for degradation.
When the phagophore completely encloses its substrates it is called an autophagosome.
The autophagosome then fuses with the lysosome, leading to the degradation of
its contents. Substrates for macro-autophagy are recognized by autophagic adaptor
proteins, like P62, which couple them to the growing phagophore 2. Micro-autophagy is a
more direct way of cargo delivery to the lysosome, as the lysosome acquires its substrates
by their endocytosis. Central in the selection of cargo by the lysosome is the chaperone
protein HSC70 52°8, The direct uptake of substrate proteins is also apparent in chaperone-
mediated autophagy (CMA), though CMA uses a protein translocation complex instead of
endocytosis to deliver substrates to the lysosome °'.

Apart from refolding and degradation, another important aspect of PQC mechanisms
is the sequestration of damaged proteins in PQC compartments. Several different PQC
compartments have been described with distinct composition, function and localization
in the cell *°. The JUxtaNuclear Quality control compartment (JUNQ), for example, is
localized near the nuclear ER and contains soluble, ubiquitinated, damaged proteins as
well as many chaperones and active proteasomes. Its proposed function is to enhance
the efficiency of the PQC by sequestering (and thus concentrating) the important players.
The Insoluble Protein Deposit compartment (IPOD) on the other hand resides near the
lysosome and contains terminally aggregated proteins. Its function is thought to be the
scavenging of potentially harmful misfolded proteins €',

Apart from enhancing PQC efficiency and scavenging harmful proteins, sequestration of
protein damage also facilitates asymmetric inheritance of damaged proteins. Association
of these compartments with the cytoskeleton or organelles is proposed to restrict their
presence to the older lineage upon cell division. In bacteria and fission yeast for example,
aggregated proteins are sequestered at the old pole of a dividing cell ¢*%, In budding
yeast on the other hand, protein aggregates are retained in the mother cell by association
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Figure 3: The autophagy lysosome system

The autophagy lysosome system (ALS) enables the degradation of proteins, complexes and even organelles
in the lysosome. To this end, the lysosome is filled with proteases and other degrading enzymes. Substrates
are targeted towards the lysosome by autophagy, which can be subdivided in three different classes;
Macro-, Micro-, and Chaperone-mediated- autophagy.

Macro-autophagy entails the formation of a double membrane, the phagophore, around the
cytosolic substrates. When the substrates are completely engulfed it is called an autophagosome. The
autophagosome delivers its contents to the lysosome by fusing with the lysosomal membrane. Micro-
autophagy is the direct endocytosis of substrates by the lysosome and their subsequent degradation.
In chaperone-mediated autophagy, substrate proteins are recognized and unfolded by chaperones and
transported across the lysosomal membrane by a translocation complex.

Together, the different modes of autophagy allow the ALS to (specifically) degrade a wide variety of
substrates.

with the polarisome . A recent study in mammalian cell lines, that are supposed not to
have lineage differences, showed asymmetrical inheritance of JUNQ, possibly mediated
by the intermediate filament vimentin .

In summary, cells prevent the accumulation of damaged proteins by the protein quality
control (PQC) system. The PQC system initially tries to repair the damaged proteins, e.g.
by employing chaperones to refold unfolded proteins. When repair fails, cells have two
systems for the degradation of damaged proteins; the ubiquitin-proteasome system
(UPS) and autophagy lysosome system (ALS). Together these systems prevent harmful
accumulation of damaged proteins and thus support healthy cellular aging.

Yeast as a model system for cellular aging

The budding yeast Saccharomyces cerevisiae is an important model organism in age-
related research. Because it is easy to quantify longevity in budding yeast and because it
is easy to manipulate its genome. This has allowed the identification of dozens of factors
affecting longevity and the identification of several mechanisms underlying aging %. The
search forhomologues of these factors in higher eukaryotes has made major contributions
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to mammalian aging research. Most notable is the identification of the sirtuins, a family of
NAD* dependent protein deacetylases. Decreasing its activity in yeast and several other
lower eukaryotes results in decreased longevity, whereas increased activity correlates
with increased longevity. In mammalian cells, sirtuins have less drastic effects, although
they have been implicated in several age-related processes and diseases .

