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Chapter 1
A general introduction into aging and
nuclear pore complexes in baker’s yeast

Chapter 1
Baker’s yeast as a model for aging studies
One commonly used definition to describe the biology of aging is that aging is
the progressive accumulation of damage throughout the lifespan of an organism
(Fontana et al., 2010; Hayflick, 2007; Kirkwood, 2008; Rattan, 2006). For the
aging organism, the changes result in a decrease in reproductive success and an
increased risk for disease and mortality (Kirkwood, 2008; Tosato et al., 2007).
Consequently, delaying the aging process, holds promise to increase the healthand lifespan of the organism (Crimmins, 2015; Tosato et al., 2007).
On the cellular level, the accumulation of damage during aging is characterized
as nine universal hallmarks. Four hallmarks reflect intracellular changes that
hold potential to be causal of aging: (1) genomic instability, (2) telomere
attrition, (3) epigenetic alterations and (4) loss of proteostasis. The consequence
of those four primary hallmarks are observed as (5) deregulated nutrient
sensing, (6) mitochondrial dysfunction and (7) cellular senescence. Ultimately,
these cellular changes cause (8) stem cell exhaustion, and (9) altered
intercellular communication (López-Otín et al., 2013). With few exceptions
(e.g. some sponges, jellyfish, corals and hydras show great longevity and are
potentially immortal (Petralia et al., 2014)), these universal hallmarks of aging
are present in almost all animals, as well as many plants. Even single-celled
organisms show several of these hallmarks, while they age (López-Otín et al.,
2013; Petralia et al., 2014).
Differently from humans, model organisms can be genetically modified, held
under constant conditions and have significantly shorter lifespans than humans.
Therefore, the plethora of our mechanistic insights into the biology of aging
stems from model organisms. One of the simplest model organisms used for
aging studies is baker’s yeast. Indeed, this single cell organism is suitable to
study the four primary hallmarks of aging, as well as the three secondary
hallmarks of aging (López-Otín et al., 2013). Several molecular pathways that
change in aging are evolutionary conserved from yeast to humans (Janssens and
Veenhoff, 2016a). Aging in baker’s yeast can be evaluated as the time that the
cell survives in a non-dividing state (chronological lifespan), reminiscent of
aging in non-dividing cells over time. Alternatively, aging in baker’s yeast can
be evaluated as the number of times the cell divides (replicative lifespan),
reminiscent of aging in stem cells and highly proliferative tissues (Longo et al.,
2012).
Chronological aging in baker’s yeast is induced by the depletion of nutrients
either in a culture grown to stationary phase, or by transferring the cells to water
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(Hu et al., 2013). Those environmental conditions are fundamentally different
from chronological aging of differentiated, and therefore postmitotic, cells in
multicellular organisms, where cells are provided with nutrients. Nevertheless,
the process of aging bears resemblance and several environmental and genetic
interventions, as well as drugs found to extend the chronological lifespan of
baker’s yeast are conserved in higher eukaryotes (Pitt and Kaeberlein, 2015).
For example, lifespan extension through dietary restriction, and the pathways
that mediate it (e.g. sirtuins, mechanistic Target of Rapamycin (mTOR),
insulin-like signaling pathways) are conserved in higher model organisms
(Fontana et al., 2010) and were initially discovered in baker’s yeast (Longo et
al., 1999).
Replicative aging of baker’s yeast is an established model system for aging of
other mitotic cells in higher eukaryotes and even organismal aging (Reviewed
in: Denoth Lippuner et al., 2014; Janssens and Veenhoff, 2016a; Wasko and
Kaeberlein, 2014). The mean lifespan of BY4741, a commonly used yeast
strain, is ~ 25 divisions, for haploid cells (Crane et al., 2014; Huberts et al.,
2013, 2014). A yeast cell divides asymmetrically and the mother cell selectively
retains damaged components. Factors that are asymmetrically inherited include
extrachromosomal rDNA circles (ERCs), nuclear pore complexes, carbonylated
proteins, protein aggregates, mitochondria and vacuoles (Higuchi-Sanabria et
al., 2014). The asymmetrical distribution of these factors causes the mother cell
to progressively age with each division, while for the major part of the mother’s
lifespan, each of its daughter cells is born rejuvenated (Box 1)(Henderson and
Gottschling, 2008).
The asymmetrical distribution of factors is established by the cytoskeleton, and
a special membrane composition at the site where mother and daughter cells are
connected, the bud neck. Here, a sphingolipid diffusion barrier at the
endoplasmic reticulum (ER) prevents misfolded proteins in the ER, to be passed
on to the daughter cells (Clay et al., 2014). Furthermore, the inheritance of
components at the outer nuclear membrane, the ER and the plasma membrane is
limited by a septin (Barral et al., 2000; Luedeke et al., 2005; Mostowy and
Cossart, 2012; Shcheprova et al., 2008; Takizawa et al., 2000). A major
constituent of the cytoskeleton, actin, nucleates into cables at the bud tip and the
bud neck and mediates, in combination with the motor protein Myo2, the
transport of mitochondria and vacuoles into the new daughter cell, ensuring that
only functional organelles are inherited (Henderson et al., 2014; McFalineFigueroa et al., 2011; Spokoini et al., 2012). Furthermore, aggregates associate
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with actin cables, which prevents them to diffuse freely into the daughter cells
(Liu et al., 2010, 2011).
Box 1: The replicative aging challenge – Methods to study replicative aging
cells
Budding yeast cell cultures grow exponentially, in the presence of sufficient
amounts of nutrients. During each division, the mother cell produces a
rejuvenated daughter cell. Therefore, old cells are diluted out by their progeny
(Figure 1). Hence, techniques that allow us to enrich aged cells are essential to
study replicative aging. Several techniques are available to enrich aged cells,
advantages and disadvantages of those techniques are briefly discussed below:
Dissection
During dissection a needle is used to move each daughter cells away from the
mother cell after each division (Mortimer and Johnston, 1959). This method is
laborious and has a very low throughput. Yet the technical requirements for this
technique are very low and it is one of the most robust and widely accepted
ways to measure the lifespan of cells. A prerequisite is that sufficient numbers
of cells (at least 100 per experiment) are measured (Huberts et al., 2014).
Mother enrichment program (MEP)
The mother enrichment program (Lindstrom and Gottschling, 2009) is an
inducible system, that can selectively prevent daughter cells (age 0) from
dividing. Consequently, the aging cells are diluted out more or less linearly with
cell-cycle arrested daughter cells. A disadvantage of this method is that it
involves several genetic modifications: The fusion of the cre-recombinase with
an estradiol binding domain, which is under the control of a daughter specific
promotor and the flanking of two essential cell cycle genes (cdc20 and ubc9)
with cre sites. Another challenge when using the MEP is that mutations can
cause a daughter cell to become insensitive to estradiol and start growing
exponentially. This happens relatively frequently at a rate of 1.4 x 10-6 per cell
divison (Lindstrom and Gottschling, 2009).
Labeling of the cell wall
The cell wall of S. cerevisiae is newly synthesized by the daughter cell during
division. Since the cell walls are not shared between mother and daughter cell,
the cell wall of a cohort of cells can be labelled with fluorophores or magnetic
beads (Kennedy et al. 1994). Subsequently the cells are allowed to divide for
several generations. FACS sorting or a magnet can be used to distinguish and/or
physically separate the aged cells from their progeny. The labeling of the cell
wall can further be combined with the MEP to increase the number of aged cells
per experiment (Thayer et al. 2014). Another approach to enrich for aged using
cells labelled with magnetic beads was used by Janssens and colleagues
(Janssens et al., 2015) to do transcriptome and proteome studies on replicative
aged yeast cells. They aged large cohorts of cells in magnetic columns, which
retained the bead-labeled mother cell, while flushing out the daughter cells with
a constant flow of medium. Taken together, the advantage of those techniques
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is, that they can be adapted to age large cohorts of cells and to perform system
wide studies.
Microfluidic chips
Microfluidic chips for yeast aging studies are made from glass and PDMS, for
use in combination with a microscope. Those microfluidic devices that allow
the user to follow cells throughout their lifespans are based on trapping single
yeast cells, when they are young. The flow of medium inside the chip provides
the cells with nutrients, while selectively flushing away the daughter cells.
Several designs that allow the analysis of full lifespans are published (Crane et
al., 2014; Fehrmann et al., 2013; Jo et al., 2015; Lee et al., 2012; Zhang et al.,
2012), but none are commercially available at present. The cells are imaged
regularly, following each division. Disadvantage of microfluidic devices are the
low to medium throughput in cell numbers per experiment and that they require
extensive training to use them. However, microfluidic devices allow us to study
subcellular localization and abundance of proteins, cell cycle kinetics, cell size
and shape as well as organelle function in correlation to the life expectancy of a
cell.
Figure 1 Replicative aged cells are
outnumbered by their progeny. A
schematic representation that illustrates how
the the frequency of replicative aged cells
decreases as a function of replicative age.
Dots in the yeast cell represent bud scars that
appear at the division site in each round of
division and that show the replicative age of
a mother cell. The ratio of cells in the table is
an approximation, based on exponential
growth as a function of 2N, with N being the
replicative age of the cell, however this
function does not take into account that
daughter cells take longer for their first
division than mother cells and that mother
cells eventually die.

Occasionally, yeast cells fail to perform asymmetric divisions, causing the
daughter cell to inherit the age of the mother cell (Kennedy et al., 1994). The
frequency of symmetric divisions increases during aging. These divisions are
likely caused by a compromised diffusion barrier between mother and daughter,
since genetic interventions that compromise the diffusion barrier can also cause
the loss of age asymmetry between mother and daughter (Shcheprova et al.,
2008). Similar to yeast, human stem cells repeatedly perform asymmetric
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divisions, resulting in a stem cell and a progenitor cell. Symmetric divisions of
stem cells, can result in either two stem cells, or two differentiated cells.
Therefore symmetric divisions can either lead to an increase in stem cell
number, as is typical for aging hematopoietic stem cells (de Haan et al., 1997)
and intestinal stem cells (Choi et al., 2008), or a decrease in stem cell number,
typical for aging in satellite cells (Gibson and Schultz, 1983) and germline stem
cells (Killian and Hubbard, 2005; Zhao et al., 2008). Studies in hematopoietic
stem cells and germline stem cells have shown that these stem cells perform
symmetric divisions more frequently at increased age (Cheng et al., 2008;
Kohler et al., 2009). Such unbalances in divisions disturbs the balance between
stem cells and somatic cells, as well as the functionality of both cell types and
therefore contributes to the decline in regenerative potential of tissues and
organs in aging (Schultz and Sinclair, 2016).
The potentially conserved primary causes of aging
That aging and lifespan are partly genetically regulated is evident by the fact
that species differ in their average lifespan, that human lifespan expectancy is
partly genetically determined (Ruby et al., 2018) and that genetic interventions
can alter lifespan. Another important factor that influences aging and lifespan
expectancy is the environment (Passarino et al., 2016). Yet, even within a
genetically identical population, cultured in the same constant environmental
conditions, there is large variation in the lifespan of single yeast cells, as well as
worms, flies, or mice (Kirkwood et al., 2005; Mortimer and Johnston, 1959).
This indicates that aging is intrinsically variable with a large impact of
stochastic processes.
Which factors determine the lifespan and cause aging of a single baker’s yeast
cell within a genetically identical population? Telomere attrition is not a causal
factor for aging in baker’s yeast, because the telomeres do not progressively
shorten during aging in baker’s yeast (D’Mello and Jazwinski, 1991).
Differently from most somatic cells in higher eukaryotes, telomerase is
constitutively expressed in yeast, allowing the telomeres to be extended when
they become critically short (Mozdy and Cech, 2006; Strecker et al., 2017).
Increased genomic instability is another hallmark of aging, that can be observed
in yeast during aging (Moskalev et al., 2013; Novarina et al., 2017; Szilard,
1959). However, genomic instability cannot be a primary cause of aging in the
majority of cells as it is not compatible with the observation that daughter cells
are born rejuvenated (Johnston, 1966; Müller, 1971) and that during
gametogenesis the lifespan is reset (Unal et al., 2011). Furthermore, the average
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mutation rate in yeast is too low to explain aging of individual cells, and one
study finds that mutation load is not linked to lifespan in wild type yeast cells
(Kaya et al., 2015). Although, we cannot exclude that genomic instability and
the accumulation of mutations drive aging in a subset of individual cells, it can
be excluded that genomic instability could cause aging for a majority of baker’s
yeast cells.
Epigenetic alterations and loss of proteostasis are intertwined processes that
both have the potential to cause aging in baker’s yeast. Aging is characterized
by increased acetylation of histones, in combination with loss of histones in the
subtelomeric regions and transcriptional desilencing (Dang et al., 2009; Feser et
al., 2010; Gehlen et al., 2011). These changes can either be cause or
consequence of the loss of proteostasis, that we observe in aging. The loss of
proteostasis in aging affects the control over correct folding of proteins and the
degradation of non-functional proteins (Ben-Zvi et al., 2009). Several studies
highlighted the roles of chaperones in replicative and chronological aging,
showing that chaperones contribute to lifespan extension and the maintenance
of mother-daughter asymmetry in aging (Hanzén et al., 2016; Harris et al.,
2001; Hill et al., 2016; Speldewinde and Grant, 2017). Hsp104, a chaperone that
facilitates the refolding of denatured and aggregated proteins (Parsell et al.,
1994), has been used as a marker for protein aggregation (Winkler et al., 2012).
The appearance of asymmetrically retained Hsp104 foci during aging further
indicates problems with correct folding and increased aggregate formation
during aging (Zhou et al., 2011). In a broader sense protein homeostasis also
includes the correct sorting and targeting of proteins and the formation of
macromolecular complexes (Juszkiewicz and Hegde, 2018). Network analysis
predicts that protein biogenesis is one of the most causal drivers of aging
(Janssens et al., 2015), from this perspective it makes sense that the
downregulation of protein synthesis by caloric restriction is one of the most
conserved and best understood lifespan extending interventions.
System wide proteome and transcriptome studies have revealed that proteome
and transcriptome uncouple in aging baker’s yeast (Janssens et al., 2015) and rat
brain and liver tissues (Ori et al., 2015). Protein complexes are especially
affected by this uncoupling and changes in protein complex stoichiometry are
observed (Janssens et al., 2015; Ori et al., 2015). In baker’s yeast tubulin, the
vacuolar proton ATPase and the nuclear pore complex (NPC) are among the
most substoichiometric complexes in replicative aging cells (Janssens et al.,
2015). The NPC is particularly interesting in this context, because
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substoichiometric NPCs have the potential to cause, or at least contribute to the
loss of proteostasis in aging.
The structure of the nuclear pore complex
The overall structure and function of the nuclear pore complex (NPC) is
conserved from yeast to human (Kim et al., 2018; Kosinski et al., 2016; Lin et
al., 2016). NPCs are embedded into the double membrane of the nuclear
envelope (NE), where they facilitate controlled exchange between the nucleus
and the cytoplasm. On one hand, the NPC acts as a size dependent diffusion
barrier, which allows small molecules to diffuse freely between nucleus and
cytoplasm, while large molecules diffuse slowly (Kapinos et al., 2017; Lowe et
al., 2015; Popken et al., 2015; Timney et al., 2016). On the other hand, NPCs in
cooperation with nuclear transport receptors (NTRs), also facilitate targeted
exchange of macromolecules between nucleus and cytoplasm, in a rapid and
energy driven transport reaction.

Figure 2 Integrative structure of the native S. cerevisiae NPC. The structure was solved by
cryo-electron tomography (cryo-ET), at a resolution of 28 Å. Subsequently, individual Nups and
sub-complexes of the NPC, were fitted into the cryo-ET structure based on published
crystallographic structures, integrative structures and comparative models. The final structure
shows the positions of 552 individual Nups, at a resolution of 9 Å
a) Side view of three consecutive spokes.
b) Top view of the cytoplasmic side of the complete NPC. The following structures can be seen:
The cytoplasmic ring (yellow), the RNA export platform (pink), the inner ring (purple), the Nic96
complex (blue), the membrane ring (brown), the FG-Nups (green). This figure is adjusted from
(Kim et al., 2018) and reprinted with permission.