When we define cellular aging as the accumulation of cellular damage resulting in a
gradual loss of the cells functionality, we can distinguish two modes of aging in budding
yeast: chronological aging and replicative aging (Figure 4). In chronological aging
damage accumulates over time in a non-dividing cell, which as a result will eventually
lose its capacity to divide and then dies. To measure chronological life span, one monitors
the viability of a population of non-dividing cells over time. A population of non-dividing
cells is obtained by starving cells in a liquid culture and viability is defined as the ability to
resume cell growth once fresh medium is added 2. Replicative aging is the accumulation
of cell damage in the mother cell, due to the asymmetric distribution of cell damage upon
cell division. Each time a yeast cell divides, the mother cell retains all cell damage in order
to give rise to the fittest daughter cells possible. The cumulative effect of 25-30 of these
asymmetric divisions will lead to a terminal replicative senescence . Replicative life span

Fig. 4
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Figure 4: Chronological and replicative aging in budding yeast

Cellular aging is the gradual loss of the cells functionality and viability as a result of the accumulation of
cellular damage. Many types of cell damage have been implicated in cellular aging, like protein damage
and malfunctioning mitochondria. In budding yeast cell damage accumulates in two different ways;
chronological aging and replicative aging. Chronological aging is the accumulation of cell damage as a
function of time in non-dividing cells and can be assessed by measuring viability in time. Replicative aging
is the accumulation of cell damage in mother cells as a result of asymmetric inheritance of cell damage.
Upon cell division, the mother cell retains the cell damage to give rise to the fittest daughter cell possible.
Replicative age can be assessed by counting the bud scars that are left on the cell wall of the mother cell,
each time a daughter cell breaks away.
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is defined as the amount of daughter cells one cell can produce and replicative age is the
amount of cell divisions a cell underwent 228, The replicative age of a yeast cell can be
determined by counting the number of bud scars, which can be visualized by a staining
with Calcofluor White %.

Although replicative aging as a result of damage retention in the mother cell currently
lacks a well-studied analogue in mammalian cells, the kind of damage (the aging factor)
that is retained yields valuable information about the aging process. Several aging factors
have been implicated in replicative aging in yeast . Oxidized and aggregated proteins
for example were found to accumulate with replicative age in mother cells and to show
a mother-biased segregation upon cell division 7, The retention of this protein damage
in the mother cell is suggested to be the result of the association of protein aggregates
with the actin cytoskeleton, which prevents their diffusion into the daughter cell 7. These
oxidized proteins may be the results of another aging-related factor; malfunctioning
mitochondria. Malfunctioning mitochondria are found to accumulate in mother cells
during replicative aging and suggested to be causative for this aging 2>7273, The mother-
biased inheritance of malfunctioning mitochondria is suggested to be the result of an
ingenious filtering mechanism 2. A potential cause for the appearance of malfunctioning
mitochondriais yetanotheragingfactor;lost pH control of the vacuole (the yeast lysosome)
in mother cells 7. Although the role of the lysosomal pH in mammalian aging remains to
be established, accumulation of damaged proteins and malfunctioning mitochondria are
conserved aspects of cellular aging.

Chronological aging of budding yeast is a model system for the aging of post-mitotic
cells and is studied in stationary phase yeast cultures 2. A stationary culture is reached by
growing rich liquid cultures to saturation, usually for 5-7 days at 30°C. At the start of this
period, yeast cells gain energy by fermentation of glucose to ethanol and are proliferating
rapidly. When glucose gets limiting, proliferation is slowed down and the cells adjust their
metabolism to utilize non-fermentable carbon sources, like ethanol. After this metabolic
adjustment, the diauxic shift, cells make one or two very slow cell divisions before the
non-fermentable carbon sources are depleted and the cells enter a starvation-induced
quiescent state. The culture is now said to be in a stationary phase 7. Upon the diauxic shift,
cells start an extensive‘quiescence program’to prepare foralong survival in quiescence. An
important part of this program is the adjustment of transcription and translation rates to
the lower energy intake, reducing it to respectively ~20% and 0.3% of their original values.
Another consequence is that this program makes the cell more resilient towards stress
by up-regulation of genes involved in PQC and by thickening the cell wall. Furthermore,
autophagy is induced under these conditions to scavenge damaged cell components and
as a source of energy 7. Also, several cellular proteins (like actin, proteasomes and several
metabolic enzymes) get sequestered in so called storage compartments. These storage
compartments are suggested to protect its constituents and provide a rapidly available
pool of proteins once the growth conditions get more favorable 7678, Although the aging
of mammalian post-mitotic cells is usually not starvation-induced, several factors and
mechanisms are similar to yeast chronological aging, like the central role for TOR signaling
and PQC mechanisms.

Replicative and chronological aging are intimately linked and many examples exist of
chronological age affecting replicative life span and vice versa 7°-®'. The tight link between
both modes of aging is exemplified by the strong influence of replicative age on the
chronological life span in a starving yeast culture. Based on their replicative age, two
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populations of cells can be distinguished in stationary phase yeast cultures: Quiescent
(Q) and Non-Quiescent (NQ) cells. Q cells are unbudded daughter cells formed after the
diauxic shift that maintain their reproductive ability during long periods of starvation. NQ
cells on the other hand, are replicative older cells with a reduced chronological life span
8_NQ cells have a high load of reactive oxygen species and damaged proteins, which
is consistent with the mother-biased inheritance of malfunctioning mitochondria and
protein damage. Q cells on the other hand have low levels of both, possibly as a result of
the observed up regulation of oxidative stress response genes 884,

These observations suggest that one can learn about age-related processes by observing
phenotypic differences between cells of different replicative age in a starved yeast
culture. In this Thesis we take this approach to study how a cell modulates its ubiquitin-
proteasome system in response to aging.

How does the cell modulate its UPS in response to aging?

Selective degradation of damaged proteins by the UPS is an important PQC mechanism
in the aging cell. Insufficient UPS activity leads to the accumulation of damaged proteins,
which is a hallmark of cellular aging and implicated in several age-related diseases °.
Insufficient UPS activity can be caused by limiting proteasome activity or limiting activity
of the ubiquitination machinery. The accumulation of poly-ubiquitinated proteins that is
often observed in aging cells, suggests that proteasome activity is limiting. Also, increased
proteasome activity is found to be sufficient to reduce cytotoxicity upon oxidative stress
and to increase longevity in budding yeast %% The concept of limiting proteasome
activity as an important factor in aging and age-related diseases is getting increasing
attention. This is exemplified by the growing interest for proteasome activators as
potential therapeutics in the treatment of age-related diseases like Alzheimers disease .
Unfortunately for the cell, the chances of limiting proteasome activity increase during
the aging process as a result of increased internal stress factors and an age-dependent
decrease in said activity. The age-dependent decrease in proteasome activity is observed
in several model organisms and is even suggested to be causative for this aging 488788,
The age-dependent decrease of proteasome activity in human epidermal cells and the
relatively high activity in fibroblast of healthy centenarians suggests that this phenomenon
may also be relevant for mammalian cells 8%, Whether it is proteasome activity per se or
whether there are other proteasome-related factors important during the aging process
remains an open question.

The first indication of the involvement of another proteasome-related factor in the
aging process came from a study in budding yeast. The proteasome in budding yeast is
primarily localized in the nucleus when they grow in the presence of sufficient nutrients
%. When yeast cells experience a limiting amount of glucose however, they export their
proteasomes from the nucleus and sequester them in cytosolic foci termed Proteasome
Storage Granules (PSG). These structures are stable when starvation is prolonged,
but dissolve rapidly when nutrients are re-added, followed by the rapid import of
proteasomes in the nucleus. PSGs are proposed to store proteasomes during starvation-
induced quiescence, while allowing rapid release upon cell cycle re-entry 8. Interestingly,
proteasome localization is not the same for all yeast cells in a stationary phase culture.
In this Thesis we show that the localization of the proteasome in starving budding yeast
correlates with the replicative age of a cell. This may suggest that proteasome localization,
like its activity, plays an important role in cellular aging.
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A PQC system for the proteasome?