The NPC is an exceptionally large protein complex. The native yeast NPC has a
mass of 52 MDa, excluding the surrounding membrane, the transport factors
and cargo, which collectively add another 35 MDa (Kim et al., 2018). Each
NPC is composed of ~30 different proteins, called Nucleoporins or Nups. Nups
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are divided into two groups with fundamentally different properties. A group of
stably folded proteins forms the scaffold of the NPC, and another group of
proteins contain intrinsically disordered (ID) domains. In baker’s yeast, each
nup is present in 8, 16 or 32 copies per NPC (Kim et al., 2018; Mi et al., 2015).
The vast majority of NPCs show an eight fold rotational symmetry formed by
eight spokes, that form a cylindrical assembly (Hinshaw and Milligan, 2003;
Unwin and Milligan, 1982). This cylindrical assembly is divided into the core
scaffold (comprised of inner and outer rings), a membrane ring, the RNA export
platform and the nuclear basket. The different substructures (inner and outer
rings, membrane ring, RNA export platform, nuclear basket, as well as spokes)
of the NPC are held together by flexible elements, which give the structure
strength and flexibility at the same time (Fischer et al., 2015; Kim et al., 2018).
The core scaffold of the NPC is a symmetrical structure of two inner rings,
which are flanked by outer rings (a total of two in yeast and four in humans)
(Kim et al., 2018; Lin et al., 2016). The inner ring is formed by two protein
complexes, the inner ring complex and the Nic96 complex. The inner ring
complex protein Nup192 interconnects the spokes and functions at the same
time together with Nup188 as a spacer between the spokes. The other members
of the inner ring complex Nup157, Nup170, Nup53 and Nup59 serve a vital role
in anchoring the NPC to the NE. NPCs are anchored to the NE, via membrane
binding motifs of those proteins, as well as interactions with three different
transmembrane proteins (Ndc1, Pom152 and Pom34) that form one membrane
ring around the equator of the core scaffold. Additionally, Nup157 and Nup170
form, together with Nic96, a diagonally oriented column, within each spoke,
that connects the inner ring to the Nic96 complex. The Nic96 complex
comprises Nsp1, Nup49, Nup57 and Nic96.
Each outer ring is formed by eight highly conserved Y-shaped complexes (also
called Nup84 complex). The Y-shaped complexes are arranged head-to-tail,
where the interaction between the complexes is established by Nup120 at the
head of the complex and Nup133 at the tail of the next complex. Additionally,
Nup120 and Nup133 anchor the Y-shaped complex to the NE, via membrane
binding motifs.
Positioned over the core scaffold on the cytoplasmic side is a structure called
the RNA export platform (formerly known as cytoplasmic filaments)
(Fernandez-Martinez et al., 2016). The RNA export platform is connected to the
outer ring, via connections to the Nup85-Seh1 arm, at the head of the Y-shaped
complex. The RNA export platform is necessary for mRNA export and the final
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messenger ribonucleoprotein (mRNP) remodeling steps. These remodeling
steps involve the non NPC component DEAD-box protein Dbp5p, which
interacts with Nup159, to remove the transport factors from the mRNA and
preventing it from diffusing back into the nucleus (Lund and Guthrie, 2005;
Montpetit et al., 2011).
Attached to the core scaffold on the nuclear side are eight filaments that form a
cage-like structure, called the nuclear basket. Here, the Nup85-Seh1 arm of the
outer ring at the nuclear side connect to the nuclear basket proteins Mlp1 and
Mlp2, to anchor the basket to the core scaffold. The basket is a dynamic
structure (Niño et al., 2016), that serves as an anchoring point for various
processes in the nucleus. RNA processing and export, as well as preventing the
export of unprocessed RNA are mediated by the nuclear basket. Additionally,
the basket structure tethers silencing factors, chromatin and cell-cycle regulators
and proteasome (Albert et al., 2017a). Mlp1 and Mlp2 are large, evolutionary
conserved coiled-coil proteins that contribute to NPC positioning, nuclear
stability and NE morphology (Niepel et al., 2013). The nuclear basket
contributes to the passive permeability barrier and nucleocytoplasmic transport
(Bogerd et al., 1994; Denning et al., 2001; Jani et al., 2014).
Intrinsically disordered proteins form the passive permeability barrier of
the NPC
In the center of the scaffold are ID proteins (also called phenylalanine-glycine
repeat nucleoporins or FG-Nups) that form the diffusion barrier of the NPC and
interact with the transport factors. All FG-Nups have multiple clustered FG
repeats separated by characteristic spacer sequences, that are further categorized
as FxFG, GLFG or FG repeats. The FG-Nups are further characterized as
asymmetric FG-Nups that localize (mainly) to the RNA export platform
(Nup159 and Nup42), or the basket (Nup1, Nup2 and Nup60) and symmetric
FG-Nups, that fill the core scaffold of the NPC (Nup100, Nup116, Nup49,
Nsp1, Nup145N and Nup57).
How the diffusion barrier is formed and functions in vivo has been studied
intensively and fiercely debated (Lemke, 2016; Li et al., 2016). Purified, FGNups in solution can phase separate to form a liquid-liquid demixed state
(Lemke, 2016), a gel state (Frey and Görlich, 2007; Frey et al., 2006; Labokha
et al., 2012), form amyloids (Ader et al., 2010; Halfmann et al., 2012; Milles et
al., 2013), or form a polymer brush, when fixed to a surface (Lim et al., 2007).
In vitro formed gels (Frey and Görlich, 2007), as well as surface anchored FGNups in artificial nanopores (Jovanovic-Talisman et al., 2009; Kowalczyk et al.,
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2011), can form selective barriers in the sense that NTRs can pass more rapidly
than control proteins.
It remains challenging to determine, in which of those in vitro states of FGNups might be found under physiological conditions. However, in vivo the
disordered phase is not purely composed of FG-Nups, but additionally hosts a
significant proportion of NTRs, and (non-)cargo molecules. Especially the
presence of NTRs is important for the functional properties of the NPC, as will
be discussed in the next section (Kapinos et al., 2017; Lowe et al., 2015).
The FG-Nup permeability barrier facilitates the rapid passage of large protein
complexes, when bound to a NTR (discussed in detail below). This passage is
enabled by several low affinity binding events of NTRs to FG-Nups (Rexach
and Blobel, 1995). NTRs accept to different extend FG-, GF- and F-binding
motifs in the ID domain of the FG-Nups. Each FG-Nup typically therefore has
several binding sites that the NTR can bind to and the total concentration of
binding sites in the central channel is estimated to be up to 260 nM (Aramburu
and Lemke, 2017). Vice versa, each NTR has several binding pockets that
recognize binding motifs (Bayliss et al., 2000, 2002; Morrison et al., 2003;
Otsuka et al., 2008; Port et al., 2015). In the crowded in vivo environment, the
interaction of one individual nup with one individual shuttling NTR is limited to
one or few binding sides. At the same time, each FG-Nup will bind several
NTRs and each NTR will interact with several FG-Nups. On the other hand,
NTRs show high binding affinities to FG-Nups in vitro, as those binding assays
measure the affinity of the sum of all binding sites of one individual NTR to one
individual FG-Nup, which results in high binding affinities up to nM range
(Pyhtila and Rexach, 2003). However, binding affinities in this range would not
allow the several binding and unbinding events that facilitate nucleocytoplasmic
transport to happen within the timescale of milliseconds.
Consequently, both FG-Nups and NTRs present highly reactive surfaces for
binding, where each collision between two different proteins creates a binding
event. In vivo, the binding affinity between NTRs and FG-Nups is lowered, by
the competition of NTRs for binding sites and weakly binding competitors
(Tetenbaum-Novatt et al., 2012), by Ran-GTP and by a non-mobile population
of NTRs (Lowe et al., 2015) in the center of the NPC, which jointly reduce the
number of interactions between individual FG-Nups and shuttling NTRs. This
lowers the affinity of the binding interactions to the mM range, as the binding
between individual FG-Nups and a NTRs is limited to one interaction site
(Milles et al., 2015; Tetenbaum-Novatt et al., 2012).
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Nuclear pore complex function as a macromolecular transport machinery
Although, the NPC’s function as gateways between nucleus and cytoplasm is
understood best, it is important to acknowledge, that NPCs are multifunctional
complexes. NPCs are known to participate in gene regulation, the repair double
strand breaks, cell cycle progression, and the anchoring of telomeres and extra
chromosomal rDNA circles (ERCs) (Denoth-Lippuner et al., 2014; Ibarra and
Hetzer, 2015; Raices and D’Angelo, 2017).
Active transport allows rapid and energy dependent transport of
macromolecules between nucleus and cytoplasm and is facilitated by the NPC,
in combination with several nuclear transport factors (NTRs, 17 in yeast (Allen
et al., 2002)) and a gradient of Ran guanosine di-/tri-phosphate
(RanGDP/RanGTP), with high concentrations of RanGTP in the nucleus and
high concentrations of RanGDP in the cytoplasm (Reviewed in: Fiserova and
Goldberg, 2010). These mechanisms support rapid translocation of NTR-cargo
complexes through the NPC, in the order of ~1000 molecules/second (Ribbeck
et al., 2001; Yang et al., 2004) with multiple parallel import and export events
occurring at the same time.
Proteins that require transport to the nucleus carry a Nuclear Localization Signal
(NLS) (Dingwall and Laskey, 1991) that is recognized by transport factors
called importins. A screen performed in baker’s yeast revealed that 25.8 % of
the proteins localize to the nucleus, when tagged with GFP, and grown under
standard growth conditions (Huh et al., 2003), it is reasonable to assume, that
the a large fraction of those proteins will have a NLS target signal. NLSs vary in
length and features, the most commonly studied NLSs is called classical NLS
and is recognized by the NTRs Kap60 and Kap95. Classical NLSs are
characterized by a short stretch of basic amino acids e.g. KKKRK, which is
sufficient for protein targeting to the nucleus (Lange et al., 2007).
Importins recognize and bind their NLS containing cargo in the cytoplasm
(Moroianu et al., 1996). The rate limiting factors for the transport is the
formation of the importin complex, or in other words affinity of the importin to
bind an NLS, and the abundance of importin (Hodel et al., 2006; Riddick and
Macara, 2005; Timney et al., 2006). The importin-cargo complex interacts with
FG-Nups in the central channel of the NPC, as discussed earlier through low
affinity interactions between the importin and the FG-Nups. The
RanGDP/RanGTP gradient ensures the directionality of the transport. Inside the
nucleus, RanGTP binds to the importin-cargo complex and the cargo is released
from its importin (Rexach and Blobel, 1995). The importin-RanGTP complex
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shuttles via the NPC back to the cytoplasm, where Ran GTPase-Activating
Protein (RanGAP) binds to the complex, hydrolyses GTP to GDP and releases
the importin from RanGDP (Becker et al., 1995).
Proteins that require transport to the cytoplasm carry a Nuclear Export Signal
(NES) (Wen et al., 1995) that is recognized by transport factors called exportins
(Reviewed in Cautain et al., 2015). NESs are less well characterized than NLSs,
and probably many NESs remain to be identified. The classical NES motif is
recognized by the exporting Crm1 and contains three to four hydrophobic
amino acids, often leucine, which is intercepted by one or several small,
charged or polar amino acids. Exportins recognize and bind their NES
containing cargo in the nucleus, as well as RanGTP (Stade et al., 1997). Also
this complex interacts with the FG-Nups, to allow rapid transition from the
nucleus to the cytoplasm. In the cytoplasm the complex dissociates through
binding to RanGAP and GTP hydrolysis (Becker et al., 1995). The
RanGTP/GDP gradient is maintained by binding of RanGDP to its importin
NTF2 (Bayliss et al., 1999; Oki and Nishimoto, 1998) so that it is transported
back into the nucleus, where the RanGDP interacts with Srm1, which replaces
GDP for GTP (Oki and Nishimoto, 2000).
NPC assembly and quality control; a role for Nups
NPCs can be assembled by two distinct ways. (1) Postmitotic (re-)assembly of
NPCs occurs in higher eukaryotes at the end of mitosis, into the reforming NE
and is described elsewhere (Otsuka and Ellenberg, 2018). (2) Interphase
assembly (or de novo assembly) of NPCs requires the assembly of NPCs into
the intact nuclear envelope. Organisms with closed mitosis, such as baker’s
yeast, exclusively perform interphase assembly.
How NPCs assemble into the intact nuclear envelope, without perturbing the
nucleocytoplasmic barrier, is still largely unknown (Otsuka and Ellenberg,
2018). A major challenge in the study has been to distinguish NPC assembly
sites, from the majority of fully assembled NPCs inside the cell. Single NPCs
are at a resolution below normal fluorescence microscopy, which adds to the
challenge of NPC assembly site identification. Since the order in which the
Nups assemble into NPCs is still unknown for most parts, our knowledge on
NPC assembly is often limited to our knowledge about the Nups that are
essential in supporting the structural integrity of the NPC. Surprisingly few of
the NPC components are essential (Table 1.) in baker’s yeast. For those
essential Nups it is not always clear, whether they perform an essential function,
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e.g. facilitating RNA export, or whether they are essential in warranting the
structural integrity of the NPC.
A scanning EM study using Xenopus egg extract suggested that that assembly
begins with the formation and stabilization of a hole (pore) through the nuclear
envelope (Goldberg et al., 1997). A more recent study showed transmission EM
images of NPC interphase assembly intermediates in mammalian cell lines.
These revealed that interphase assembly occurs through the evagination of the
INM, which further deforms, until it fuses with the flat ONM. At the site of the
deformed membrane is a mushroom shaped, electron dense mass of growing
size. The exact protein composition of this mass at different stages remain to be
determined, but the authors showed that proteins of the nuclear basket
associated early with the assembly site and proteins of the RNA export complex
joined later (Otsuka et al., 2016).
It is likely, that also in baker’s yeast, the proteins of the nuclear basket play a
role during early NPC assembly steps and that the RNA-export machinery is
only involved in the later assembly steps. The nuclear basket proteins Nup1 and
Nup60 contain amphipathic helix domains that are sufficient to induce
membrane bending and their deletion is synthetic lethal, suggesting a crucial
role for those amphipathic helices during NPC assembly in curving the NE
(Mészáros et al., 2015). The mislocalization of members of the RNA export
complex to the cytoplasm is a commonly used indicator for problems with NPC
assembly (Hodge et al., 2010; Makio et al., 2009; Onischenko et al., 2017). This
indicates, that the RNA export complex may be one of the last steps of NPC
assembly and that the most of the essential members of the RNA export
complex might be essential due to their function in RNA export, rather than the
structural integrity of the NPC. An exception is Dyn2, which is needed to
assemble the RNA export platform itself (Gaik et al., 2015). However, Dyn2 is
not an exclusive member of the NPC, but also part of the dynein motor complex
(Rao et al., 2013), therefore it is hard to tell, if the Dyn2 is an essential factor in
NPC assembly, as part of the dynein motor complex, or in both functions.
The essential proteins of the outer ring Nup85 and Seh1 are probably essential,
because they anchor the RNA export platform to the NPC scaffold. However,
Seh1, as well as Sec13, are not uniquely at the NPC, both proteins are also part
of the vacuolar-associated SEA complex (Dokudovskaya et al., 2011) and
Sec13 is additionally part of the COPII vesicle coat (Barlowe et al., 1994). Also
Ndc1, the only essential protein of the membrane ring, does not uniquely
function as a NPC protein, but also contributes to spindle pole body duplication.
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Therefore the final proof that those proteins are essential for the assembly of
functional NPCs is still missing. At the inner ring, Nic96 alone interacts with
every other protein in the inner ring, holding in place much of the scaffold of
the NPC, therefore it can be assumed that Nic96 is crucial, already during early
steps of NPC assembly.
Nups have remarkable functional redundancy. Therefore, many NPC
components are only synthetic lethal, in combination with other components
e.g. deletion of nup157 is lethal in combination with nup170, and the deletion of
the GLFG domains in nup116 is synthetic lethal with nup188Δ, as well as the
deletion of nup116 and nup100. In the case of nup116ΔGLFG nup188Δ and
nup157Δ nup170Δ mutations it is known that the combination of those
mutations is synthetic lethal, because the cells are not able to assemble new
NPCs (Makio et al., 2009; Onischenko et al., 2017).
The deletion of FG-domains is surprisingly well tolerated by yeast cells. Even
cells with all FG-domains at the basket and the RNA export platform removed
(nup42ΔGLFG nup159ΔGLFG nup1ΔFxFG nup2ΔFxFG nup60ΔFxF) remain
viable. Notably, also the deletion of the FG-domains of Nsp1, Nup145N, or
Nup49, as well as the deletion of several combinations of FG-domains that
belong to essential proteins are viable (e.g. nsp1ΔFxFG and nup49ΔGLFG,
nsp1ΔFGΔFxFG and nup145ΔGLFG, nup159ΔGLFG and nsp1ΔFxFG), even
when further FG-domains in non-essential proteins are deleted. The deletion of
FG-domains alters the passive permeability barrier and nucleocytoplasmic
transport in the mutants, which probably is sufficient to explain reduced fitness
of some of those mutants (Strawn et al., 2004). Overall, this indicates that many
of the ID domains of the NPC do not play a crucial role in NPC assembly.
A notable exception is the Nup116 FG-domain, which has an essential Nterminal region in its FG domain (Iovine et al., 1995; Strawn et al., 2004). This
might seem contradictory at first, since the full deletion of nup116 is sick, but
viable in most strains. Nup116 is one of five GLFG-repeat Nups (Nup100,
Nup116, Nup49, Nup145N and Nup57), and the Nup100 and Nup116 GLFG
repeat patterns have been shown to interact with the NPC scaffold during NPC
assembly, potentially stabilizing NPC structural intermediates (Onischenko et
al., 2017). It has been speculated that the full deletion of nup116 is viable,
because Nup100 can take over some of the functions of Nup116, in this
background. Additionally, despite the fact, that the FG-domains of Nup145N
are not essential, the disordered region of Nup145N enables the interaction with
Nup145C at the outer ring, as well as interaction with the Nup157 at the inner
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ring and thereby supports the connectivity of the NPC scaffold (Fischer et al.,
2015). Nsp1 and Nup49 form a complex with Nup57 and all three proteins
contain triple coiled-coil domains, that form a part of the inner rings. The fact
that the FG-domains of Nsp1 and Nup49 are not essential, suggests, that the
coiled-coil domains are important for the structural integrity of the inner ring
and therefore also for NPC assembly.
Table 1 Essential NPC components, according to https://www.yeastgenome.org/

NPC sub-structure
FG-Nups
Membrane ring
RNA export complex
Outer ring
Inner ring
Nuclear basket

Essential genes
nsp1, nup145 (N-terminus), nup49, nup116 (only
essential in BY4741)
ndc1
nup82, nup159
nup85, sec13, nup145 (C-terminus)
nup192, nup57, nic96
nup1 (controversial)

Cells that lack non-essential Nups are still able to assemble enough NPCs and
these NPCs are sufficiently functional to support viability of the cells. Deletion
of some non-essential nucleoporins causes accumulation of misassembled NPCs
(Wente and Blobel, 1993; Yewdell et al., 2011). Apart from the earlier
mentioned Nup82 mislocalization, misassembled NPCs are characterized by NE
herniations, clustering of NPCs, or NPCs that are covered by membrane that
can be seen in transmission Electron Microscopy (EM) images. For example,
transmission EM images of pom152Δ and nup116Δ are known to show
misassembled NPCs at the NE at high frequencies, while other NPCs appear to
be structurally normal (Madrid et al., 2006; Webster et al., 2014, 2016; Wente
and Blobel, 1993).
NPC assembly and quality control; a role for non-NPC components
In S. cerevisiae several proteins are known to assist with NPC assembly, which
are not part of the final structure of the NPC. Among those proteins are several
proteins that localize primarily to the ER and regulate ER morphology. Rtn1
and Rtn2 belong to a conserved family of proteins called reticulons, which
induce membrane curvature through amphipathic helix membrane binding
motifs. The deletion of Rtn1 and Rtn2, in combination with the reticulon
interacting protein Yop1 was shown to block NPC assembly and be synthetic
lethal (Dawson et al., 2009). One possible direct function of Rtn1/Rtn2 and
Yop1 during NPC assembly is to assist in bending the membrane at the pore
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assembly side. This membrane bending could either promote the fusion of INM
and ONM during NPC assembly, or stabilize membrane curvature during NPC
assembly (Dawson et al., 2009). However, reticulons are not the only ER
proteins that assist in NPC assembly. Two proteins that determine the structure
of the tubular ER, Lpn1 and Sey1 have also been shown to be important for
NPC distribution at the NE envelope and are therefore likely to have a role in
NPC assembly. Sey1 has a known role in promoting the a physical interaction
of Ndc1 with Rtn1. For Lpn1 on the other hand, it remains to be determined,
whether changes in ER morphology cause the potential NPC assembly defects,
or whether Lpn1 has a direct role in shaping the NE during NPC assembly
(Casey et al., 2015).
The assembly of NPCs in baker’s yeast is directly or indirectly supported by
Apq12, Brl1 and Brr6, because misassembled pores accumulate in (conditional)
knockout strains (Scarcelli et al., 2007; Zhang et al., 2018). How these proteins
influence NPC assembly is still controversial. Previous studies suggested, that
Apq12, Brl1 and Brr6 are primarily involved in lipid homeostasis (Hodge et al.,
2010; Lone et al., 2015) and suggested that changes in lipid composition could
cause NPC assembly defects. Though, another, more recent study suggested a
more direct involvement in NPC assembly (Zhang et al., 2018). Structurally,
these three proteins are similar, consisting of two transmembrane domains
(Figure 3). Functionally, these proteins have been suggested to act in a complex
(Lone et al., 2015) and they are partially functionally redundant. Brl1 and Brr6
are essential proteins, but overexpression of Apq12, or either Brl1 or Brr6,
depending on the deletion can partially rescue defects in mRNA export and cold
sensitivity (Hodge et al., 2010; Lone et al., 2015). Apq12, Brl1 and Brr6 are
conserved proteins in eukaryotes with closed mitosis. Although these proteins
are not conserved on the sequence level in higher eukaryotes, it has been
speculated that functional homologues exist (Laudermilch et al., 2016; Thaller
and Lusk, 2018).
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Figure 3 Schematic representation of transmembrane proteins involved in NPC assembly.
Each protein is shown in N-to C-terminal orientation, the length of each protein in amino acids is
written at the C-terminus of each protein. Transmembrane domains (TM) are shown as black
squares, the location of NLSs are indicated as red dots, ID domains as black scribble within the
protein. LEM and MAN domains are indicated as white boxes. Stars with black dashed stripes
shows the localization of disulfide bonds in Brr6 and Brl1, these disulfide bonds are important for
the functioning of those proteins. The given orientation of Apq12 is only speculative. All proteins
are depicted at the Inner Nuclear Membrane (INM) in this cartoon, as all proteins can reach the
INM. However, only Heh1, Heh2 and Brl1 are known to accumulate at the INM. Apq12 and Brr6
are enriched at the NE (compared to the ER).

Box 2: The ESCRT machinery
Eukaryotic cells have evolved several systems to facilitate the budding of
vesicles into the cytoplasm (COPI, COPII and Clathrin) (Bonifacino and Glick,
2004). However, the ESCRT machinery is the only system inside eukaryotic
cells that facilitates membrane bending and budding into the lumen (Figure 4).
This kind of membrane remodeling is needed for various processes inside the
cell, such as the formation of multivesicular bodies (MVBs), NPC quality
control, NE repair (Denais et al., 2016; Raab et al., 2016), NE reformation after
open mitosis (Gu et al., 2017), plasma membrane repair, virus budding and the
formation of microvesicles. These processes, which require ESCRT function at
various intracellular localizations are facilitated by various site specific
adaptors, that signal for the ESCRT dependent membrane remodeling
(Reviewed in Alonso Y Adell et al., 2016) and the six protein complexes
(ESCRT-0, ESCRT-I, ESCRT-III, Vps4-Vta1 and Bro-Alix) which are part of
the ESCRT machinery.
All ESCRT protein complexes are needed for the formation of multivesicular
bodies (MVBs), a specialized subset of endosomes that contain membranebound intraluminal vesicles. (Katzmann et al., 2002). MVBs sort ubiquitylated
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cell-surface receptors and other proteins to the vacuole, where they can be
degraded. During this process, the ESCRT-0, ESCRT-I and ESCRT-II
complexes, which contain several ubiquitin Ile44 recognition motifs, interact
with ubiquitylated proteins and cluster them. ESCRT-II specifically initiates
contact with the ESCRT-III protein Vps20 (Yorikawa et al., 2005). Once this
interaction is established, Vps20 and interacts with ESCRT-I and a nucleation
complex is formed, that drives assembly of the ESCRT-III filament, at the
budding side (Henne et al., 2012). The Bro-Alix complex is involved in
recruiting, activating or stabilizing the ESCRT-III complex (Christ et al., 2016;
Tang et al., 2015; Wemmer et al., 2011).
The ESCRT-III protein Snf7 assembles into spiral filaments on the membrane.
The membrane interaction is facilitated by an N-terminal amphipathic helix
domain and/or through clusters of basic residues in their core domain
(Buchkovich et al., 2013; Yorikawa et al., 2005). The assembly of the filament
is driven by the release of autoinhibition, either through the exposure to
membranes, or through the exposure to upstream ESCRT components. During
this process, the ESCRT-III subunits adopt energetically unfavorable
conformations at the membrane, while the spiral expands. In the absence of
Vps4, the spiral eventually relaxes, an can indeed cause membrane
deformation, comparable to the relaxation of a spring (Chiaruttini et al., 2015).
The exact function of ESCRT-III proteins downstream of Snf7 remains elusive.
Did2, Vps2 and Vps24 have been proposed to cap the Snf7 filament, but in
vitro work shows that these proteins can form filaments (Ghazi-Tabatabai et
al., 2008; Lata et al., 2008; McCullough et al., 2015), which have been
proposed to form filaments parallel to Snf7 (Alonso Y Adell et al., 2016). The
presence of Vps60 is known to promote the assembly of the Vps4-Vta1
complex and increase its activity (Azmi et al., 2006).
Vps4 belongs to the group of AAA-ATPases (ATPase associated with a variety
of cellular activities). Vta1 directly binds to Vps4 to promote Vps4
oligomerization and stimulates its ATPase activity (Azmi et al., 2006). The
interaction between the ESCRT-III complex and the Vps4-Vta1 complex is
established by MIT (microtubule interacting and transport) motifs of Vps4 and
Vta1, that interact with the MIM (MIT interacting motif) elements of Snf7
(Kieffer et al., 2008; Skalicky et al., 2012). The rapid depolimerization of the
filament is achieved through possessive unfolding of the filament (Yang et al.,
2015). The presence of the Vps4-Vta1 complex, probably potentiates
membrane remodeling, while the Snf7 filament is disassembled by the Vps4Vta1 complex, additionally this process facilitates faster membrane remodeling
(Adell et al., 2014) and allows the ESCRT-III components to be recycled.
Other membrane remodeling events are independent of several of the ESCRT
protein complexes (Reviewed in Alonso Y Adell et al., 2016). The minimal
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components required for efficient ESCRT dependent membrane remodeling are
the ESCRT-III complex and the Vps4-Vta1 complex (Hurley, 2010).
Membrane remodeling at the NE further depends on the site specific adaptor
Chm7, cytokinesis is mediated by ESCRT-I, ESCRT-II and Bro-Alix, and
plasma membrane repair is dependent on Bro-Alix and potential other factors,
yet to be identified (Alonso Y Adell et al., 2016).
Figure 4 Cartoon of the key components of
ESCRT dependent membrane remodeling:
ESCRT-III and the Vps4-Vta1 complex.
Shown here in the formation of a MVB at the
endosome membrane. This process is initiated by
ESCRT-0 and further driven by recruitment of
ESCRT-I and ESCRT-II complexes to the
budding site (not shown). The ESCRT-III
complex assembles at the budding site. Here,
Vps20 binds to ESCRT-II and subsequently to
ESCRT-I to initiate a nucleation complex. This
facilitates the assembly of the Snf7 filament. The
here shown capping of the assembled filament by
Vps24, Vps2 and Vps60 remains controversial.
The Vps4-Vta1 complex has the structure of an
asymmetric hexameric ring and drives ESCRTIII disassembly. ESCRT-III proteins have MITdomain Interaction Motifs (MIMs) that engage
with the Microtubule Interaction and Trafficking
(MIT)-domains of the Vps4-Vta1 complex.
Adjusted and reprinted with permission from
Schmidt and Teis, 2012.

A dedicated quality control mechanism checks NPCs during their assembly and
clears misassembled NPCs from the NE. Heh1 and Heh2, are the proteins that
recognize the misassembled intermediate via currently unknown mechanisms.
In yeast, Heh1 and Heh2 are the only transmembrane proteins known to require
active transport mechanisms to reach their target localization, the Inner Nuclear
Membrane (INM). Heh1 and Heh2 have a long and ID linker sequence in
between the NLS and the transmembrane domain. Any long ID linker supports
transport to the INM (Meinema et al., 2011). Experimental data shows that the
transmembrane domain of those proteins stays in the membrane during
transport, and suggests that the NLS sequence, bound to its importins Kap60
and Kap95 reaches into the central channel. The linker domain is likely a
spacer, that has to dodge into the scaffold of the NPC during transport (Laba et
al., 2015; Meinema et al., 2011) (Reviewed in Dixon and Schirmer, 2018; Laba
et al., 2014). Whether the ID linker domains of Heh1 and Heh2 are solely
needed to facilitate the transport of these proteins to the INM, or whether they
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are also involved in their function in assisting NPC assembly and/or identifying
misassembled NPCs is currently unknown.
The data that is currently available supports the following model for the
clearance of misassembled NPCs: The NE specific Endosomal Sorting
Complexes Required for Transport (ESCRT) adaptor, Chm7, binds to
Heh1/Heh2, which allows the ESCRT machinery (See Box 2) to assemble at the
site of the misassembled NPC (Webster et al., 2014, 2016). The subsequent
clearance of the misassembled NPC from the NE depends on several proteins of
the ESCRT-III complex. Vps2, Vps24 and Snf7 are certainly involved, Vps20
does not seem to be part of the nuclear ESCRT-III complex (Webster et al.,
2014), although it was previously reported to be part of the core ESCRT-III
complex (Hurley, 2010). Snf7 binds directly to Heh2 and Chm7, where it
assembles into a polymer. The polymer is capped by Vps24. Vps24 then
recruits Vps2 to the complex. Vps2 promotes the assembly of a Vps4 hexamer
at the site of the misassembled NPC. Vps4 disassembles the ESCRT-III
complex, while hydrolyzing ATP. What kind of membrane remodeling is
needed to remove the misassembled NPC from the NE is currently still
unknown (Thaller and Patrick Lusk, 2018), but membrane remodeling is
achieved through the disassembly of the Snf7 filament (Hurley, 2010).
Surprisingly, this process seems to be independent of the Vps4 cofactor, Vta1,
based on the absence of synthetic genetic interactions between Vta1 and various
tested Nups (Webster et al., 2014). This suggests, that the disassembly of the
filament is relatively ineffective (Azmi et al., 2006). Ultimately, the
misassembled NPC is degraded by the proteasome (Webster et al., 2014).
Whether and how NPCs are maintained functional, once they have been
assembled successfully is a question of ongoing investigation. To this date, no
mechanisms that can repair NPCs, or clear nonfunctional NPCs from the NE
have been found. Three different theories can be proposed on the maintenance
of nuclear pore complexes. First, the same mechanisms that guard NPC
assembly and target NPCs for proteasome degradation, could also be used to
identify damaged NPCs. Alternatively, or additionally, defective NPCs could be
cleared through autophagy, specifically through microautophagy of nuclear
vacuolar junctions. A third option, namely that defective NPC scaffolds cannot
be cleared from the NE, once assembly is completed, cannot be ruled out,
either. Indeed, NPC scaffolds remain intact for at least for 12 month, in
postmitotic brain cells (D’Angelo et al., 2009; Savas et al., 2012; Toyama et al.,
2013).
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Previous studies have suggested, that the loss of stoichiometry of NPCs is likely
caused by the accumulation of oxidative damage during aging in postmitotic
cells (D’Angelo et al., 2009). Additionally it was shown, that isolated nuclei
from old animals are more permeable to dextran molecules than nuclei from
young animals. Recent studies propose that protein aggregates found in
neurodegenerative diseases are cytotoxic because they impair nucleocytoplasmic transport (Freibaum et al., 2015; Jovičić et al., 2015; Woerner et
al., 2015; Zhang et al., 2015). Neurodegenerative diseases are age-related, and
hence a good understanding of the age-related changes to NPCs may help to
understand the disease mechanisms, as well as provide new possibilities to
delay the disease’s onset. Yet, apart from the above mentioned work by the
Hetzer laboratory on NPCs in aging postmitotic cells, at the start of this PhD
little was known about NPCs and nucleocytoplasmic transport in aging dividing
cells.
Outline of this thesis
This thesis investigates age-related changes in structure and function of NPCs,
as well as NPC assembly, in aging S. cerevisiae cells. In chapter 2, we ask how
NPC structure and function change during replicative aging. We use
microfluidic devices to study single cells during the aging process. This allows
us to detect changes in protein localization and abundance during aging and to
correlate the protein abundance at certain subcellular compartments to the
lifespan expectancy of individual cells. Additionally, we mine published data by
(Janssens et al., 2015), to analyze the whole cell abundance of NPC, and NPC
assembly components. Our results show, that aged cells lose several of the
proteins involved in NPC assembly (Apq12, Heh2, Vps4 and Brl1), as well as
several of the FG-Nups (Nsp1, Nup2, Nup49 and Nup116). Additionally, we
find that aged cells show more frequently Chm7 foci at the nuclear envelope,
which supports the hypothesis, that aged cells encounter problems to assemble
NPCs. Several proteins studied in the microfluidic device showed, that the loss
of NPC and NPC assembly proteins is negatively correlated to the lifespan
expectancy of a cell. Consequently, cells that manage to maintain protein levels
at the NE are long lived.
We also study the steady state localization of nuclear transport reporter proteins,
as a readout of NPC function. We find that nuclear compartmentalization
increases during aging and that this phenotype can be mimicked by a strain that
is defective in NPC assembly. Furthermore, we show that native Srm1 shows
increased nuclear localization in aged cells, reminiscent of what is measured
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with the reporter protein. Additionally, we study nuclear transport dynamics by
monitoring the shuttling transcription factor, Msn2. We find that nuclear
transport dynamics decrease during replicative aging, and that the decrease in
nuclear transport dynamics is correlated to lifespan. Overall, our functional data
(increased nuclear compartmentalization and decreased nuclear transport
dynamics) are consistent with a reduced number of transport competent NPCs
in aged cells, which is most likely caused by a problems in NPC assembly.
Since the mechanisms for NPC assembly and quality control appear as an
important factor in aging, we set out to further study the mechanisms of NPC
quality control, in chapter 3. Here, we focus on one particular protein involved
in NPC assembly and quality control, Heh2. Heh2 resides exclusively at the
INM and arrives there through a unique transport mechanism that relies on a
long ID linker and a bipartite NLS. We entertained the hypothesis that the
unusual translocation mechanism of Heh2 might be part of the function of Heh2
in the recognition of misassembled NPCs, where the ID linker probes the
integrity of the NPC scaffold during its translocation. In chapter 3, we study the
translocation mechanism and ask how changes in the long ID linker domain
impacts the ability of transmembrane proteins to reach the INM. We find, that
the ID linker is optimized to facilitate highly efficient transport to the INM, but
other extended linker domains are also able to facilitate INM localization of
Heh2. Recent structural data of the yeast NPC reveals that the approximate
distance between the pore membrane and the inner surface of the NPC central
channel is about 25 nm. Consistent with a transport mechanism, where the ID
linker facilitates the crossing of the NPC scaffold, we find that the frequency at
which the linkers are at an extended end-to-end distance larger than 25 nm is
indeed a good predictor for the INM targeting efficiency of transmembrane
proteins with an NLS. Future studies should aim to investigate, whether the
highly efficient transport of Heh2 to the INM, could potentially serve as a
sensing mechanism for misassembled NPCs, because only a functional NPC
scaffold should allow the efficient translocation of Heh2 to the INM.
NPC assembly has been suggested, to be very limited in postmitotic cells.
Therefore, we asked, whether replicative and chronological aging have distinct
influence on the structure and function of NPCs. Chapter 4 describes
preliminary results on NPC structure and function in chronological aging. The
comparison of proteome data from replicative (Janssens et al., 2015) and
chronological aging yeast cells (Binai et al., 2014) show, that the loss of FGNup abundance is specific for replicative aging cells. We age the cells in water
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(extreme caloric restriction) and study the localization of GFP reporter proteins
and several Nups tagged with fluorescent proteins over the time course of one
week. We find, a significant decrease in the steady state localization of GFPNLS reporter protein, however the majority of cells are able to maintain nuclear
compartmentalization. We confirm that the nuclear accumulation is the result of
active import of GFP-NLS, using a Fluorescence Recovery After
Photobleaching (FRAP) based assay. Additionally, I describe problems and
challenges, of yeast as a model system to study aging of postmitotic cells. The
results in chapter 4 indicate that chronological and replicative aging pose
distinct challenges, namely that dividing cells face the challenge to assemble
NPCs, while non-dividing cells face the challenge to maintain NPCs.
Chapter 5 is a review on our current knowledge about NPC assembly,
maintenance and function in aging of mitotic and postmitotic cells. We mine
several proteome datasets that analyze age-related changes in protein abundance
in different aging model systems. We find that changes in nup abundances are
highly variable, but changes at the NPC in yeast replicative aging bear
resemblance with the changes found in rat liver and changes at the NPC in
chronologically aged yeast bears resemblance with the changes found in mouse
brain samples. Additionally, this chapter discusses the potential relevance of our
findings
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Chapter 2
Abstract
Nuclear transport is facilitated by the Nuclear Pore Complex (NPC) and is
essential for life in eukaryotes. The NPC is a long-lived and exceptionally large
structure. We asked whether NPC quality control is compromised in aging
mitotic cells. Our images of single yeast cells during aging, show that the
abundance of several NPC components and NPC assembly factors decreases.
Additionally, the single cell life histories reveal that cells that better maintain
those components are longer lived. The presence of herniations at the nuclear
envelope of aged cells suggests that misassembled NPCs are accumulated in
aged cells. Aged cells show decreased dynamics of transcription factor shuttling
and increased nuclear compartmentalisation. These functional changes are
likely caused by the presence of misassembled NPCs, as we find that two NPC
assembly mutants show similar transport phenotypes as aged cells. We conclude
that NPC interphase assembly is a major challenge for aging mitotic cells.
Introduction
Rapid and controlled transport and communication between the nucleus and
cytosol are essential for life in eukaryotes and malfunction is linked to cancer
and neurodegeneration (reviewed in Fichtman and Harel, 2014).
Nucleocytoplasmic transport is exclusively performed by the Nuclear Pore
Complex (NPC) and several nuclear transport receptors (NTRs or karyopherins)
(reviewed in (Fiserova and Goldberg, 2010; Hurt and Beck, 2015)). NPCs are
large (~52 MDa in yeast and ~120 MDa in humans) and dynamic structures
(Alber et al., 2007; Kim et al., 2018; Onischenko et al., 2017; Teimer et al.,
2017). Each NPC is composed of ~30 different proteins, called nucleoporins or
Nups (Figure 1a). The components of the symmetric core scaffold are long lived
both in dividing yeast cells and in postmitotic cells, while several FG-Nups are
turned over (D’Angelo et al., 2009; Denoth-Lippuner et al., 2014; Savas et al.,
2012; Thayer et al., 2014; Toyama et al., 2013) and dynamically associate with
the NPC (Dilworth et al., 2001; Niño et al., 2016; Rabut et al., 2004). Previous
studies performed in postmitotic aging cells (chronological aging) showed
changes in NPC structure and function (D’Angelo et al., 2009; Toyama et al.,
2019), and also in aging mitotic cells (replicative aging) changes in NPCs have
been described (Denoth-Lippuner et al., 2014; Lord et al., 2015). To study the
fate of NPCs in mitotic aging we use replicative aging budding yeast cells as a
model. Individual yeast cells have a finite lifespan which is defined as the
number of divisions that they can go through before they die: their replicative
lifespan (reviewed in Longo et al., 2012) (Figure 1b). The divisions are
asymmetric and while the mother cell ages the daughter cell is born young.
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Remarkably, studying the lifespan of this single cell eukaryote has been
paramount for our understanding of aging (reviewed in Denoth Lippuner et al.,
2014; Longo et al., 2012; Nyström and Liu, 2014) and many of the changes that
characterize aging in yeast are shared with humans (Janssens and Veenhoff,
2016a). In the current study, we address changes to the NPC structure and
function during mitotic aging by imaging of single cells.

Figure 1 The cellular abundance of some NPC components changes in replicative aging
a) Cartoon representation of the NPC (adapted from Kim et al., 2018) illustrates different
structural regions of the NPC, all FG-Nups are shown in green independently of their localization,
the membrane rings in light brown, the inner rings in purple, the outer rings in brown, the mRNA
export complex in pink, and the nuclear basket structure in light blue.
b) Schematic presentation of replicative aging yeast cells.
c) Transcript and protein abundance of NPC components (colour coded as in Figure 1a) as
measured in whole cell extracts of yeast cells of increasing replicative age; after 68 hours of
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cultivation the average replicative age of the cells is 24. Cells were aged under controlled and
constant conditions. Data from Janssens et al., 2015. See also Supplementary Fig. 1a.
d) Young cells are trapped in the microfluidic device and bright field images are taken every 20
minutes to define the cell’s age and fluorescent images are taken once every 15 hours to detect the
protein localization and abundance. Representative images of cells expressing indicated
fluorescent protein fusions imaged at the start of the experiment and after 30 hours; their
replicative age is indicated. Scale bar represents 5µm.
e) Heat map representation of the changes in the levels of the indicated GFP- and mCh-tagged
Nups at the NE in each yeast cell at increasing age. Each line represents a single cell’s life history
showing the change in the ratio of the fluorescence from the GFP-tagged Nup over the
fluorescence from the mCh-tagged Nup and normalized to their ratio at time zero. Measurement
of the fluorescence ratios are marked with “x”; in between two measurements the data was
linearly interpolated. The fold changes are color coded on a log 2 scale from -1 to +1; blue colors
indicate decreasing levels of the GFP-fusion relative to mCh. Number of cells in the heatmaps are
Nup116-GFP/Nup49-mCh = 67, Nup133-GFP/Nup49-mCh = 94 and Nup100-GFP/Nup49-mCh
= 126.

Results
The cellular abundance of specific NPC components changes in replicative
aging
We previously generated the first comprehensive dynamic proteome and
transcriptome map during the replicative lifespan of yeast (Janssens et al.,
2015), and identified the NPC as one of the complexes of which the
stoichiometry of its components changes strongly with aging. Indeed, the
proteome and transcriptome data give a comprehensive image of the cellular
abundance of NPC components in aging (Figure 1c). We observe that the
cellular levels of NPC components showed loss of stoichiometry during
replicative aging, which were not reflected in the more stable transcriptome data
(Figure 1c; Supplementary Fig. 1a). Clearly in mitotic aging a
posttranscriptional drift of Nup levels is apparent.
The total abundance of NPC components measured in these whole cell extracts
potentially reflects an average of proteins originating from functional NPCs,
prepores, misassembled NPCs, and possibly protein aggregates. Therefore, we
validated for a subset of Nups (Nup133, Nup49, Nup100, Nup116 and Nup2)
that GFP-tagged proteins expressed from their native promoters still localized at
the nuclear envelope in old cells. In addition, we validated that changes in
relative abundance of the Nups at the nuclear envelope were in line with the
changes found in the proteome. We included Nup116 and Nup2 in our
experiments as those Nups showed the strongest decrease in abundance (Figure
1c). Nup133 was included because its abundance was stable in aging and
Nup100 was included because it is important for the permeability barrier (Lord
et al., 2015; Popken et al., 2015). We used Nup49-mCh as a reference in all of
our microfluidic experiments as Nup49 had previously been used as a marker
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for NPCs. The proteome data indicated that Nup49 showed a relatively stable
abundance profile in aging (Supplementary Fig 1d). The tagging of the Nups
with GFP and mCherry (mCh) reduced the fitness of those strains to different
extents but all retained median division time under 2.5 hours (Supplementary
Fig 2b). Nsp1 could not be included in the validation, because the Nsp1-GFP
fusion had a growth defect and could not be combined with Nup49-mCh,
Nup100-mCh or Nup133-mCh in the BY4741 background. We used
microfluidic platforms that allow uninterrupted life-long imaging of cells under
perfectly controlled constant conditions (Crane et al., 2014) (Figure 1d). The
single cell data of cells expressing GFP-fusions of Nup133, Nup100 and
Nup116 together with Nup49-mCh are shown in Figure 1e (see Supplementary
Fig. 2c-e for Nup2 and a tag-swap control). Consistent with the proteome data,
and with previously reported data (Lord et al., 2015), in the vast majority of
aging cells the abundance of Nup116-GFP decreased relative to Nup49-mCh,
while the abundance of Nup133-GFP appears more stable. Also for the other
Nups tested (Nup100 and Nup2), the imaging data align well with the proteome
data (Supplementary Fig. 2d).
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Supplementary Fig. 1: Cellular protein and mRNA abundance of Nups, NTRs and assembly
factors in replicative aging, related to Figure 1, 2 and 3
a) mRNA abundance of NPC components in replicative aging; a zoom-in of Figure 1A. Changes
in abundance are plotted as fold change. Replicative age increases in time. Transcriptome data
from (Janssens et al., 2015).
b) Protein abundance of the RanGEF Srm1, the RanGap Rna1, the RanBP1 Yrb1, and the
transport receptor Cse1 as measured in whole cell extracts of yeast cells of increasing replicative
age. Data from (Janssens et al., 2015).
c) mRNA abundance of NPC assembly components and NTRs tested in this study in replicative
aging. Changes in abundance are plotted as fold change. Replicative age increases in time.
Transcriptome data from (Janssens et al., 2015).
d) Protein abundances of Nups in extracts of aging yeast cells after first two data processing steps
(black squares and circles from two biological replicates) and after final data processing (white
circles) (data from (Janssens et al., 2015)). Black squares and circles represent the abundances of
Nups in whole cell extracts of mixed cell samples enriched for replicative aging mother cells
(referred to as mix 2 in (Janssens et al., 2015)) after the first two data processing steps. These first
two data processing steps involve the normalization of the raw abundances to 1 million and the
protein specific correction for bead related protein losses. The open circles reflect abundances of
the Nups after the additional data processing steps of the deconvolution of the mother cell specific
abundances. Nup49, Mlp2, Nup57 and Nup59 (bottom row) were missing in the final datasets
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reported in (Janssens et al., 2015) as the third data processing step failed. For Nup49 specifically
the problem was that the protein specific correction for bead related protein losses yielded
negative values as the losses were estimated too high.