Although an age-dependent decline in proteasome activity is observed in several model
systems for aging research, the cause of this decline remains obscure. Several factors
are proposed to play a role, including decreased proteasome levels, altered proteasome
conformation or an increasing number of damaged (less functional) proteasomes.

An age-dependent decrease in proteasome levels is observed in several model systems,
often deduced from lower expression of proteasome subunits '>87, The reason for this
counter-intuitive age-dependent decrease in proteasome levels is unclear. Conformational
changes of proteasomes during aging were observed in a study in Drosophila, showing an
age-dependent decline of the highly active 26S form of the proteasome in favor of the
less active 20S form ™. Since the 26S proteasome is stabilized by ATP, Vernace et al suggest
that the decline in cellular ATP levels they observed in their aging cells is causative for this
conformational change. This hypothesis may be supported by a similar shift from the 265
to the 20S form of the proteasome observed in yeast cells undergoing starvation °'. Still,
these data are merely a correlation at present.

Adecreased proteasome activity due to an increased population of damaged proteasomes
is consistent with several in vitro and in vivo studies showing decreased proteasome
activity upon treatment with oxidizing agents like nitric oxide. However, none of these
studies shows the actual damage to the proteasome >, Still, it is likely that proteasomes
get (oxidatively) damaged during their life time given their extremely long reported half-
life of 5-12 days '®%. Oxidative damage to the proteasome is even more likely in aging
cells as many of these cells experience oxidative stress as a result of malfunctioning
mitochondria. This (oxidative) damage may lead to reduced proteasome activity.

Given its central role in the protein quality control system, it is of vital importance to
maintain a ‘fit’ population of proteasomes. To prevent the accumulation of damaged
proteasomes during cellular aging, cells are therefore expected to employ quality control
mechanisms on the proteasome. Degradation of the proteasome is reported in Hela cells
and rat livers and suggested to be mediated by the lysosome '#%. The way proteasomes
are delivered to the lysosome and whether there is specificity towards damaged
proteasomes, as PQC entails, is currently unknown.

The action of such a potential proteasome quality control mechanism would be of
particular interest for long-lived non-dividing cells, like neurons. This type of cells cannot
simply ‘dilute’ their malfunctioning proteasomes by cell division and since they are long-
lived they will need exquisite UPS activity to maintain proteome fitness during their
entire lifetime. The relevance of optimal UPS activity in these cells is highlighted by the
appearance of protein aggregates, and thus insufficient PQC, in many neurodegenerative
disorders. We believe that a deeper understanding of the proteasome quality control
mechanisms may yield new therapeutical targets to increase UPS activity in the treatment
of these and other age-related diseases.

Conclusion

In this Thesis we address two important aspects of protein dynamics: protein synthesis
and distribution upon cell division and dynamics of the protein degradation machinery.
In Chapter 2, we present novel technology (Recombination-Induced Tag Exchange)
to distinguish and simultaneously track old and new proteins. In Chapter 3 we used
this technology to make a comprehensive analysis of the inheritance and synthesis of
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organelles and macromolecular complexes in budding yeast. Thereby we resolved
outstanding issues in organelle synthesis and uncovered symmetrical and asymmetrical
patterns of inheritance. Asymmetrical inheritance of organelles and macromolecular
complexes may induce lineage differences and could be involved in cell differentiation.
Next, we address two aspects of the dynamics of the protein degradation machinery
that may be relevant for cellular aging: proteasome localization and degradation of
the proteasome. In Chapter 4 we show that the localization of the proteasome, like its
activity, may be a relevant factor in cellular aging and identify genetic factors affecting
proteasome localization and longevity in budding yeast. In Chapter 5 we present data that
is consistent with lysosomal degradation of damaged proteasomes, which may represent
the first sketches of a quality control mechanism for the proteasome.
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