Our data contain full life histories of individual cells and, in line with previous
reports (Crane et al., 2014; Fehrmann et al., 2013; Janssens and Veenhoff,
2016b; Jo et al., 2015; Lee et al., 2012; Zhang et al., 2012), we observed a
significant cell to cell variation in the lifespan of individual cells, as well as
variability in the levels of fluorescent tagged proteins. Therefore, we could
assess if the changes observed for the individual NPC components correlated to
the lifespan of a cell and, indeed, for Nup116 and Nup100 such correlations to
lifespan were found, where those cells with lowest levels of NE-localized GFPtagged Nups had the shortest remaining lifespan (for Nup100 r=-0.48;
p=1.27x10-7 and Nup116 r=-0.56; p=6.54x10-4, see Supplementary Fig. 2f, g).
The statistics of these correlations are in line with aging being a multifactorial
process where the predictive power of individual features is limited. In
comparison to the aging related increase in cell size (a Pearson correlation of
around 0.2) (Janssens and Veenhoff, 2016b), the correlations found here are
relatively large.
Taken together, we confirmed the loss of specific FG-Nups by quantifying the
localization and abundance of fluorescently-tagged Nups in individual cells
during their entire lifespan. Single cell Nup abundances at the NE can be highly
variable (Nup2), while for other Nups (Nup100, Nup116) the loss in abundance
at the NE was found in almost all aging cells and correlated with the lifespan of
the cell. From the joint experiments published by Janssens et al., (Janssens et
al., 2015); Lord et al., (Lord et al., 2015) and the current study we can conclude
that especially Nup116 and Nsp1 (Nup98 and Nup62 in humans) strongly
decrease in aging.
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Supplementary Fig. 2 The abundance and localization of NPC components in replicative
aging, related to Figure 1
a) The experimental timeline where young cells are trapped in the microfluidic device and bright
field images are taken every 20 minutes to define the cell’s age and fluorescent images are taken
once every 15 hours to detect the protein localization and abundance.
b) The median number of completed divisions during the first 15 hours in the microfluidic chip of
different strains used in this study and grown on glucose. Please see Supplemental Fig 7 for three
strains grown on galactose. ^ Pho4NLS and Nab2NLS are reporter strains, where the NLS is
fused to a GFP under the control of the conditional TPI1 promotor. The tagging of Nups with
GFP reduces the fitness of the cells to various extends.
c) Heat map representation of the changes in the levels of the indicated GFP- and mCh-tagged
Nups at the NE in each yeast cell at increasing age. Each line represents a single cell’s life history
showing the change in the ratio of the fluorescence from the GFP-tagged Nup over the
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fluorescence from the mCh-tagged Nup and normalized to their ratio at time zero. Measurement
of the fluorescence ratios are marked with “x”; in between two measurements the data was
linearly interpolated. The fold changes are color coded on a log 2 scale from -1 to +1, except for
Nup2 where the changes were larger and the scale runs from -2 to 2; blue colors indicate
decreasing levels of the GFP-fusion relative to mCh. Number of cells in the heatmaps are
Nup133-GFP/Nup49-mCh = 94, Nup49-GFP/Nup133-mCh = 108, Nup2-GFP/Nup49-mCh = 98.
Data from Nup133-GFP/Nup49-mCh is repeated from Figure 1b middle panel for easy
comparison.
d) Normalized GFP/Nup49-mCh ratio representing the average from cells shown in panel b and
Figure 1e. The indicated age is the average number of divisions at time points 0 h, 15 h, 30 h.
Error bars are SD of the mean. For Nup116-GFP the change in abundance becomes significant
after 15 h, with p < 0.001. For Nup2-GFP and Nup100-GFP the change in abundance is
significant with p<0.005 after 30 h. The number of all measurements contributing to the means
(N) at the time points 0 h, 15 h and 30 h were for Nup116 = 76, 70 and 32; for Nup100 = 139, 137
and 86; for Nup2 = 112, 116 and 58; and for Nup133 = 102, 109 and 45, respectively.
e) Tag-swap experiment reveals systematic changes in the fluorescence of GFP and mCh in aging.
The average fluorescence intensities of GFP and mCh increase in time during replicative aging
experiments, but more so with mCh than with GFP. This is likely caused by differences in
maturation time and/or pH sensitivity of the GFP and mCh fluorophores. For the strain expressing
Nup49-GFP and Nup133-mCh, N = 113, 104 and 50, and for the strains expressing Nup133-GFP
and Nup49-mCh, N = 102, 85 and 27 at time points 0 h, 15 h and 30 h, respectively. Error bars
are SD of the mean.
f) The abundance of Nup116-GFP (grey) and Nup100 (black) at the NE relative to Nup49-mCh as
a function of remaining lifespan. The dotted lines indicate the best linear fit. Total number of cells
analysed are Nup116 = 15 and Nup100 = 35 and the total number of measurements are Nup116 =
34 and Nup100 = 108.
g) Additional independent replicate (coming from a different microscope) for Nup100GFP/Nup49-mCh abundance correlation to lifespan. The cells in f and g were imaged with
different filter settings explaining the different ratios. Number of cells analysed are N = 62 and
number of measurements are N = 101.

Mitotic aging is associated with problems in NPC assembly rather than
oxidative damage
A possible cause for the loss of stoichiometry could be that NPCs are not well
maintained in aging. Indeed, in postmitotic cells oxidative damage was
proposed to lead to the appearance of carbonyl groups on Nups inducing more
permeable NPCs (D’Angelo et al., 2009). We have limited information on the
maintenance of existing NPCs during replicative aging but there is some
precedent for the hypothesis that even in the fast dividing yeast cells damage to
existing NPCs may accumulate in aged cells. Indeed NPCs remain intact during
multiple divisions (Colombi et al., 2013; Denoth-Lippuner et al., 2014;
Khmelinskii et al., 2012; Thayer et al., 2014), and especially in aged mother
cells a fraction of the NPCs is inherited asymmetrically to the aging mother cell
(Denoth-Lippuner et al., 2014; Shcheprova et al., 2008). Oxidative stress and
Reactive Oxygen Species (ROS) production in the cell is a major source of
damage and can result in irreversible carbonylation of proteins (Stadtman and
Levine, 2003). Protein carbonyls can be formed through several pathways.
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Here, we focused on the most prominent one, the direct oxidation of the Lysine,
Threonine, Arginine and Proline (K, T, R, P) side chains through Metal
Catalyzed Oxidation (MCO) (Stadtman and Levine, 2003) by the Fenton
reaction (Maisonneuve et al., 2009; Stadtman and Levine, 2003).
Despite extensive efforts and using different in vitro and in vivo oxidative
conditions and using different carbonyl-detection methods we could not find
evidence for oxidative damage of Nsp1, Nup2, Nic96 and Nup133
(Supplementary Fig. 3a, b shows negative results for Nsp1 along with a positive
control).
Further indication that oxidative damage is unlikely to impact the NPC in aging
came from modelling studies. We carried out coarse-grained molecular
dynamics simulations using our previously developed one-bead-per-amino-acid
model of the disordered phase of the NPC (Ghavami et al., 2013, 2014). Earlier
studies have shown that this model faithfully predicts the Stokes radii for a
range of FG-domains/segments (Ghavami et al., 2014; Yamada et al., 2010), as
well as the NPC’s size-dependent permeability barrier (Popken et al., 2015). To
model the carbonylated FG-Nups, we incorporated the change in
hydrophobicity and charge for carbonylated amino-acids (T, K, R, P) into the
coarse-grained force fields (see Methods) and modelled maximally carbonylmodified FG-Nups and NPCs. Overall, there is a minor impact of carbonylation
on the predicted Stokes radius of the individual Nups and the time-averaged
density of a wild type and fully oxidized NPC, with average densities around 80
mg/ml and maximum densities reaching 100 mg/ml in the center of the NPC (r
< 5 nm) (Figure 2a red line, Figure 2b right panel and see Supplementary Fig.
3c-e for individual Nups and additional models dissecting the relative impact of
the change in charge and hydrophobicity upon carbonylation).
Altogether, we find no experimental evidence for carbonyl modification of FGNups even under strong oxidative conditions and, based on our modelling
studies the carbonylation of FG-Nups is predicted to have little, or no impact on
the passive permeability of NPCs, even under the unrealistic condition that all
FG-Nups are fully carbonylated. We conclude that oxidative damage is unlikely
to be a direct cause of altered NPC stoichiometry in replicative aging, and it is
probable that the previously reported increase in permeability of NEs during
chronological aging (D’Angelo et al., 2009) is actually caused by factors other
than carbonylation.
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Figure 2 Mitotic aging is associated with problems in NPC assembly rather than oxidative
damage
a) Time-averaged radial density distribution of FG-Nups for different positions along the z-axis
separated by 1 nm, in the range -15.4 < z < 15.4 nm, plotted for the wild type (black), the
maximally carbonylated NPC (red) (See also Supplementary Fig. 3d,e). The dark coloured lines
represent the density averaged over the range -15.4 < z < 15.4 nm.
b) Time-averaged r-z density of FG-Nups in the wild type NPC (left panel), the oxidized NPC
(right panel).
c) Protein abundance of Heh1, Vps4, Rtn1 and Rtn2 as measured in whole cell extracts of yeast
cells of increasing replicative age. Data from (Janssens et al., 2015).
d) Heatmaps showing single cell abundance of Heh2-GFP (N = 100), Brl1-GFP (N = 53) and
Apq12 (N = 200) at the NE, relative to Nup49-mCh in replicative aging.
e) Heh2-GFP and Apq12-GFP abundance at the NE, relative to Nup49-mCh, as a function of
remaining lifespan. The dotted lines indicate best linear fit; Pearson correlations are indicated.
Number of cells analysed are Apq12 = 82, Heh2 = 51 and number of measuring points analysed
are Apq12 = 193 and Heh2 = 102. Data represents single replicates, a second replicate is shown
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in Supplementary Fig. 3.
f) Brl1 abundance at the NE, relative to Nup49-mCh, as a function of remaining lifespan. The
dotted lines indicate best linear fit; Pearson correlations are indicated. Number of cells analysed
are 20 and number of measuring points analysed are 47.
g) Percentage of cells with a Chm7 focus reflecting faulty NPCs at the NE at different ages.
Buds were excluded from the analysis. Error bars are weighted SD from the mean, from three
independent replicates. P-values from Student’s t-test **p≤0.01. N = Total number of cells.

We then addressed, if a main driver of NPC decline in replicative aging may be
caused by the inability to control de novo NPC assembly. In young and healthy
yeast cells phenotypes associated with misassembled NPCs are rarely seen, but
mutant strains with impaired NPC assembly show that a fraction of their NPCs
cluster, are covered by membranes, or cause herniations of the NE (Chadrin et
al., 2010; Scarcelli et al., 2007; Webster et al., 2014, 2016; Zhang et al., 2018)
(reviewed in Thaller and Lusk, 2018). Misassembled NPCs that are induced by
mutations are asymmetrically retained, and accumulated in the mother cell over
time (Colombi et al., 2013; Makio et al., 2013; Webster et al., 2014). We thus
asked, if replicatively aged cells start to progressively accumulate misassembled
NPCs. Correct NPC assembly is assisted by several proteins that are
temporarily associated with NPCs during the assembly process (Dawson et al.,
2009; Lone et al., 2015; Otsuka and Ellenberg, 2018; Scarcelli et al., 2007;
Webster et al., 2016; Zhang et al., 2018). Amongst these are (i) Heh1 and Heh2,
the orthologues of human LEM2 and Man1, which have been proposed to
recognize misassembled pores (Thaller et al., 2019; Webster et al., 2014, 2016),
(ii) Vps4, an AAA-ATPase with multiple functions amongst which the
clearance of misassembled NPCs from the NE (Webster et al., 2014) and (iii)
Apq12, Rtn1 and Rtn2, Brr6 and Brl1 membrane proteins of the NE-ER
network that are involved in NPC assembly, possibly through roles in
modulating membrane curvature (Lone et al., 2015; Scarcelli et al., 2007; Zhang
et al., 2018).
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Supplementary Fig. 3: In vitro oxidation and models of NPCs with oxidative damage,
related to Figure 2
a) Anti-GFP Western blot of Nsp1-GFP immunoprecipitated from extracts of exponentially
growing BY4741 cell expressing Nsp1-GFP from the native promoter and treated without or with
1 mM menadione for 90 minutes to induce high ROS levels (Nsp1-GFP, Nsp1-GFP ox). As
positive control in vitro oxidized purified ID protein (namely the ID linker of Heh2 fused to GFP,
ID-GFPox) was added to the BY4741 cell extracts before immunoprecipitation. BY4741 cell
extract with and without additions of non-oxidized ID-GFP serve as negative controls (ID-GFP
and control).
b) Carbonyl detection with ELISA. The immunoprecipitated samples were cleaned from
detergents, and serial dilutions were bound to Nunc MaxiSorp ELISA plates and an ELISA with
GFP antibodies as well as an oxi-ELISA, essentially as described by (Alamdari et al., 2005), were
performed. The read outs of both ELISAs represent the amount of protein (anti-GFP, red bars) or
carbonyls (oxi-ELISA with anti-DNP, blue bars) on ID-GFP and Nsp1; carbonyl levels on Nsp1GFP are below the detection level even under these strongly oxidizing conditions.
c) The Stokes radii for FG-Nups and FG-Nup segments for the native and carbonylated state (in
Angstrom). The black bar represents the experimental (native) Stokes radii from (Yamada et al.,
2010), the blue bar represents the prediction for these native FG Nups (Ghavami et al., 2014), the
prediction for the carbonylated FG Nups is plotted in red and the results for the carbonylated_HP
(see Methods for details) variant is shown in green. The error bar for the simulations represents
the standard deviation in time.
d) Time averaged radial density plot for a carbonylated_HP NPC compared with the wild type
and carbonylated NPCs at different positions along the z-axis separated by 1 nm in the z-range of
-15.4 to 15.4 nm. In the carbonylated_HP NPC only the effect of carbonylation on the
hydrophobicity is accounted for. The average over the different z-values is plotted as thick lines
for all three cases.
e) Two-dimensional (rz) density map for the carbonylated_HP NPC.
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Supplementary Fig. 4: Heh2-GFP and Apq12-GFP abundance at the NE as a function of
remaining lifespan related to Figure 2. Additional independent replicates (coming from a
different microscope) for Apq12-GFP and Heh2-GFP abundance at the NE, relative to Nup49mCh, as a function of remaining lifespan. The dotted lines indicate best linear fit; Pearson
correlations are indicated. Number of cells analysed are Apq12 = 34, Heh2 = 14 and number of
measuring points analysed are Apq12 = 74 and Heh2 = 46.

The system wide proteomics data showed that the protein levels of Heh1, Rtn1
and Rtn2 are stable in abundance in aging, while a sharp decrease in abundance
was found for Vps4 (Figure 2c, and Supplementary Fig. 1c showing stable
transcript levels). Additionally, we found that the abundance of Heh2-GFP,
Brl1-GFP and Apq12-GFP at the NE decreased relative to Nup49-mCh in aging
(Figure 2d and Supplementary Fig. 1c showing stable transcript levels). Despite
the fact that neither Heh2 nor Apq12 are essential proteins, we found their
levels to be correlated with the remaining lifespan of the cells, where those cells
showing the lowest levels of Heh2-GFP or Apq12-GFP had the shortest
remaining lifespan (Figure 2e and Supplementary Fig. 4). The level of the
essential protein Brl1 similarly correlated with the remaining lifespan of the
cells (Figure 2f). Previous work showed that the deletion of either heh2, vps4 or
apq12 is sufficient to cause the appearance of misassembled NPCs in haploid
cells (Scarcelli et al., 2007; Webster et al., 2014) so the decrease in abundance
of the proteins Heh2, Apq12, Brl1 and Vps4 suggests that NPC assembly is
compromised in aging and misassembled NPCs may accumulate.
To get a more direct readout of problems in NPC assembly we studied Chm7,
the nuclear adaptor for the ESCRT system (Gu et al., 2017; Olmos et al., 2016;
Webster et al., 2016). Chm7 sometimes forms a focus at the NE and the
frequency of focus formation is related to NPC assembly problems as mutant
strains with impaired NPC assembly show more frequently Chm7 foci at the NE
(Webster et al., 2016). We quantified the frequency of focus formation in
differently aged cells. Indeed, the foci are more than twice as frequently seen in
the highest age group (age 15-24), compared to cells younger than 5 divisions.
Also, the frequency at which cells have more than one focus present at the NE is
more than 4-fold higher in the oldest age group (Figure 2g). The increased
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frequency of Chm7 foci in aged cells supports that aged cells have problems in
NPC assembly. As misassembled NPC can cause herniations at the NE, which
can be observed in EM (Thaller and Patrick Lusk, 2018; Webster et al., 2014,
2016; Wente and Blobel, 1993), we quantified the appearance of NE herniations
in young and aged cells. In young cells NE herniations are found in only 2 % of
the nuclei. In aged cells, those herniations are found much more frequently,
with 17% of the nuclei showing a herniation (Figure 3a, b).
We conclude that four proteins involved in the assembly of NPCs decrease
strongly in abundance in aging (Vps4, Heh2, Brl1 and Apq12) in a manner that
correlates with remaining lifespan (Figure 2). Jointly, the decrease in abundance
of those proteins, and potentially also the decrease of FG-Nup abundance
(Figure 1), likely directly cause the NPC assembly problems, which we observe
as an increased Chm7 focus formation frequency (Figure 2g) and an increased
number of herniations (Figure 3) in aged cells.

Figure 3 NE herniations are more prevalent in aged cells
a) Examples of NE herniations found in replicatively aged cells. NPCs are indicated by an
arrowhead, asterisks indicate herniation lumens and the nucleus is marked with N. Scale bars are
200 nm.
b) Quantification of nuclei with herniations in thin sections. n indicates the number of cells with a
visible nucleus analysed.
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Increased steady state nuclear compartmentalization in aging is mimicked
in NPC assembly mutants
Next, we experimentally addressed the rates of transport into and from the
nucleus with aging. During import and export NTRs bind their cargoes through
a nuclear localization signal (NLS) or nuclear export signal (NES) and shuttle
them through the NPC. In addition to facilitating active transport, the NPC is a
size dependent diffusion barrier (Popken et al., 2015; Timney et al., 2016). We
measured the rate of efflux in single aging cells and find that passive
permeability is not altered significantly in aging (Supplementary Fig. 5a-c),
excluding the possibility that NPCs with compromised permeability barriers
(‘leaky’ NPCs) are prevalent in aging cells.
We then looked at classical import facilitated by the importins Kap60 and
Kap95, and export facilitated by the exportin Crm1. The cellular abundance of
Crm1, Kap60 and Kap95 is relatively stable in aging (Janssens et al., 2015)
(Supplementary Fig. 6a and Supplementary Fig. 1c for transcript levels) as is
their abundance at the NE and their localization (Supplementary Fig. 6b-d). To
test whether their transport changes with aging, we used GFP-tcNLS (GFP with
a tandem classical NLS, Kap60 and Kap95 import cargo) (Goldfarb et al., 1986;
Wychowski et al., 1985) and GFP-NES (Crm1 export cargo) (Shulga et al.,
1999) reporter proteins, and GFP as a control. We carefully quantified the
steady state localization of transport reporters in individual aging cells in the
non-invasive microfluidic setup (See Supplementary Fig. 7 for lifespan of
strains). In the vast majority of cells we observed that GFP carrying a tcNLS
accumulated more strongly in the nucleus at high ages (Figure 4a, middle
panel), and, interestingly, the GFP carrying a NES is more strongly depleted
from the nucleus in the vast majority of cells (Figure 4a, right panel). For the
control, GFP, we find a more stable N/C ratio in aging (Figure 4a, left panel).
While the changes in steady state accumulation are observed already early in
life when looking at single cells, on the population level the changes become
significant only later in the lifespan (Figure 4b). To see whether an increase in
nuclear compartmentalization in aging was reproducible across different signal
sequences, we further quantified the localization of reporter proteins that carried
a Nab2NLS (Kap104 import cargo), or a Pho4NLS (Kap121 import cargo)
(Kaffman et al., 1998; Timney et al., 2006; Truant et al., 1998). Also for these
two signal sequences we found that reporter proteins with the respective
sequences accumulated more strongly in the nucleus at higher ages (Figure 4c
and Figure 4d).

48

Age-dependent deterioration of nuclear pore assembly in mitotic cells

2

Figure 4 Increased steady state nuclear compartmentalization in aging is mimicked in NPC
assembly mutants
a) Heatmaps showing single cell changes in localization (N/C ratios) of GFP (N = 49), GFP-NES
(N = 75) and GFP-NLS (N = 66) reporter proteins during replicative aging.
b) N/C ratios of GFP-tcNLS, GFP-NES and GFP as the cells age. The line indicates the median,
and the bottom and top edges of the box indicate the 25th and 75th percentiles, respectively. The
whiskers extend to the data points, which are closest to 1.5 times above below the inter quartile
range, data points above or below this region are plotted individually. Non overlapping notches
indicate that the samples are different with 95% confidence. The number of cells analysed are
GFP = 54, 51, 34; GFP-NLS = 74, 48, 57 and GFP-NES = 75, 41, 66 at time points 0 h, 15 h and
30 h, respectively.
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c) Heatmaps showing single cell changes in localization (N/C ratios) of Nab2NLS-GFP (N = 53)
and Pho4NLS-GFP (N = 56) reporter proteins during replicative aging.
d) Median N/C ratios of Nab2NLS-GFP and Pho4NLS-GFP as the cells age. The number of cells
analysed are Nab2NLS-GFP = 55, 52, 29 and Pho4NLS-GFP = 59, 58, 33 at time points 0 h, 15 h
and 30 h, respectively.
e) Deletion of apq12 increases nuclear compartmentalization of GFP-NLS and GFP-NES. The
number of cells analysed are GFP-NLS = 42, 48 and GFP-NES = 39, 34 for WT and Δapq12,
respectively
f) Increased nuclear compartmentalization of GFP-NLS during early aging (10 h of aging, median
age of 2 divisions) in a Δvps4Δheh2 background. The number of cells analysed are 42 and 33,
respectively.
g) Heatmap showing single cell changes in localization (N/C ratios) of Srm1-GFP (N = 85) during
replicative aging.
h) N/C ratios of Srm1-GFP increases as cells age. Numbers of cells analysed are N = 103, 125, 77
at time points 0 h, 15 h and 30 h, respectively.
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Supplementary Fig. 5: Efflux rate constants in aging, related to Figure 3
a), b) Singe cell measurements of the kinetics of loss of nuclear accumulation of GFP-NLS from
young cell and cell with median replicative age 8. Time zero is the time point at which the red
coloured medium (ponceau red) containing Na-azide and 2-Deoxy-D-glucose reached the cells
that are trapped in the device. The measurements are fitted to an exponential decay function and
yield the efflux rate constant (kout). Only cells with p < 0.05 and R2>0.2 (plotted in red) are
represented in panel c; poor fits (blue lines) are excluded from the analysis.
c) Efflux rate constant of cells age 0 and cells age 8. The average Kout of old cells is lower than
for young cells, but changes are not significant. Number of cells included in the analysis are Age
0-1 = 57 and 8 (Median) = 48.
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Supplementary Fig. 6: The abundance of transport factors and NTR cargos does not change
in aging, related to Figure 3.
a) Protein abundance of Crm1, Kap95, Kap60, Kap104 and Kap121 as measured in whole cell
extracts of yeast cells of increasing replicative age. Data from (Janssens et al., 2015).
b), c) Localization of Crm1 (b) and Kap95 (c) during replicative aging to the nucleus relative to
the cytosol (N/C ratio). The line indicates the median, and the bottom and top edges of the box
indicate the 25th and 75th percentiles, respectively. The whiskers extend to the most extreme data
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points not considered outliers, and the outliers are plotted individually. Non overlapping notches
indicate that the samples are different with 95% confidence. The overall changes were thus not
significant, although we note that based on a two-tailed Student’s T-test the N/C ratio for Kap95
is significantly increased after 15 h (p = 8.7 x 10-4). No significant correlation was found with age
(Crm1: r = 0.15, p = 0.09 and Kap95: r = 0.07, p = 0.39), or lifespan (Crm1: r = 0.04, p = 0.63 and
Kap95: r = 0.11, p = 0.16). Number of cells analysed at time points 0 h, 15 h, and 30 h were for
Kap95 = 155, 165, 72 and for Crm1 = 156, 138, 87.
d) Heatmap representation of changes in N/C ratio of Crm1-GFP (N = 134) and Kap95-GFP (N =
132).
e) Protein abundance of 507 proteins with the Gene Ontology term ‘nucleus’ as measured in
whole cell extracts of yeast cells of increasing replicative age. Data from (Janssens et al., 2015).
This set of proteins provides an unbiased proxy of changes in total import. The median, average
or summed abundance of these nuclear proteins does not change in aging.
f) Protein abundance of 13 known cargos of Kap60, Kap121, Kap104 and Crm1 and 17 additional
proteins interacting with Kap121/Kap123 (based on Timney et al., 2006) as measured in whole
cell extracts of yeast cells of increasing replicative age. Data from (Janssens et al., 2015).

How should we interpret the increased steady state localization of these 4 GFP
reporters in aging? The steady state localization of these GFP-reporter proteins
depends on the kinetics of NTR facilitated transport (import or export) and
passive permeability (influx and efflux). While we cannot formally exclude that
retention mechanisms appear during aging, the efflux experiments in
Supplementary Fig. 5a-c do confirm that GFP remains mobile in aged cells, and
also the stable localization of the control, GFP (Figure 4a), supports that
retention mechanisms have little impact. Thus, under the assumption that
retention mechanisms play an age-independent and minimal role, we can
interpret the steady state ratio’s to report on the balance between the rates of
NTR-facilitated-transport (import and export) and passive permeability (influx
and efflux). This would mean that the systematic changes in the steady state
localization of the reporter proteins that we observe in the aging cells results
from a change in the balance between the rates of NTR-facilitated-transport and
passive permeability.
Changes in the rates of NTR-facilitated-transport and passive permeability may
be related to changes in the NPCs themselves or they may be related to an
increased availability of NTRs. We measure no changes in abundance of NTRs
(Supplementary Fig. 6a) and find no indication that the abundance of protein
cargo changes during aging (Supplementary Fig. 6e, f). Moreover, the increased
nuclear compartmentalization seems to be independent of the reporter protein’s
respective NTRs. We thus consider it less likely that the rates of NTRfacilitated-transport and passive permeability are related to an increased
availability of NTRs and further explore how changes in the NPCs can explain
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the altered balance between the rates of NTR-facilitated-transport (import and
export) and passive permeability (influx and efflux).
To our knowledge, mutation or deletion of Nup53 is the only mutation in the
NPC that has been shown to lead to increased steady state compartmentalisation
(of Kap121 dependent cargo) (Makhnevych et al., 2003). On the contrary, many
strains, including those where NPC components that decrease in abundance in
aging are deleted or truncated, show loss of compartmentalisation (Lord et al.,
2015; Popken et al., 2015; Strawn et al., 2004). Interestingly, the only other
strain that was previously reported to have an increased compartmentalisation is
a strain defective in NPC assembly due to a deletion of apq12 (Scarcelli et al.,
2007; Webster et al., 2016). We found that deletion of apq12 is genomically
instable and not viable in the BY strain background (Supplementary Fig. 8),
hence we recreated the deletion mutant in the W303 background, where it is
stable. Indeed, we found that the deletion of apq12 was sufficient to mimic the
increase in compartmentalization seen in aging showing increased nuclear
accumulation of GFP-NLS and exclusion of GFP-NES (Figure 4e). To further
investigate whether the accumulation of misassembled NPCs could cause an
increase in nuclear compartmentalization, we quantified the localization of
GFP-NLS in a vps4Δheh2Δ double mutant. Both individual mutations were
previously shown to progressively accumulate misassembled NPCs during
aging (Webster et al., 2014). We found indeed that cells at a median age of two
divisions had a significantly higher N/C ratio of GFP-NLS than young cells
(Figure 3f). The increased compartmentalisation in aged cells and in the apq12
and vps4Δheh2Δ mutant can be explained if fewer functional NPCs are present
in the NE. Reduced numbers of NPCs would predominantly impact passive
permeability, as the rate limiting step for NTR-facilitated-transport is not at the
level of the number of NPCs but rather at the level of NTRs and cargos finding
each other in the crowded cytosol with overwhelming nonspecific competition
(Meinema et al., 2013; Riddick and Macara, 2005; Smith et al., 2002; Timney et
al., 2016).
Supplementary Fig. 7: Replicative lifespan curves, related to
Figure 3.
Replicative lifespan curves of strains expressing reporter
proteins, in comparison to BY4741; all grown on medium
supplemented with raffinose and galactose. The overexpression
of GFP alone did not result in any observable growth defect in
young cells, but did impact the lifespan of the yeast cells. This
impact on lifespan is likely related to a general stress resulting
from the additional protein synthesis and is unlikely to be related
to nuclear transport. To enable comparison of the three reporter

54

Age-dependent deterioration of nuclear pore assembly in mitotic cells
proteins, GFP, GFP-NLS and GFP-NES, in aging, we tuned their
expression such that the impact on lifespan was similar for all
three. Total number of cells analysed per strain were GFP = 89,
GFP-NLS = 96, GFP-NES = 75, BY4741 = 126.

A previous report showed a reduction in nuclear accumulation of GFP-NLS in
age 6+ yeast cells isolated from a culture (Lord et al., 2015), while we see no
statistically significant difference at this age. We note that there are many
differences in the experimental setups that may explain the difference. One
possible explanation is that Lord et al., used a different strain background,
which might be differently susceptible to NPC assembly problems in aging.
Indeed, we noted that several phenotypes, e.g. the appearance of SINC (Storage
of Improperly assembled Nuclear pore complex Compartment; Webster et al.,
2014) structures related to NPC assembly, are distinct in both strain
backgrounds used.

Supplementary Fig. 8: Apq12 is an essential gene in BY4741, but not in W303, related to
Figure 4
a) PCR analysis of apq12 mutants confirming the genotype of the heterozygous diploid BY4743
apq12Δ/APQ12 and the haploid W303 apq12Δ. Strains were generated using the PCR toolbox
(Janke et al., 2004) replacing the apq12 gene with a hygromycin resistance cassette (hphNT1) and
the genotype was confirmed by PCR analysis using primers flanking the apq12 locus. We were
not able to obtain transformants of haploid BY4741 with the hphNT1 in the apq12 locus.
b) Haploid W303 apq12Δ is sensitive to growth at 22°C, confirming the phenotype described by
Scarcelli et al., 2007.
c) Tetrad dissection of spores generated from BY4743 apq12Δ/APQ12. Spores from the tetrads
grew out in colonies with varying sizes, or often did not grow out at all.
d) Genotype of the resulting clones from the tetrad dissection was determined by PCR with
primers flanking the apq12 locus, as described above for panel a). The clones that carry the
hphNT1 in the apq12 locus also still carry a wildtype copy of APQ12 (clones 1a, 1c, 2b and 3c).
The heterozygous diploid BY4743 apq12Δ/APQ12 shows genome instability, possibly resulting
in an incorrect number of chromosomes after meiosis, enabling spores to carry a WT copy of
APQ12 as well as the apq12 deletion.

Next, we addressed the transport of native proteins in aged cells. We studied
Srm1, the yeast homologue of Rcc1, as endogenously expressed GFP-tagged
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protein. Srm1 is the nucleotide exchange factor that exchanges GDP for GTP on
Ran and its nuclear localization ensures that Ran-GTP levels inside the nucleus
are high. The localization of Srm1 depends on Kap60/Kap95 mediated import
and retention inside the nucleus via chromatin binding (Li et al., 2003;
Nemergut et al., 2001). While the cellular abundance of Srm1 was stable during
aging (Supplementary Fig. 1b), we found that the nuclear accumulation of
Srm1-GFP increased during replicative aging in most cells (Figure 4g,h). The
steady state localization of Srm1 cannot be directly interpreted in terms of
transport as retention plays an important role, but it is striking that the change in
localization of Srm1-GFP is in line with the changes observed for GFP-NLS.
Interestingly, the human homologue of Srm1, Rcc1, was previously also
reported to have an increased nuclear concentration in myonuclei and brain
nuclei of aged mice (Cutler et al., 2017).
Alterations of the nuclear envelope permeability during aging affects
transcription factor dynamics
Additionally, we studied Msn2, a transcriptional regulator that responds to
various stresses and translocates to the nucleus in pulses, a so called frequency
modulated transcription factor. Msn2 communicates information about the
environment by modifying the frequency of pulses (Figure 5a)(Cai et al., 2008;
Hao and O’Shea, 2011; Hao et al., 2013). These pulse dynamics are primarily
determined by the rates of nuclear import and nuclear export (Hao et al., 2013),
but retention mechanisms also apply. By following endogenously tagged Msn2GFP, we were able to observe the pulse dynamics for individual cells, and
quantify specific features of each pulse (Figure 5b). Specifically, for each Msn2
pulse, we determined the peak prominence and the pulse width. To determine
how aging affected the import and export kinetics, we imaged mother cells for
short periods of time every ten hours (Figure 5c). We observed that, as
predicted by the alterations in NPCs, the average pulse widths for each cell
increased consistently from middle-age onwards (Figure 5d). Similarly, by
aligning all Msn2 pulses on top of each other for a given age, we determined a
mean pulse shape for each age (Figure 5e). These show similar characteristics,
where the aging results in both broader and lower Msn2 pulses. As could be
expected given the striking age-related changes, both the pulse width and pulse
prominence are correlated to the remaining lifespan of the cell (Supplementary
Fig. 9a,b, r=-0.36, p<0.0001 and r=0.47, p<0.0001 for pulse prominence and
pulse width, respectively). We consider it likely, that the decrease in Msn2
dynamics is a readout for the NPC’s ability to facilitate rapid responses. Aging

56

Age-dependent deterioration of nuclear pore assembly in mitotic cells
cells may thus respond more slowly to changes in their environment due to
reduced nuclear cytoplasmic transport and communication.

2

Figure 5 Alterations of nuclear envelope permeability during aging affects transcription
factor dynamics
a) Schematic showing pulses of Msn2 translocation to the nucleus and movement back to the
cytoplasm.
b) Five randomly selected single cell traces showing Msn2 dynamics. Low values indicate the
majority of Msn2 is cytoplasmic, and high values indicate the majority of Msn2 is nuclear
localized. Pulses are annotated showing peaks, prominence and the width of the pulse.
c) Experimental protocol for the aging experiment. White boxes indicate brightfield imaging only,
and green boxes indicate fluorescence imaging.
d) As cells age, the width of the Msn2 pulses increases reliably. (*** indicates p<0.0001 twotailed t-test).
e) Msn2 pulses were identified at each age, and then all pulses were averaged together at each
age. To correct for changes in baseline localization with age, the mean pre-pulse level was
subtracted at each age. Error bars are standard error.
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Supplementary Fig. 9: Msn2 pulse
prominence and width correlate to
remaining lifespan, related to Figure 4
a) The Msn2 pulse prominence is
positively correlated with remaining
lifespan.
b) The remaining lifespan is negatively
correlated with increasing Msn2 pulse
width. N value cells = 48, N value for
scatter plot = 138

Supplementary Fig. 10: Models of NPCs with altered stoichiometry
a) The time averaged radial density distribution of the 24 constructed models (grey) (see Table
S1) based on the FG-Nup abundance data from Figure 1c with the average of the 24 models
plotted in blue denoted as ‘Aged proteome’. Each curve in grey represents the radial density
averaged over the NPC height i.e. |z| < 15.4 nm for one of the 24 different models.
b) Time-averaged r-z density of FG-Nups in the ‘Aged proteome’ NPC.

Discussion
NPC function in aging has received much attention in the context of postmitotic
(chronologically) aging cells such as neurons and indeed a large body of data
now implicate NPC function in neurodegenerative diseases. Here we study the
fate of NPCs in dividing yeast cells with the anticipation that the insights may
be relevant to aging of mitotic cells such as stem cells. Overall our data is
consistent with a model where NPC assembly and quality control are
compromised in mitotic aging (Figure 2) and where misassembled NPCs, which
specifically lack the FG-Nups that we see declining in aging (Figure 1),
accumulate in aged cells (Figure 3). Without intervention, the loss of FG-Nups
at the NE would almost certainly create leaky NPCs (Popken et al., 2015;
Strawn et al., 2004; Timney et al., 2016), as also predicted by our models of
aged NPCs (Supplementary Fig. 10b). However, based on our transport data, we
can exclude a scenario where leaky NPCs are present at the NE of mitotically
aged cells (Figure 4, 5). Instead, our data supports that the misassembled NPCs
get covered with membrane (Figure 3), a structure known to be present in
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nup116, vps4pom152 and apq12 mutant strains (Scarcelli et al., 2007; Webster
et al., 2014, 2016; Wente and Blobel, 1993). This would prevent loss of
compartmentalization but cause an overall reduction of permeable NPCs, which
is consistent with the observed decrease in transport dynamics across the NE
and the increased steady state compartmentalisation (Figure 4,5). Altogether we
propose that consequential to declining quality control of NPC assembly, aged
nuclei have fewer functional NPCs and significant amounts of dysfunctional
NPCs that do not contribute to the overall transport kinetics (Figure 6c).
In a previous study we generated directional networks to predict how the
different changes observed in aging may be interdependent, and proposed that
an imbalance affecting the protein biogenesis machinery is the major driving
force in yeast replicative aging (Janssens et al., 2015). The defects in NPCs in
aging may thus be a consequence of the imbalanced protein levels of the NPC
components and assembly factors. This imbalance is not transcriptionally driven
since, with few exceptions, the transcriptional changes in Nups, NTRs and
assembly factors are small (Janssens et al., 2015), but is rather related to protein
synthesis, folding and assembly. Indeed, the proteome changes in the Nups are
well linked to other changes in the proteome of aging cells: Nup116, Nsp1,
Nup159, Nic96, Nup82, Nup157 and Nup2 appear in the middle clusters of the
proteome network meaning that they are predicted to be consequential to earlier
changes, but also that they drive later changes (Janssens et al., 2015). Our
finding of correlations between remaining lifespan of a cell and the abundance
of several Nups and assembly factors, as well as the transport dynamics of
Msn2, also supports that a potential causal relation between NPC function and
lifespan may exist. The ways that faulty NPCs may further drive aging are
numerous. For instance, mitotically aging cells are expected to respond more
slowly to changes in their environment due to reduced nuclear cytoplasmic
transport and communication. Moreover, declining NPC function, which by
itself is a consequence of failing protein quality control, will result in aberrant
transcription regulation and mRNA export, and, with that, contributes to the
further loss of protein homeostasis. Lastly, faulty NPCs may impact the loss of
genome stability in aging and the joint dependence of NPC assembly and
genome stability on Apq12 provides an interesting observation in this context.
Altogether, our study contributes to the emerging view that NPC function is a
factor of importance in aging and age-related disease (Fichtman and Harel,
2014) impinging on the universal hallmarks of human aging of intercellular
communication and loss of protein homeostasis.
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Our work also provides the first clear example that the assembly of large protein
complexes is a major challenge in aging of dividing cells. Indeed, there is data
to support that loss of protein complex stoichiometry is a prominent and
conserved phenotype in aging (Janssens et al., 2015; Ori et al., 2015). We
speculate that the assembly and quality control of many other long-lived large
protein complexes, such as the proteasome and kinetochores, both becoming
highly substoichiometric in aging (Janssens et al., 2015; Ori et al., 2015), are
compromised in mitotically aging cells.

Figure 6 Graphical summary
a) Summary of the measured changes.
b) Schematic representation of NPC assembly and nuclear transport dynamics in young cells.
c) Model: In old cells, the decrease in abundance of several proteins that assist in NPC assembly,
and possibly the NPC components themselves, causes the accumulation of misassembled NPCs in
aged mother cells. Misassembled NPCs are covered with membrane and do not participate in
nucleocytoplasmic exchange, reducing the effective density of transport competent NPCs over
time and leading to an increase in steady state compartmentalization and concomitant decrease in
transport dynamics.

Materials and Methods
Strains
All Saccharomyces cerevisiae strains used in this study are listed Table I and
were validated by sequencing. Experiments in this study were performed with
BY4741 genetic backgrounds, except the deletion of apq12, which is instable in
the BY4741 background. W303 apq12Δ was created by using the PCR-toolbox
(Janke et al., 2004). The Nup116-GFPboundary MKY227 from Mattheyses et
al., 2010 was converted from its W303 background to BY4741 background by
crossing and tetrad dissection for in total 10 times with BY4741. All strains
used in the aging experiments are plasmid free as plasmids are not maintained
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in aging cells. Cells were grown at 30°C, shaking at 200 RPM using Synthetic
Complete medium supplemented with 2% Glucose or 2% D-raffinose, unless
indicated otherwise. If applicable, expression of reporter proteins was induced
with 0.5% Galactose. Cells were induced for 4-7 h prior to the start of an
experiment. The proteomics data within this manuscript previously published in
Janssens et al., 2015 is from YSBN6 grown in nitrogen base without amino
acids supplemented with 2% glucose.
Microscopy
All microscopy, excluding the experiments for Figure 7, was performed at 30°C
on a Delta Vision Deconvolution Microscope (Applied Precision), using
InsightSSITM Solid State Illumination of 488 and 594 nm, an Olympus UPLS
Apo 60x or 100x oil objective with 1.4NA and softWoRx software (GE
lifesciences). Detection was done with a CoolSNAP HQ2 camera. Microscopy
to study Msn2 dynamics was performed on a Nikon Ti-E microscope equipped
with a Hamamatsu Orca Flash V2 using a 40X oil immersion objective
(1.3NA). Fluorescence excitation was performed using an LED illumination
system (Excelitas 110-LED) that is triggered by the camera.
Replicative aging experiments – microfluidic dissection platforms
The microfluidic devices were used as previously detailed (Crane et al., 2014;
Lee et al., 2012). Brightfield images of the cells were taken every 20 min to
follow all divisions of each cell. Fluorescent images with three or four z-slices
of 0.5 or 0.7 micron, were taken at the beginning of the experiment and after 15,
30, 45 and 60 h. One experiment lasts for a maximum of 80 h. All lifespans and
the N/C ratios of yPP008, yPP009 and yPP011 (Figures 4a,b and
Supplementary Fig. 7) reflect only cells that stay in the device for a whole
lifespan are included into the dataset. All other data presented include all cells
that stay in the microfluidic device for at least 15 h and have at least one image
well enough in focus for a ratiometric measurement. Data in Fig. 4a, b and
Supplementary Fig. 7 were obtained using both the microfluidic dissection
platform (Lee et al., 2012) and the ALCATRAS (Crane et al., 2014), data in all
other experiments were performed using an ALCATRAS chip.
Poison assay in the microfluidic device
To measure the passive permeability of NPCs in old cells, the cells were
replicatively aged in the microfluidic chip for approximately 21 h.
Subsequently, the medium in the chip was exchanged, as described by (Crane et
al., 2014), for Synthetic Complete medium supplemented with 10 mM sodium
azide and 10 mM 2-deoxy-D-glucose (Shulga et al., 1996). Additionally, the
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medium was supplemented with some Ponceau S stain, which makes the
medium fluoresce in the mCherry channel. The addition of sodium azide and 2deoxyglucose depletes the cell of energy and destroyes the Ran-GTP/GDP
gradient thus abolishing active transport of reporter proteins. We measured the
net efflux of reporter proteins by imaging the cells every 30 s.
Data analysis of Nups and N/C ratios
Microscopy data was quantified with open source software Fiji
(https://imagej.net/Welcome)(Schindelin et al., 2012). Fluorescent intensity
measurements were corrected for background fluorescence. To quantify the
abundance of proteins at the NE, an outline was made along the NE in the
mCherry channel. The outline was used to measure the average fluorescent
intensities in the mCherry and GFP channels. To quantify the nuclear
localization (N/C ratio), the NE was outlined based on the Nup49-mCherry
signal and the average fluorescence intensity at the nucleus was measured. A
section in the cytosol devoid of vacuoles (appearing black) was selected for
determining the average fluorescence intensity in the cytosol. We note that the
average fluorescence of GFP in the cytosol may be underestimated in aged cells
as aged cells have many small vacuoles that make it hard to select vacuole-free
areas in the cytosol. The extent to which this affects the data can best be judged
from the cells expression GFP where the N/C ratio on average increases from
1.2 to 1.25 in 30 hours (Figure 6d). All heatmaps and bee swarm/box plots were
generated in MATLAB (Mathworks https://nl.mathworks.com/).
EM methods
Magnetic purification of old cells for electron microscopy
To evaluate the nuclear envelope ultrastructure of replicatively-aged yeast, we
cultured BY4741 in 200 mL of YPD to mid log phase. 6 x108 cells were
collected by centrifugation, washed in PBS and then resuspended in 500 μL of
2xPBS. To biotin-label cells, 7 mg of sulfo-NHS-LC-biotin (Pierce) was
dissolved in 500 uL of ice-cold H20 and added to the cell suspension, which was
subsequently incubated at RT for 20 min. The cells were pelleted by
centrifugation and excess free biotin removed by washing in PBS. Biotinlabeled cells were used to inoculate 4 L of YPD and grown for ~10-12
generations. Cells were collected by centrifugation and resuspended in ice-cold
PBS. The cell suspension was incubated with 250 μL of streptavidin-coated
magnetic beads (Qiagen) for 20 min at 4°C. Magnetic beads with bound
biotinylated cells were collected on a magnet and were washed 5 times with
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PBS. The unbound cells were used as the mixed-population (young) sample.
After the final wash in PBS cells were resuspended in a small volume of YPD.
Yeast from either the magnetic bead sorted sample (aged) or non-binding yeast
(young) were concentrated into a thick slurry by gently pelleting (2,000 rpm)
and aspirating off excess media. The slurries were high-pressure frozen in a
Leica HMP100. Frozen samples were freeze-substituted in a Leica Freeze AFS
with 0.1% uranyl acetate in dry acetone and infiltrated with Lowicryl HM20
resin. The polymerized resin block was cut with a diamond blade into ~100 nm
thick sections. Sections were collected onto a formvar/carbon coated nickel
grids and stained with 2% uranyl acetate and Reynolds lead citrate for improved
membrane contrast. Images were acquired on a FEI Tecnai Biotwin TEM at 80
kV equipped with a Moranda CCD camera using iTEM (Olympus) software.
Msn2:GFP imaging and quantification
Following introduction of the cells to the microfluidic device, brightfield
imaging was begun immediately. The process of introducing cells to the device
was found to increase Msn2 activity for the first hour or two following device
loading. To ensure that the baseline timecourse in young cells was
representative of pulse dynamics and not affected by loading stress,
fluorescence imaging was begun after cells had been allowed to acclimate for
three hours. Brightfield images were acquired at every timepoint, with intervals
of five minutes when fluorescence images were not acquired. Fluorescence
images were acquired for two hours, at intervals of 90 seconds, with three zslices of 1.5 microns. Following the fluorescence imaging, brightfield images
were acquired for 8 hours to ensure that cells could be tracked and the number
of daughter divisions could be scored. Cells were segmented and tracked using
previously published software (Bakker et al., 2018).
Nuclear accumulation of Msn2 was quantified using a measure of skewness.
Specifically, the ratio of the brightest 2% of the pixels within the cell relative to
the median cell fluorescence. By normalizing to the median cell fluorescence,
this is measurement is robust to photobleaching or changes in protein
concentration. This measurement has been repeatedly validated and used in
previous studies of transcription factor translocation dynamics (Cai et al., 2008;
Granados et al., 2017). For each single cell, peaks were located and quantified
using the findpeaks function in Matlab®. At each age, the measurements for all
pulses within a single cell were averaged to generate a single value for mean
Msn2 pulse properties for that cell, at that age. This value was used for
correlations with remaining lifespan and distribution of pulse widths at each age
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(Supplementary Fig. 9). To determine the mean pulse dynamics at each age, all
pulses of all cells alive at the age were centered relative to each pulse peak, and
averaged.
Modelling of aged NPCs
In order to model the aged NPC with the measured stoichiometry of FG-Nups
from the protein abundance data (see Figure 1), we built 24 different models by
taking into account the 8-fold symmetry of the NPC. The model details are
shown in Table S1. In all 24 models, the two peripheral Nsp1’s along with
Nup116 were deleted. Nsp1 in the central channel recruits Nup49 and Nup57 to
form a Nsp1-Nup49-Nup57 subcomplex. As a result, deletion of one of the
central channel Nsp1’s is accompanied by removal of the corresponding Nup49
and Nup57. We computed the time-averaged radial mass density distribution
(density averaged in the circumferential and axial direction) of the FG-Nups for
these 24 models along with the wild type (Supplementary Fig. 10). The average
of the 24 models we refer to as the ‘Aged proteome’ model
Table S1: Details of the FG-Nup stoichiometry for the 24 constructed models to represent the
aged NPC. 0 and 1 represent absence and presence, respectively, of the FG-Nup in 8-fold
symmetry.
NSP1 NSP1 NSP1 NSP1 Nup1 Nup42 Nup49 Nup49 Nup57 Nup57 Nup60 Nup100 Nup145 Nup145 Nup159 Nup116
model 1
0
0
1
1
1
1
1
1
1
1
1
1
1
1
1
0
model 2
0
0
1
1
1
1
1
1
1
1
1
0
1
1
1
0
model 3
0
0
1
1
1
1
1
1
1
1
0
1
1
1
1
0
model 4
0
0
1
1
1
1
1
1
1
1
0
0
1
1
1
0
model 5
0
0
1
1
0
1
1
1
1
1
1
1
1
1
1
0
model 6
0
0
1
1
0
1
1
1
1
1
1
0
1
1
1
0
model 7
0
0
1
1
0
1
1
1
1
1
0
1
1
1
1
0
model 8
0
0
1
1
0
1
1
1
1
1
0
0
1
1
1
0
model 9
0
0
1
0
1
1
0
1
0
1
1
1
1
1
1
0
model 10 0
0
1
0
1
1
0
1
0
1
1
0
1
1
1
0
model 11 0
0
1
0
1
1
0
1
0
1
0
1
1
1
1
0
model 12 0
0
1
0
1
1
0
1
0
1
0
0
1
1
1
0
model 13 0
0
1
0
0
1
0
1
0
1
1
1
1
1
1
0
model 14 0
0
1
0
0
1
0
1
0
1
1
0
1
1
1
0
model 15 0
0
1
0
0
1
0
1
0
1
0
1
1
1
1
0
model 16 0
0
1
0
0
1
0
1
0
1
0
0
1
1
1
0
model 17 0
0
0
1
1
1
1
0
1
0
1
1
1
1
1
0
model 18 0
0
0
1
1
1
1
0
1
0
1
0
1
1
1
0
model 19 0
0
0
1
1
1
1
0
1
0
0
1
1
1
1
0
model 20 0
0
0
1
1
1
1
0
1
0
0
0
1
1
1
0
model 21 0
0
0
1
0
1
1
0
1
0
1
1
1
1
1
0
model 22 0
0
0
1
0
1
1
0
1
0
1
0
1
1
1
0
0
0
1
1
1
1
0
model 23 0
0
0
1
0
1
1
0
1
model 24 0
0
0
1
0
1
1
0
1
0
0
0
1
1
1
0
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Force-field parameters of carbonylated amino acids in the 1-bead-per-aminoacid (1BPA) model(Ghavami et al., 2014)
Among all amino-acids, Threonine (T), Lysine (K), Proline (P) and Arginine
(R) can undergo carbonylation. The change in hydrophobicity upon
carbonylation of these amino-acids was calculated with the help of five
hydrophobicity prediction programs (KOWWIN, ClogP, ChemAxon, ALOGPS
and miLogP) (Leo, 1993; Meylan and Howard, 1995; Tetko et al., 2005;
Viswanadhan et al., 1989)(Cheminformatics, 2015, www.molinspiration.com).
These software programs use the partition coefficient P (ratio of concentrations
in a mixture of two immiscible phases at equilibrium, usually water and
octanol) as a measure of hydrophobicity. Since the range of the ratio of
concentrations is large, the logarithm of the ratio of concentrations is commonly
used: log 𝑃𝑃𝑃𝑃octanol/water = log

𝐶𝐶𝐶𝐶octanol
𝐶𝐶𝐶𝐶water

.

These programs provide different estimates of the value of log P for a given
chemical structure. They use experimental logP values for atoms or small
groups of atoms as a basis and their algorithms are ﬁne-tuned by training with
experimental values of complete molecules. The molecules are cut into
fragments or into atoms, and their contribution adds up to the logP value of the
entire molecule based on the concept of structure-additivity (Fujita et al., 1964).
The hydrophobicity scale in the 1BPA force field(Ghavami et al., 2014) is
derived from three scales that are based on partition energy measurements.
Since the free energy of partition is proportional to logP, the strategy was
chosen to ﬁnd logP values for the oxidized amino acids. To obtain a reliable
value for each of the chemically modified amino acids, a weighted average
scheme is used. Instead of using the predicted hydrophobicity for the entire
residue, it is more accurate to use the predicted change in hydrophobicity since
the change in molecular structure upon introduction of a functional group due to
carbonylation is small. To account for the variation in accuracy of the predictor
programs, a weight is assigned to each program based on the deviation of the
prediction from our existing force field value for the amino-acids in their native
state (Ghavami et al., 2014). The assigned weight (𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖 ) for program 𝑘𝑘𝑘𝑘 for

amino acid 𝑖𝑖𝑖𝑖 is defined as: 𝑤𝑤𝑤𝑤𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖 =

�1⁄∆𝜀𝜀𝜀𝜀𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖 �

2

∑5𝑘𝑘𝑘𝑘=1�1⁄∆𝜀𝜀𝜀𝜀𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖 �

2

, where ∆𝜀𝜀𝜀𝜀𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖 = (𝜀𝜀𝜀𝜀Ghavami −

𝜀𝜀𝜀𝜀𝑘𝑘𝑘𝑘,𝑖𝑖𝑖𝑖 ) is the difference between the hydrophobicity for amino acid 𝑖𝑖𝑖𝑖 in the 1BPA
force field(Ghavami et al., 2014) and that predicted by program k. The results
are depicted in Table S2, showing that K and R become more hydrophobic,
whereas T and P become more hydrophilic, compared to their native state.
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Carbonylation has additional effects. For instance, the carbonylated form of K
and R, i.e. aminoadipic semialdehyde (Asa) and glutamic semialdehyde (GSA),
respectively, loose their positive charge and become neutral, see Table S2
(Petrov and Zagrovic, 2011). In addition, P has a ring structure which opens up
during carbonylation making the polypeptide backbone less stiff. We take this
into account in our model via the bonded potential(Ghavami et al., 2013). The
carbonylated form of P and R are the same (GSA)(Petrov and Zagrovic, 2011).
Therefore, we assign the same hydrophobicity to them, i.e. 0.43, which is the
average of the predicted hydrophobicity of 0.44 and 0.42, respectively. The
relevant changes in the force field for carbonylation are summarized in Table
S2.
Table S2: Force field parameters for carbonylated amino acids. Here 𝜀𝜀𝜀𝜀Ghavami and 𝜀𝜀𝜀𝜀native
represent the hydrophobicity of amino acids in their native condition according to (Ghavami et
al., 2014) and the weighted average scheme, respectively. 𝜀𝜀𝜀𝜀carbonylated denotes the
hydrophobicity derived from the weighted average scheme and 𝑞𝑞𝑞𝑞native to carbonylated stands for
the charge modification from the native to the carbonylated state.

AA
T
K
P
R

𝜺𝜺𝜺𝜺𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆
0.51
0.00
0.65
0.00

𝜺𝜺𝜺𝜺𝐧𝐧𝐧𝐧𝐆𝐆𝐆𝐆𝐧𝐧𝐧𝐧𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐧𝐧𝐧𝐧
0.52
0.00
0.63
0.07

𝜺𝜺𝜺𝜺𝐜𝐜𝐜𝐜𝐆𝐆𝐆𝐆𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐧𝐧𝐧𝐧𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐜𝐜𝐜𝐜
0.34
0.59
0.43
0.43

𝒒𝒒𝒒𝒒𝐧𝐧𝐧𝐧𝐆𝐆𝐆𝐆𝐧𝐧𝐧𝐧𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐆𝐧𝐧𝐧𝐧 𝐧𝐧𝐧𝐧𝐧𝐧𝐧𝐧 𝐜𝐜𝐜𝐜𝐆𝐆𝐆𝐆𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜𝐜
0 −> 0
1 −> 0
0 −> 0
1 −> 0

To explore the limited effect of carbonylation on the overall distribution of the
disordered phase we analysed the changes in net hydrophobicity and charge.
While the hydrophobicity for T and P is reduced, the hydrophobicity of K and R
increases, resulting in only a 5% increase in net hydrophobicity for a maximally
carbonylated NPC (see Table S3). Furthermore, carbonylation leads to a
negatively charged NPC (-7560e) compared to a weakly positive charged wild
type NPC (+512e) as all K and R become neutral. To separate the effects of
charge and hydrophobicity on the structure, we carried out an additional
simulation in which we consider only the change in hydrophobicity caused by
carbonylation and leave the charge unaffected (termed ‘Carbonylated_HP’ in
Supplementary Fig. 3c-e). The results show that the carbonylated_HP NPC is
more hydrophobic than the wild type (refer to Table S3), resulting in a denser
FG-Nup network with the maximum at a larger r-value. However, when also the
charge modification is accounted for in the ‘Carbonylated’ case in
Supplementary Fig. 3d the Coulombic repulsion leads to a lowering of the
density, illustrating that both the change in hydrophobicity and charge affect the
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distribution of the disordered phase. These changes are small yet noticeable near
the scaffold of the NPC, whereas the density at the center (r < 5 nm) is hardly
affected.
Table S3: Physical properties of the wild type, carbonylated and carbonylated_HP NPCs. In the
carbonylated_HP NPC only the effect of carbonylation on the hydrophobicity is accounted for.
For the net hydrophobicity we added the hydrophobicity values ε of all the residues inside the
NPC.

Force field

+ve
Charged
AA
8072
Wild Type
0
Carbonylated
Carbonylated_HP 8072

-ve
Charged
AA
7560
7560
7560

Net
charge

Net
hydrophobicity

+512
-7560
+512

43373.7
45549.7
45549.7

Growth of strains for oxidation assays
100 ml of BY4741 expressing Nsp1-GFP, was grown to an OD600 of 0.8 after
which the culture was split in two portions of 50 ml; 1 portion was stressed by
ROS by the addition of menadione (1 ml of 8 mg/ml in ethanol) for 1.5 hrs,
while to the other only 1 ml of ethanol was added. The cells were then
harvested, washed with water and stored at - 80°C until use.
Purification of ID-GFP
L.lactis NZ9000 carrying a plasmid from which the yeast Heh2 ID-linker can be
expressed as a GFP fusion (ID-GFP)(Meinema et al., 2011) was grown in 1 liter
of GM17 medium supplemented with Chloramphenicol (5 µg/ml). When an
OD600 of 0.5 was reached protein expression was induced by addition of 1 ml
of the supernatant of the nisin producing L. lactis NZ9700. After 2 hrs the cells
were harvested by centrifugation, washed once with 50 mM KPi pH7.0 and the
pellet was resuspended in 5 ml of the same buffer. Drops of the suspension were
frozen in liquid nitrogen and the resulting frozen droplets were pulverized in a
cryomill, cooled with liquid nitrogen. 1.5 grams of the resulting powder was
resuspended in 10 ml 100 mM NaPi pH7 150 mM NaCl, 10% glycerol, 0.1 mM
MgCl2 5 µg/ml DnaseI, 18 mg/ml PMSF and 5 mM DTT and homogenized
with a polytron (2 times 30 seconds at max speed). The suspension was cleared
from non-lyzed cells by centrifugation at 20.000 rcf at 4 degrees for 20 minutes.
1 ml of Ni-sepharose slurry was pre-equilibrated in a polyprep column (BioRad)
with 10 ml of ddH2O and subsequently 10 ml of 100 mM NaPi pH7 150 mM
NaCl, 10% glycerol, 5 mM DTT. The cleared lysate was mixed with the
equilibrated Ni-sepharose and incubated at 4 degrees under mild agitation in the
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polyprep column. The column was subsequently drained, washed with 10 ml 10
ml 100 mM NaPi pH7 300 mM NaCl, 10% glycerol, 15 mM imidazole, 5 mM
DTT and 10 ml 10 ml 100 mM NaPi pH7 300 mM NaCl, 10% glycerol, 50 mM
imidazole, 5 mM DTT. The bound ID-GFP was finally eluted from the column
with 100 mM NaPi pH7 300 mM NaCl, 10% glycerol, 300 mM imidazole. The
buffer was exchanged to PBS with a Zebaspin desalting column (Thermo
Fisher) and the protein concentration was determined using the BCA kit
(Pierce). The protein was stored overnight at 4 0C.
Immunoprecipitation of Nsp1-GFP
Cell lysates were prepared from the cells described above in 0.5 ml lysis buffer
(50 mM Kpi pH7, 250 mM NaCl, 1% Triton X100, 0.5% deoxycholate, 1 mM
MgCl2, 5 mM DTT and protease inhibitors) with 0.5 mm beads in a Fastprep
machine. After bead-beating the cells were incubated on ice for 15 min, and
subsequently centrifuged at 20.000 rcf for 15 min to clear the lysates of beads
and unbroken cells. The cell lysates were diluted with lysis buffer to 1 ml and
10 µl of GFP-nanotrap beads (Chromotek) were added. After 1.5 hrs of
incubation, the beads were washed 6 times with wash buffer (50 mM Kpi pH7,
250 mM NaCl, 0.1% SDS, 0.05% Triton X100, 0.025% Deoxycholate, protease
inhibitors). Bound proteins were subsequently eluted from the beads by adding
20 ul of 10% SDS to the beads and 10 min of incubation at 95 degrees. As a
negative control a cell lysate from BY4741, not expressing any GFP-tagged
nucleoporin, was treated as above. As positive controls BY4741 was spiked
with 2 µg of purified ID-GFP, or 2 µg of ID-GFP which was first in vitro
oxidized with 1 mM CuSO4 and 4 mM H2O2 for 15 min at RT.
Western blotting and ELISA
4 µl of the eluate was separated on a 10% SDS-PAGE gel, transferred to PVDF
membrane and GFP-tagged proteins were detected with anti-GFP antibodies. 10
µl of the eluate from the immunoprecipitations was used for the oxi-ELISA.
First the SDS was removed from the sample using the HIPPR detergent removal
kit (Pierce), by diluting the sample to 100 µl with PBS, and following the
protocol as provided with the kit. The detergent free protein was subsequently
diluted to 1 ml with PBS and two-fold serial dilutions were prepared in PBS. 96
well Nunc MaxiSorp plates (Thermo Fischer) were coated with 100 µl of the
serial dilutions in duplo, and incubated O/N at 4°C. Protein amounts were
determined by detection of GFP-tagged bound protein with anti-GFP antibodies
and a standard ELISA protocol. In a separate ELISA plate the carbonylation
state of the proteins was assessed with an Oxi-ELISA using the Oxyblott
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Protein oxidation detection kit (Millipore), which was essentially performed as
described in Alamdari et al., 2005.
Statistical analysis
Statistical parameters including the definitions and exact values of N,
distributions and deviations are reported in the Figures and corresponding
Figure legends. Significance of changes were determined with a two tailed
Student’s t-test and with non-overlapping notches indicating 95% confidence
that two samples are different. Unless mentioned otherwise, the experimental
data coming from at least two independent cultures and microfluidic chip
experiments were analysed together. In specific cases (Supplementary figure 2h
and 3) the datasets deviated due to differences in filter/camera settings and are
presented separately.
Table 1: Strains and plasmids

Yeast strains
BY4741 yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0)
BY4742 yeast (MATα his3Δ1 leu2Δ0 lys2Δ0
ura3Δ0)
Apq12Δ; Y01433 (MATa; ura3Δ0; leu2Δ0;
his3Δ1; met15Δ0; YIL040w::kanMX4)
W303 Apq12Δ apq12::hphNTI leu2-3,112 trp1-1
can1-100 ura3-1 ade2-1 his3-11,15
Nup116-GFPboundary MKY227 (W303, ADE2+)
Nup116-GFPboundary BY4741
Apq12-GFP yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0 Apq12-GFP::His)
Nup2-GFP yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0 Nup2-GFP::His)
Nup49-GFP yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0 Nup49-GFP::His)
Nup100-GFP yeast (MATa his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 Nup100-GFP::His)
Nup133-GFP yeast (MATa his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 Nup133-GFP::His)
Heh2-GFP yeast (MATa his3 leu2 met15 ura3Δ0
Heh2-GFP::His)
Srm1-GFP yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0 Srm1-GFP::His)
Kap95-GFP yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0 Kap95-GFP::His)

Source
Invitrogen
Invitrogen
this study
This study
(Mattheyses et al., 2010)
This study
ThermoFisher
(Huh et al., 2003)
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
ThermoFisher
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Crm1-GFP yeast (MATa his3Δ1 leu2Δ0 met15Δ0
ura3Δ0 Crm1-GFP::His)
Msn2-GFP yeast (MATa his3 leu2 met15 ura3Δ0
Msn2-GFP::His)
JTY7; Nup49-mCh (MATα Nup49-mCh::CaURA3
can1Δ::STE2pr-LEU2 ura3Δ0 lyp1Δ leu2Δ0
his3Δ1 met15Δ0)
yIS010; Nup2-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Nup2-GFP::His Nup49mCh::URA)
yIS011; Nup100-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Nup100-GFP::His
Nup49-mCh::URA)
yIS012; Nup116-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Nup116-GFPboundary
Nup49-mCh::URA)
yIS013; Nup133-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Nup133-GFP::His
Nup49-mCh::URA)
yIS014; Nup49-GFP Nup133-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Nup49-GFP::His
Nup133-mCh::URA)
yIS018; Apq12-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Apq12-GFP::His Nup49mCh::URA)
yIS021; Srm1-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Srm1-GFP::His Nup49mCh::URA)
yIS022; Kap95-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Kap95-GFP::His Nup49mCh::URA)
yIS023; Crm1-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Crm1-GFP::His Nup49mCh::URA)
yIS027; Apq12Δ Nup49-mCh GFP-NLS(MATa;
ura3Δ0;
leu2Δ0;
his3Δ1;
met15Δ0;
YIL040wΔ::kanMX4;
GFP-tcNLS(pGal1)::His
Nup49-mCH::URA)
yIS028; Apq12Δ Nup49-mCh GFP-NES(MATa;
ura3Δ0;
leu2Δ0;
his3Δ1;
met15Δ0;
YIL040wΔ::kanMX4;
GFP-NES(pGal1)::His
Nup49-mCH::URA)
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ThermoFisher
(Tkach et al., 2012)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
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yIS032; Chm7-yeGFP Nup49-mCh (MATa
his3Δ1 leu2Δ0 met15Δ0 ura3Δ0 Chm7yeGFP::His Nup49-mCh::URA)
yIS035; Heh2-GFP Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 Heh2-GFP::His Nup49mCh::URA)
yPP008; GFP-tcNLS Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 GFP-tcNLS(pGal1)::His
Nup49-mCh::URA)
yPP009; GFP Nup49-mCh (MATa his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 GFP(pGal1)::His Nup49mCh::URA)
yPP011; GFP-NES Nup49-mCh (MATa his3Δ1
leu2Δ0 met15Δ0 ura3Δ0 GFP-NES(pGal1)::His
Nup49-mCh::URA)
yAA001; Nab2NLS-GFP Nup49-mCh (MATa
his3Δ1
leu2Δ0
met15Δ0
ura3Δ0
Nab2NLS(pTpi1)::His Nup49-mCh::URA)
yAA002; Pho4NLS-GFP Nup49-mCh (MATa
his3Δ1
leu2Δ0
met15Δ0
ura3Δ0
Pho4NLS(pTpi1)::His Nup49-mCh::URA)
Oligonucleotides
Chm7-GFP-S3
fw
(GAAAACCACGATAATGAGATAAGAAAAA
TCATGATGGAAGAACAACCACGTCGTACG
CTGCAGGTCGAC)
Chm7-GFP-S2
rv
(CATATTTATTTTTTATTTATACATATATAT
TTATTTATTAGTCACTCAGTTCGATCGATG
AATTCGAGCTCG)
Plasmids
Plasmid: pYM44 yeGFP-tag
Plasmid: pYM28 EGFP-tag
Plasmid: pNZ-h2NLS-L-GFP (ID-GFP)
Plasmid: pBT016 pYX242-NAB2NLS-GFP-PRA
Plasmid: pBT018 pYX242-PHO4NLS-GFP-PRA
Plasmid: pPP014 mCh-Ura-Cassette
Plasmid: pPP042 pRS303-GFP-tcNLS
Plasmid: pPP043 pRS303-GFP
Plasmid: pPP046 pRS303-GFP-NES
Plasmid: pAA8 pRS303-Nab2NLS-GFP
Plasmid: pAA9 pRS303-Pho4NLS-GFP

This study
This study

2

This study
This study
This study
This study
This study

This study

This study

(Janke et al., 2004)
(Janke et al., 2004)
(Meinema et al., 2011)
(Timney et al., 2006)
(Timney et al., 2006)
This study
This study
This study
This study
This study
This study
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Abstract
The nuclear pore complex (NPC) is embedded in the nuclear envelope (NE) and
forms the main gateway to the nuclear interior and to the inner nuclear
membrane (INM). The majority of INM-localized proteins is small enough to
pass the NPC by diffusion and is then retained in the nucleus. For two INM
proteins in yeast, and likely one in human, a selective transport mechanism
exists that requires metabolic energy input, nuclear transport receptors and an
unprecedented sorting signal. The sorting signals consist of a nuclear
localization signal (NLS), separated from the transmembrane domain by a long
intrinsically disordered (ID) linker. Recent structural data of the yeast NPC
reveals that the approximate distance between the pore membrane and the inner
surface of the NPC central channel is about 25 nm. We studied the ID linker of
yeast Heh2 and asked whether INM targeting requires a linker that is flexible,
and that can span such a distance. We used computational models to predict the
dynamic conformations of ID linkers and analyzed the INM targeting efficiency
of proteins with artificial linker regions with altered Stokes radii and decreased
flexibilities. We find that flexibility, Stokes radius and the frequency at which
the linkers are at an extended end-to-end distance larger than 25 nm are good
predictors for the localization of the proteins at the NE. The data is consistent
with a transport mechanism where INM targeting of Heh2 is dependent on an
ID linker that facilitates the crossing of the NPC scaffold.
Introduction
The nuclear pore complex (NPC) is embedded in the nuclear envelope (NE) and
forms the main gateway to the nucleus. NPCs are roughly built of a scaffold
structure stabilizing a cylindrical opening in the nuclear envelope, and attached
to this scaffold is a set of proteins that are intrinsically disordered (ID) and
extend into the channel of the NPC. The full structure of the Saccharomyces
cerevisiae NPC was recently solved at a resolution of 28 Å (Kim et al., 2018).
Now for the first time, we have full insight into the dimensions of the different
substructures of this large, 52 Mda structure. The structure reveals that the
distance between the pore membrane and the inner surface of the NPC central
channel is approximately 25 nm (Figure 1a) (Kim et al., 2018) .
NPCs mediate rapid and energy dependent transport between the nucleus and
the cytoplasm. This is best understood for soluble proteins (Aitchison and Rout,
2012) and less so for integral membrane proteins of the nuclear envelope.
Several mechanisms have been proposed for the sorting of membrane proteins
to the inner membrane of the nuclear envelope (reviewed in Antonin et al.,
2011; Blenski et al., 2019; Boni et al., 2015; Burns and Wente, 2012; Goodchild
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et al., 2015; Katta et al., 2014; Laba et al., 2014; Lusk et al., 2007; Meinema et
al., 2012; Pawar et al., 2017; Zuleger et al., 2012). The biogenesis and sorting of
membrane proteins starts in the cytosol with co-translational or posttranslational insertion of proteins into the endoplasmic reticulum (ER)
membrane. The membrane proteins then potentially roam the entire NE-ER
network, as the membranes of the peripheral ER and the outer and inner nuclear
membrane (ONM and INM) of the NE form a continuous system. To reach the
INM, membrane proteins pass the NPCs where the INM and ONM are fused.
The route through the S. cerevisiae NPC is spacious enough for passage of
membrane proteins with extralumenal domain sizes of 90 kDa and thus the
majority of monomeric proteins may enter the INM through the NPC even in
the absence of specific sorting signals (Popken et al., 2015).
Many proteins indeed reach the INM by diffusion through the NPC and their
accumulation at the INM is through retention mechanisms (Holmer and
Worman, 2001). However, there are two S. cerevisiae membrane proteins,
Src1/Heh1 and Heh2, and likely a third human membrane protein, whose
localization in the nucleus are depending on an active transport mechanism
involving transport factors, FG-Nups and the RanGDP/RanGTP gradient (King
et al., 2006; Kralt et al., 2015a; Meinema et al., 2011). The sorting signal of
Src1/Heh1 and Heh2 consists of a very potent nuclear localization signal (NLS)
(King et al., 2006; Lokareddy et al., 2015; Meinema et al., 2011, 2013), and
additionally a long, intrinsically disordered (ID) linker (Meinema et al., 2011).
Already in the ER, the NLS ensures recruitment of the transport factor Kap95
via the adapter protein Kap60 (Meinema et al., 2013). The model proposed is
that the complex then shuttles through the NPC by binding to the FG-Nups in
the NPC; a transport mode for which energy input is provided from the gradient
Ran proteins across the NE (King et al., 2006; Meinema et al., 2011).
The ID linkers in Heh1 and Heh2 are approximately 200 amino acids long
(Meinema et al., 2011). Shortening the linker decreases the sorting of the
proteins to the INM, while randomization of the amino acid sequence, which
keeps the linkers ID nature, maintains full functionality (Meinema et al., 2011).
Thus, the length but not the sequence of the linker is important for efficient
import to the INM. Unique to ID structures is that they are highly dynamic,
readily changing between very extended and more collapsed conformations,
while the energy input that is required to stabilize a specific conformation is
small (Fuxreiter, 2019; Galea et al., 2008; van der Lee et al., 2014; Necci et al.,
2016; Uversky, 2017). We proposed two prospective roles for the linker in INM
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targeting (Meinema et al., 2011, 2012, 2013). In the first, the linker dodges into
the scaffold of the NPC, allowing the transmembrane domain to remain in the
membrane, while the NLS reaches out into the central channel of the NPC. If
the linker indeed functions to enter the NPC, we expect that the fraction of time
spent in an extended conformation, as well as flexibility, may be important
parameters. Additionally or alternatively, we proposed that the linker may
increase the efficiency of recruitment of Kap60 and Kap95 by positioning the
NLS into the cytosol (Meinema et al., 2011, 2012, 2013). For this, the linker is
effectively a spacer and we expect that also less flexible structures, such as
alpha-helical segments, may suffice.
In this study we used Heh2 linker mutants and reporter proteins with various
artificial linker domains, to study the role of length, charge content and
flexibility of the linker in INM targeting. We altered the linker properties by
replacing the full, or part of the linker sequence with polyproline sequences, or
α-helices. Shorter stretches of polyproline peptides and α-helices have been
used as molecular rulers in FRET, because they form rigid helices (Arai et al.,
2001; Schuler et al., 2005). Multiple consecutive prolines form structured
helical regions, of which the left-handed polyproline II helix (PPII) with
residues in the trans conformation is energetically most favourable (Moradi et
al., 2009). However, in longer polyproline peptides (24 residues) some residues
are in the cis conformation (Hanson et al., 2012). Thus, most probably long
stretches of prolines are not a rigid all-trans PPII helix, but even so, such
proline-rich sequences are much less flexible than the native ID linker domain.
α-Helices are right handed helices formed by hydrogen bonding between the NH group and the backbone C=O group amino acid located three or four residues
apart in the protein sequence. Alanine shows particularly high tendencies to
form α-helical structure. α-Helical structures can be further stabilized by the
formation of salt bridges, such as between glutamate and lysine/arginine
residues; this increases the rigidity of the helix (Marqusee and Baldwin, 1987;
Olson et al., 2001). Single charged α-helical segments of up to 60 amino acids
have been suggested to act as relatively rigid spacers between protein domains
(Süveges et al., 2009), while shorter artificial α-helices in the form of up to five
EAAAK repeats have been reported to form stable alpha helices that show an
approximately 80 % helicity (Arai et al., 2001).
In this study we aimed to describe structural features of the ID linker that are
important for targeting of Heh2 to the INM. We studied the nuclear import of
membrane proteins that have the ID linker replaced by α-helical segments of
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defined lengths, and we modulate the conformational freedom of the ID linker
by introducing polyproline stretches into the ID sequence. A coarse-grained
computational model (Ghavami et al., 2013b) was used to gain insight in the
structure and dynamics of different linker structures. We find that while also
helical and polyproline linkers support transport of the membrane proteins, a
flexible and extended linker structure supports the most efficient translocation
to the INM. We discuss our findings in the light of a potential transport path
through the NPC, keeping in mind that the linkers have to extend 25 nm from
the membrane to reach across the scaffold of the NPC.
Results
The ID linkers that best support import match the dimensions of the NPC
scaffold
We set out to answer how the length and dynamics of ID linkers relate to the
structure of the yeast NPC as reported in (Kim et al., 2018) (Figure 1A). To
span the distance from the membrane across the NPC the linker would need to
reach 25 nm. Previously a series of reporter proteins with truncated and
randomized linkers was made (Meinema et al., 2011). The reporter proteins
consist of amino acids 93 to 378 from Heh2, corresponding to the NLS, the
linker domain and the first transmembrane segment of Heh2. Mutant versions of
this reporter encoded ID linkers with randomized sequences (LR1 and LR2) and
three to four truncated versions of the native and randomized linkers. The amino
acid composition in the randomized sequences (LR1 and LR2) and the native
linker (L) were the same, but the sequences were randomized. The localization
of this set of reporters was studied and quantified as the fluorescence intensity
at the NE relative to the ER (the NE/ER ratio) (Meinema et al., 2011). Now, we
used a coarse grained 1-bead-per-amino-acid molecular dynamics model,
developed to predict the behavior of intrinsically disordered proteins (IDPs)
(Ghavami et al., 2013a, 2014), to simulate the dynamic structure of each of the
linker domains. The Stokes radius is a measure of how extended the linker is. In
Figure 1b we plotted the localization of the different proteins at the NE as a
function of the Stokes radius of their linker domain. Indeed, the calculated
stokes radius and the measured NE/ER ratio show a striking correlation (Figure
1b).
The simulations were also analyzed in terms of the end-to-end distances that the
linkers visit in time. We see, that the ID linkers are highly dynamic, they
frequently change conformations (Figure 1c) and cover a large range of end-toend distances (Figure 1c and Figure 1d). The ID linkers only very infrequently
reach end-to-end distances larger than 25 nm (Figure 1d and Figure 1e).
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Notably, ID linkers that never reach this end-to-end distance do not support
accumulation of the membrane proteins at the NE. We found that the NE/ER
ratio of the different ID linkers was closely correlated to the percentage of time
that the linkers spend in this most extended conformations of end-to-end
distances larger than 25 nm (Figure 1f), while no such correlation was found
with the average end-to-end distance of the ID linkers.
The correlation between NE/ER ratio and end-to-end distance follows a
negative exponential decay function, meaning the function plateaus at an
NE/ER just below 50, when the linker spends more than 10% of its time at an
end-to-end distance larger than 25 nm. We observe that NE/ER ratios above the
threshold cannot be quantified, because the ER is not visible in those samples.
However, we also consider that the NE targeting efficiency of the reporter
proteins will be limited at some point, when other factors than the linker domain
become rate-limiting for the INM targeting (i.e. the availability of NTRs to bind
to the NLS). We conclude that INM targeting is effective with a linker domain
that can extend to end-to-end distances larger than 25 nm, which co-insides with
the approximate distance between the pore membrane and the central channel.
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Figure 1 The time that ID linkers spend in an extended conformation at an end-to-end
distance larger than 25 nm correlates with the accumulation of reporter proteins at the
INM.
a) Based on the structure of the NPC (Kim et al., 2018), an end-to-end distance of 25 nm is
needed to span the distance between the pore membrane and the central channel.
b) Correlation between NE/ER ratio of membrane proteins and Stokes radius of linker. NE/ER
ratio of GFP-h2NLS-linker-TM reporters with different linkers from (Meinema et al., 2011)
plotted against Stokes radius predicted with the coarse-grained MD model (Ghavami et al.,
2013a, 2014).Truncations of native linker (L, white circles), randomized linker 1 (LR1, dark
grey triangles) and randomized linker 2 (LR2, light grey squares). Error bars are SEM for
NE/ER ratio and SD for Stokes radius.
c) Example of end-to-end distance simulation of the Heh2 native ID linker. The red line marks
an end-to-end distance of 25 nm.
d) Plot showing the frequency at which the linkers extend to the different end-to-end distances.
e) Like d), but showing only the frequency, at which ID linkers reach end-to-end distances
larger than 25 nm.
f) The percentage of time that ID linkers spend in their most extended conformations, larger than
25 nm, correlates with NE accumulation.
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Reporter proteins with inflexible linker regions show decreased
accumulation at the NE
The correlations found in Figure 1 are consistent with a role for the ID linker in
bridging a certain distance from the membrane and it fits with the distance
required to bridge the scaffold of the NPC. If the linker is indeed dodging into
the NPC we expect that flexibility of the linker region might also be relevant to
facilitate INM targeting. To alter the flexibility of the linker region, we designed
eight different artificial linker domains: four linker domains with the same
length, but increasing proline content and four linker domains with α-helical
linkers of defined length. We increased the number of proline residues in the
linker region by replacing regions of the ID linker with stretches of 5 to 10
prolines, which decreases the charge content and causes a more collapsed
structure because of reduced repulsive energy. The resulting linkers contained a
total of 57 (LP50), 75 (LP70), 100 (LP100) and 149 prolines (LP149), the last
having a continuous stretch of 149 proline residues. The alpha helical linkers
consisted of 5 (HL5), 10 (HL10), 20 (HL20) and 30 (HL30) EAAAK repeats,
respectively (Figure 2a). α-Helices in the form of EAAAK repeats (Arai et al.,
2001) form a stable α-helix that give the linkers an extended, yet less flexible
structure, while keeping the charge content within the linker region high. Each
α-helical linker has two proline residues at the C-terminus, to set the α-helix
apart from the transmembrane domain. The reporter proteins consisted of GFP,
NLS, an (artificial) linker and the transmembrane domain of Sec61 (Figure 2a).
First, we confirmed that all reporter proteins were expressed, although at
reduced levels with increasing polyproline content (Figure 2b) and that they are
correctly inserted into the membrane (Figure 2c). We quantified the efficiency
of NE targeting as the ratio of fluorescence intensity in the NE over intensity in
the peripheral ER (NE/ER ratio). As expected based on their length in amino
acids, HL5 and HL10 linkers were too short to support the accumulation of the
reporter proteins at the NE. The longer α-helical linkers (HL20 and HL30)
showed similar accumulation at the NE (median NE/ER of 8.5 and 9.2,
respectively) (Figure 2 c and Figure 2d). We conclude, that proteins with helical
linkers also enrich at the NE albeit with lower levels compared to the native
linker. The NE/ER ratio decreased with increasing proline content, with an
exception for the reporter with the all proline linker LP149, which showed an
intermediate accumulation (NE/ER = 19.4 compared to 29 for the native Heh2linker L)(Figure 2c and Figure 2d). In the cells expressing the reporter with the
LP100 linker a small soluble fraction can be observed in the nucleus (Figure
2c). This may be a degradation product of the reporter, containing at least the
NLS and GFP, but it does not interfere with the analysis since the ratio of
fluorescence intensity in different membrane compartments is used. Thus,
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having many proline residues in the linker, which increases the amount of
structure between the NLS and the TM-domain, does not prevent accumulation
of the reporter proteins at the NE, while it does affect the efficiency of transport
as judged by the NE/ER ratio. Taken together, while all variants (helical and
proline-rich) with sufficient linker length accumulated at the NE leaving little
protein at the peripheral ER, the native linker is superior. We conclude,
replacement of amino acids in the linker region reduces the ability of reporter
proteins to accumulate at the NE, probably due to reduced flexibility in the
linker domain.

Figure 2 Reporters with long linkers express and accumulate at the NE.
a) Graphical representation of Heh2 and reporter proteins, where G stands for GFP and S stand
for the transmembrane domain of Sec61. Schematic overview of the composition of different
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artificial linker domains used in this study. Red bars are proline residues, blue bars are charged
residues, other amino acids are represented by black bars.
b) Upper panel: Western blot from lysates of cells expressing reporter proteins, showing fulllength expression of all reporter proteins, except the LP149. Lower panel: In gel fluorescence of
indicated reporter proteins, confirming full-length expression of reporter proteins (indicated by
the arrowheads). Although, the LP149 was not detected on the Western blot, a full-length green
fluorescent signal was clearly detected on the SDS-PAA gel. On a Western blot, the reporter
proteins run with for GFP-fusion proteins characteristic double bands, one representing the fusion
protein with unfolded GFP, while the GFP in the second band is still folded (Geertsma et al.,
2008), consequently only one of the two bands is fluorescent in gel.
c) Deconvolved images of cells expressing reporter proteins with indicated linker. Scale bar 5 µm.
d) Quantification of NE/ER ratio. Box plot shows the median ratios of the fluorescence at the NE
over that at the peripheral ER (NE/ER). The box shows 25th and 75th percentile of the data. The
whiskers extend to the data points, which are closest to 1.5 times above or below the inter quartile
range; data points above or below this region are considered outliers and plotted individually (not
all outliers are within the plotted area). Individual measurements are shown as grey dots, n=30.

Membrane proteins with polyproline linkers are targeted to the INM
Having established that the reporter proteins with helical or polyproline linkers
are expressed and localize to the NE, we addressed whether the proteins are
actually localized at the INM and not just at the ONM. A first indication was
obtained using the inducible Kap95-anchor away system. When reporters were
expressed in the presence of rapamycin, Kap95-FRB traps at Pma1-FKBP in the
plasma membrane, hereby disabling active import of Kap60/Kap95-dependent
cargo through the NPC (Haruki et al., 2008; Meinema et al., 2011). The
expression under these conditions caused those reporters that were previously
shown to be NE accumulated reporters, to mislocalize to the peripheral ER
resulting in NE/ER ratios around 1.5 (Figure 3a and Figure 3b), showing that
the accumulation at the NE is Kap95-dependent. This is consistent with the
hypothesis that the enrichment at the NE is the result of nuclear import and that
the proteins are localized in the INM.
A second indication that the proteins are INM localized comes from assessing
the viability of cells expressing the different polyproline reporter
proteins (Figure 3c). Previously we have seen that overexpression of reporter
proteins that accumulate at the INM causes a reduction in cell
viability, while overexpression of reporters without the NLS or linker does
not (Laba et al., 2015). We do not understand what causes the toxicity of
excess INM-localized membrane proteins, but we use it to predict if the
proteins localize at the INM. Indeed, the reporters with polyproline
linkers also show lethality upon overexpression, and there is a clear
correlation between the viability of the strains and the NE/ER ratios: the
proteins with highest accumulation at the NE show the lowest viability
(compare e.g. LP50 and LP100 in Figure 2c and
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Figure 2d). Thus, the viability analysis predicts that the reporters proteins with
polyproline linkers are INM resident.
Lastly, for a subset of the reporters we used quantitative immuno electron
microscopy (iEM) to determine their localization in relation to the INM (Figure
3d). Primary anti-GFP antibodies were visualized with colloidal gold. To allow
quantitative and unbiased analysis, hundreds of yeast cells were imaged using a
semi-automated large-scale EM at high resolution (also known as nanotomy;
(van Rijnsoever et al., 2008)). The gold particles were assigned, in a blindfolded fashion, as nuclear (N) or cytoplasmic NOW when within 75 nm of the
NE inside or outside the nucleus, respectively, or as ambiguous when they were
in the lumen or at membrane (indicated by the arrowheads in Figure 3d). The
LP149 reporters, with and without NLS, were compared with the corresponding
reporters with the native linker L. The large FKBP-GFP-2xMBP-Sec61 (F-GM2-S) was used as an control for a protein that is excluded from the INM
(Popken et al., 2015). Because expression of strongly NE-accumulated reporters
led to deformed nuclei, which made identification of the NE and assignment of
the gold particles as INM or ONM difficult, expression levels were decreased
by fusing a FKBP domain to the N-terminus of the INM reporters (F-G-NLS-LS and F-G-NLS-LP149-S). For each reporter at least 200 gold particles were
counted, and percentages of N, C or ambiguous are shown in Figure 3e. The
distribution of the LP149 reporters are similar to their native linker counterparts,
which shows that the different linker does not greatly affect the localization of
the reporters, and that the reporter with LP149 and NLS is indeed accumulated
in the INM.
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Figure 3 Reporters with polyproline linkers accumulate at INM.
a) Deconvolved images of cells expressing reporter proteins with indicated linker in the presence
of rapamycin, which blocks active import. Scale bar 5 µm.
b) Quantification of localization of reporter proteins, in the presence of rapamycin, n=30.
c) Spot assay with cells expressing reporter proteins with indicated linker. Top panel: control
plate, bottom panel: plate containing 0.5% D-galactose which induces expression.
d) Two selected examples showing reporter proteins as indicated with mainly INM or mainly
ONM localization. Nucleus is indicated. Arrowheads show assignment of gold particles. Green
rightward: nuclear; red leftward: cytoplasmic; white upward: ambiguous; blue downward: not
assigned (too far from membrane). Scale bar is 0.25 µm.
e) ImmunoEM analysis to determine INM localization of h2NLS-LP149-Sec61. Percentage of
gold particles counted at nuclear side (black), cytoplasmic side (grey) of the membrane, or
ambiguous (lumen or on membrane, white) are shown, with number of gold particles counted
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listed. F-G-M2-S was included as a reference sample as this protein is excluded from the INM
(Popken et al., 2015). Analysis was done blinded.

Disentangling import and efflux efficiency
To interpret the NE/ER ratios or the iEM data in terms of nuclear import
efficiencies, it is critical to consider all parameters that determine the steady
state localization of the reporters. Most relevant are synthesis rates, retention
mechanisms and the rate of efflux and import through the NPC. We first
compared the rates of efflux between the membrane proteins with different
linker regions. The Kap95-AA system was used to study the efflux of reporters
from the INM (Meinema et al., 2011). As expected, when rapamycin and
glucose were added to cells expressing G-NLS-L-S, a gradual decrease in
NE/ER ratio was observed over time (Figure 4a) as proteins diffuse from the
INM to the ONM and ER. The simultaneous addition of glucose halted
expression, reducing the impact of newly synthesized proteins interfering with
the measurements. In contrast, the NE/ER ratio for the reporter with LP149 did
not decrease after blocking its import and stopping synthesis but stayed
accumulated at the NE (Figure 4a). This shows that the reporter with an LP149
linker was either retained in the INM at a nuclear component, or it can not
passively go through the NPC to the ONM and ER.
The lack of diffusion to the ER upon depletion of Kap95 prompted us
to validate if the protein with LP149 is mobile at the INM. Fluorescence
recovery after photobleaching (FRAP) measurements showed the mobility
of G-NLS-LP149-S to be comparable with G-NLS-L-S (Figure 4b), indicating
that the lack of re-localization to the ER is not due to retention but rather to
an inability to efflux through the NPC. Considering that accumulation is the
result of import and efflux (assuming synthesis and degradation rates to be
much slower than import), a low efflux rate would result in a higher NE/ER
ratio if import rates are the same. The lack of leak for the reporter with LP149
thus shows that also the import is less efficient with this linker when compared
to the reporters with similar NE/ER ratios. We conclude that the LP149reporter is actively imported to the INM at reduced rates compared to other
linkers, and its efflux through the NPC is severely hindered by the all-proline
linker.
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Figure 4 Mobility of reporters with L
or LP149.
a) Time traces of leak of reporter
proteins from INM after abolishing
import by adding rapamycin which
depletes Kap95 and stopping synthesis
by adding glucose. White: G-NLS-L-S,
black: G-NLS-LP149-S. Each time point
is average of at least 30 cells, error bar:
SEM.
b) Mobility measurements of reporters at
INM using FRAP. D is lateral diffusion
coefficient averaged over n cells. SEM is
indicated.

Stokes radii and flexibility of polyproline linkers
Next, we addressed which properties of the polyproline linkers, stokes radius or
flexibility, are responsible for the decreased import to the INM. The polyproline
linkers are less flexible than ID linkers, but also the charge content is decreased,
which might cause a more collapsed structure. The simulation predicts that the
Stokes radius decreases with more prolines present, up to LP100 (Figure 5a).
Snapshots show that the short proline stretches, that can form PPII helices, fold
back on top of each other. Combined with the lower charge content this makes a
more collapsed structure more favorable. Simulations for the LP149 revealed 2
distinct states a single folded conformation and a double folded conformation
(Figure 5b). The double folded conformation has lower Stokes radius than the
single folded conformation and has higher stability than the single folded
conformation (Figure S1, Table S1). While the single folded conformation
never reaches the 25 nm end-to-end distance, the double folded
conformation does (Figure S2).
Complementing the simulations, we experimentally determined the
Stokes radius of the LP50-linker. LP50 was expressed in Lactococcus lactis as
a fusion protein with C-terminal TEV-cleavage site, GFP and His-tag. After
purification the GFP and His-tag were cleaved off and the Stokes radius was
determined by size-exclusion chromatography (Figure 5c). The experimental
values of 47 Å are in good correspondence with the Stokes radius obtained
in the simulations (45 Å ± 4). The NE/ER ratio measured for reporters with
polyproline linkers, the native Heh2-linker and two truncated ID linkers
(Meinema et al., 2011), was plotted against their simulated Stokes radius
(Figure 5d). The plot shows a clear
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correlation between the hydrodynamic radius of the linker with the
accumulation at the NE for the random linkers and the polyproline linkers,
which indicates that a more extended structure is favorable for efficient import
and not the assumed rigidity of the linker.

3

Figure 5 Stokes radii of polyproline linkers and the correlation with import.
a) Snapshots from modelling of indicated linker domains (see movies 1-4 in Supplements).
b) Snapshots from modelling showing the two distinct conformations assumed by LP149 during
the simulations differing in the folding of protein. On the left panel we show the double folded
structure corresponding to lower Stokes radius and larger end-to-end distance. The right panel
depicts a single folded conformation corresponding to a larger stokes radius and lower end-to-end
distance.
c) Stokes radius determination of LP50. Top graph shows elution profile from gel filtration of
LP50 after GFP was removed by TEV-cleavage. Fractions indicated were analyzed together with
the loaded sample (S) on SDS-PAGE (inset). Arrowhead indicates LP50, asterisk labels
uncleaved LP50-GFP. Bottom graph shows fractional volume of reference proteins (squares) and
LP50 (cross) plotted against Stokes radius.
d) NE/ER ratio of reporters (G-NLS-linker-S) with different linkers plotted against the Stokes
radius from the computational model (shown in the table, along with the indicated standard
deviation). White square: L, black circles: proline linkers, grey triangles: LR1 truncations
LR1(138), LR1(78). The Stokes radius for the LP149, represents the double folded conformation.
Error bars are SEM for NE/ER ratio and SD for Stokes radius.
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The NLS-linker sorting signal is required for INM localization of native
Heh2
We next asked whether the artificial linker domains tested in the context of
reporter proteins would have a similar effect on the localization of natively
expressed full length Heh2. Since previous research suggested that the LEM
domain could be a nuclear retention signal (Grund et al., 2008; Taddei and
Gasser, 2012), we first investigated whether the NLS-linker sorting signal was
actually sufficient for Heh2 accumulation at the INM. The GFP-Heh2 fusions
were expressed under the native heh2 promoter from the endogenous genomic
location. The deletion of the ID linker domains, as well as the deletion of the
NLS resulted in loss of INM accumulation of Heh2, which is visible as reduced
fluorescent intensity at the NE and the appearance of a visible ER signal at the
cellular periphery (Figure 6a and Figure 6b). Deletion of the LEM domain of
Heh2 did not interfere with the NE localization of Heh2 (compare GFP-Heh2
with ∆LEM) and the LEM domain was insufficient to promote INM
accumulation of Heh2ΔNLSΔL. The signals from the natively expressed GFPHeh2 and GFP-Heh2 mutants are low, especially at the ER, and do not allow for
a quantitative analysis of the fluorescence levels at the NE and ER, like we
could do for the reporters. Nevertheless, the qualitative data clearly show that
the NLS-linker sorting signal is required and sufficient for INM localization
of natively expressed Heh2.
Next, we exchanged the native Heh2 linker for the polyproline and α-helical
artificial linkers and integrated the different Heh2 linker mutants into the
genome in the heh2 locus, where they are expressed from the native heh2
promoter. In line with previous data on the importance of the length of the
linker region, we confirm that the α-helical linkers of 5 and 10 EAAAK repeats
(HL5 and HL10) are too short to support NE accumulation; these mutants
behave like a Heh2ΔL. All other linker mutants show high accumulation of
Heh2 at the NE, indistinguishable from the native ID linker (Figure 6c). We
conclude that sufficiently long linker regions, including those with polyproline
stretches or helical linkers, support localization of Heh2 at the NE.
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Figure 6 The NLS-L sorting signal is required for accumulation of full Heh2 at the INM.
a) Graphical representation of the different Heh2 domains.
b) Microscopy images of full length Heh2-GFP and various Heh2-GFP truncation mutants
expressed from the endogenous locus. Full length Heh2 and Heh2Δlem show clear residence at
the NE and very low amounts of peripheral ER in comparison to the other truncation mutants.
Scale bar is 5 µm.
c) Microscopy images of Heh2-GFP, with artificial linkers. With the exception of HL5 and HL10,
all Heh2-GFP linker mutants show clear residence at the NE and very low amounts of peripheral
ER. Scale bar is 5 µm.

Discussion
Heh1 and Heh2 are targeted to the INM by a mechanism that requires metabolic
energy and specific transport factors (King et al., 2006). The targeting sequence
of these proteins is comprised of an NLS and an ID linker domain (Meinema et
al., 2011). We set out to study the ID linker as an essential part of the targeting
sequence of INM proteins and asked if effective sorting to the NE inner
membrane requires a linker that can span the 25 nm distance from the pore
membrane to the central channel of the NPC (Kim et al., 2018). We simulated
the highly dynamic end-to-end distances of the linker domain (Figure 1). Our
simulated data show that the ID linkers spend a small fraction of time at this
very extended conformation. Strikingly, the fraction of time that they extend at
an end-to-end distance larger than 25 nm is a good predictor for targeting
efficiency of the respected reporter proteins. The data thus support the
hypothesis that the linker is needed to bridge the distance between the
membrane and the central channel of the NPC (Meinema et al., 2011).
We found that the membrane proteins with mutant linker regions of different
flexibility vary in their import and efflux dynamics. With the shorter α-helical
linker regions (HL5, HL10 and HL20), we confirm that a minimal length of the
linker sequence is required to support INM targeting (Meinema et al., 2011).
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Also the polyproline linkers support the proposed mechanism. From the most
extreme linkers, HL30 and LP149, we learn that in addition to an extended
structure also other properties are important. Based on the absence of leak for
the LP149, the accumulation of this linker should be higher than what would be
expected based on its Stokes radius. Also, the helical linkers never support
transport as effectively as the ID linkers (not even the long HL30). The
explanation may be that the lack of flexibility, as well as the diameter
(thickness) of the helix limits INM targeting of membrane proteins. Our data are
consistent with a narrow or highly curved passage way for the linker through
the NPC scaffold.
It remains elusive, why Heh1 and Heh2 are transported by this mechanism
rather than by a diffusion retention mechanism. Both proteins are part of an
ESCRT-III/Vps4 dependent mechanism that senses misassembled NPCs and
enables them to be cleared via the proteasome (Webster et al., 2014). Heh1
specifically is needed to initiate the recognition of misassembled NPCs. Heh2 is
required for the clearance of misassembled NPCs, as is indicated by the fact that
the deletion of Heh2 causes the accumulation of misassembled NPCs (Webster
et al., 2014, 2016). One aspect of the mechanism to detect misassembled NPCs
is related to the compartmentalisation of Chm7 (Thaller et al., 2019a). Future
studies should resolve if the highly efficient INM targeting of Heh1 and Heh2 is
a mechanism for sensing the structural integrity of the NPC. The selection of
mutants created here will provide a tool for future studies aiming to resolve how
the special active transport mechanism may be important in the context of NPC
quality control.
Materials and methods
Strains, plasmids & growth conditions
All strains used in this study are listed in Table 1. All experiments with reporter
proteins were done in the KAP95-AA strain (Haruki et al., 2008; Meinema et
al., 2011), with the exception of the iEM control sample F-G-2M-S which was
expressed in strain Htb2-FRB (Popken et al., 2015). Plasmids (Table 2) were
generated by standard molecular biology techniques and validated by
sequencing; details are available upon request. Amino acid sequences of the
linker used in this study are listed in Table 3. Cells were grown at 30°C in
selective drop-out medium, supplemented with 2% D-raffinose. Reporter
proteins were expressed under control of the GAL1 promoter by 2 h induction
with 0.5% D-galactose. Rapamycin (LC laboratories, Woburn MA) was used at
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a final concentration of 5 µg/mL where appropriate. Incubation with 1%
D-glucose
was
used
to
stop
expression.
Spot assays were done using exponentially growing cells, diluted to 1x106
– 1x103 with drops of 4 µL on SD-His plates supplemented with 2% Draffinose and 0.5% D-galactose or only 2% D-raffinose as a control.
Table 1 Strains
Strain
KAP95-AA (W303, MATα tor1-1
fpr1::NAT PMA1-2×FKBP12::TRP1
Kap95-FRB::KanMX)
Htb2-FRB (W303 MATα; tor1-1;
fpr1::NAT; Htb2-FRB::kanMX6)
heh2Δ (MATa ura3Δ0 leu2Δ0 his3Δ1
met15Δ0 YDR458CΔ::kanMX4)
AS1(BY4742
heh2::GFP-HEH2NAT)
AS2(BY4742
heh2::GFPHEH2(Δh2NLS)-NAT)
(BY4742 heh2::GFP-HEH2(Δ146299)-NAT)
(BY4742 heh2::GFP-HEH2(Δ1-92)NAT)
(BY4742
heh2::GFP-HEH2(Δ93299)-NAT)
(BY4742 heh2::GFP-HEH2(Δ1-138)NAT)
(BY4742
heh2::GFPHEH2(h2L::LP50)-NAT)
(BY4742
heh2::GFPHEH2(h2L::LP70)-NAT)
(BY4742
heh2::GFPHEH2(h2L::LP100)-NAT)
(BY4742
heh2::GFPHEH2(h2L::LP149)-NAT)
(BY4742
heh2::GFPHEH2(h2L::HL5)-NAT)
(BY4742
heh2::GFP-

Description

heh2Δ
GFP-Heh2

Source
(Haruki et al.,
2008; Meinema
et al., 2011)
(Popken et al.,
2015)
Thermo Fisher

GFP-Heh2ΔL

(Kralt et al.,
2015b)
(Kralt et al.,
2015b)
This study

GFP-Heh2ΔLEM

This study

GFP-Heh2ΔNLSΔL

This study

GFPHeh2ΔNLSΔLEM
GFP-Heh2-LP50

This study

GFP-Heh2-LP70

This study

GFP-Heh2-LP100

This study

GFP-Heh2-LP149

This study

GFP-Heh2-HL5

This study

GFP-Heh2-HL10

This study

GFP-Heh2ΔNLS

This study
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HEH2(h2L::HL10)-NAT)
(BY4742
heh2::GFP- GFP-Heh2-HL20
HEH2(h2L::HL20)-NAT)
(BY4742
heh2::GFP- GFP-Heh2-HL30
HEH2(h2L::HL30)-NAT)
Table 2 Plasmids
Plasmid
Descriptive name
name
pACM023 GFP-h2NLS-LTM
(G-NLS-L-TM)
GFP-h2NLS-LpSI6
Sec61
(G-NLS-L-S)
GFP-h2NLSpSI7
LP50-Sec61
(G-NLS-LP50-S)
GFP-h2NLSpSI8
LP70-Sec61
(G-NLS-LP70-S)
GFP-h2NLSpSI9
LP100-Sec61
(G-NLS-LP100-S)
GFP-h2NLSpSI11
LP149-Sec61
(G-NLS-LP149-S)
GFP-ΔNLS-LpSI20
Sec61
(G-ΔNLS-L-S)
GFP-ΔNLSpSI26
LP149-Sec61
(G-ΔNLS-LP149S)
FKBP-GFPpAS004
h2NLS-L-Sec61
(F-G-NLS-L-S)
FKBP-GFPpPP037
h2NLS-LP149Sec61
(F-G-NLS-LP149S)
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This study
This study

Source
pUG34, GAL1 promoter
(instead of Met25), GFP
fused to h2NLS-L-TM
pACM023, where the TM
is replaced for Sec61
(Residues 25-471)
pSI6, where L is replaced
for LP50

(Meinema
al., 2011)
This study
This study

pSI6, where L is replaced This study
for LP70
pSI6, where L is replaced This study
for LP100
pSI6, where L is replaced This study
for LP149
pSI6, where h2NLS is This study
removed
pSI20, where L
replaced by LP149

is This study

pSI6 with
2×FKBP12

N-terminal This study

pSI11 with
2×FKBP12

N-terminal This study

et
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pPP011
pSI15

FKBP-GFP2xMBP-Sec61
(F-G-M2-S)
h2NLS-LP50-GFP

pACM044 GFP-h2NLSLR1(138)-Sec61

pACM046 GFP-h2NLSLR1(78)-Sec61

(Popken et al.,
2015)
Vector based on pNZ for
expression of h2NLSLP50-GFP in L. lactis
Adapted from pACM023,
where the L is replaced by
a
randomized
and
truncated version of 138
residues and TM is
replaced
for full-length Sec61
(Residues 25-471)
pACM044 with linker
truncated to 78 residues

This study
(Meinema
al., 2011)

et

(Meinema
al., 2011)

et

Table 3 Amino acid sequence of linkers (including h2NLS) used in this study.
NLS sequence is underlined. First TM of Sec61 starts after this sequence.
Linker
Sequence
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
L
KANKPPESPPQSKSDGKATSADLTSELETVEELHKKDSSDDK
PRVKELPKPELPNLKVSNEFLAQLNKELASAATENYDHSIKS
TDLSSIRIETEEPVGPSTGAETRNESEVMENINLEVQPEVKEA
KEELTKISETFDNQDEEDTSRLSSKKNIRSPKGRTRHFIGARK
VPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
LP50
KANKPPESPPQSDVASEESPPPPPLQFDEVNSKNPPPPPERED
GKDTELPPPPPVSYPKTLEDPPPPPPEALFEPSRIEPPPPPNIITS
VSRVDPPPPPPNRVLGITSAPPPPPRELDAEEPTLPPPPPETND
NESLSKPPPPPSNTHEPEKKDPPPPPKMVIPKLVIGARKVPYN
QK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
LP70
KANKPPESPPQSDVASEESPPPPPLQFPPPPSKNPPPPPEREPPP
PTELPPPPPVSYPPPPEDPPPPPPEALPPPPRIEPPPPPNIIPPPPR
VDPPPPPPNRVLGLTSAPPPPPRELDAEEPTLPPPPPETNDNES
LSKPPPPPSNTHEPEKKDPPPPPKMVIPKLVIGARKVPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
LP100
KANKPPESPPQSDVASEEPPPPPPLQPPPPPSKPPPPPPERPPPP
PTELPPPPPVSPPPPPEDPPPPPPEAPPPPPRIPPPPPPNIPPPPPR
VDPPPPPPNRPPPPTSAPPPPPRELPPPPPTLPPPPPETNPPPPPS
KPPPPPSNPPPPEKKDPPPPPPPVIVNGARKVPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
LP149
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HL5
HL10

HL20

HL30

LR1(13
8)
LR1(07
8)

KANKPPESPPQSDVPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
PPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPPP
PPPPPPPPPPPPPPPPPPVNGARKVPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
KANKPPESPPQSDVLAEAAAKEAAAKEAAAKEAAAKEAAA
KAAAPPVNGARKVPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
KANKPPESPPQSDVLAEAAAKEAAAKEAAAKEAAAKEAAA
KEAAAKEAAAKEAAAKEAAAKEAAAKAAAPPVNGARKVP
YNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
KANKPPESPPQSDVLAEAAAKEAAAKEAAAKEAAAKEAAA
KEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAA
AKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKA
AAPPVNGARKVPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
KANKPPESPPQSDVLAEAAAKEAAAKEAAAKEAAAKEAAA
KEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAA
AKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEA
AAKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKEAAAKE
AAAKEAAAKAAAPPVNGARKVPYNQK
VKDENVETNKRKREQISTDNEAKMQIQEEKSPKKKRKKRSS
KANKPPESPPQSDV>VSYPKTLEDPDANPLEALFEPSRIESKT
DENIITSVSRVDKRGGSPNRVLGITSAKIVTL<RELDAEEPTL
QATATETNDNESLSKSKLKESNTHEPEKKDKLSSKKMVIGA
RKVPYNQK

Western blot and in gel fluorescence
Native whole cell protein extracts were used for western blots and in gel
fluorescence. Approximately 2.5 OD units from an exponentially growing
culture were harvested by centrifugation. The cells were resuspended in 450 µL
50 mM Tris-Cl pH 7.4, 0.33 M sucrose, 1 mM EDTA, 1 mM DTT, 1:100 solP.
Up to 500 µl of resuspended cells were added to the fast prep cups together with
~ 450 µl glass beads (BioSpec, 0.5 mm diameter). Cells were lysed using the
FastPrep-24 classic grinder (mpbio) on a standard yeast setting. The cell lysate
was separated from the glass beads by pinching the fast prep tubes with hot
needles (top and bottom) and draining the liquid into a fresh Eppendorf cup by
centrifugation. 55 µl 10x SDS sample buffer was added to the samples, which
were left at RT for a few minutes, before they were centrifuged at max speed for
30s to get rid of aggregates. Samples were separated on SDS-PAGE. In gel
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fluorescence was detected, using the Fluorescein filter of a ChemiDocXRS
(Bio-Rad).
For western blots, the SDS-PAGE was transferred to a PVDF membrane (semi
dry transfer). An anti-GFP antibody (Merck, Darmstadt, Germany) at a dilution
of 1:2,000 (v/v) and a secondary with anti-rabbit-alkaline phosphatase conjugate
at 1:10,000 (v/v) (Sigma-Aldrich, St. Louis, USA), was used for detection of the
reporter proteins.
Fluorescence Microscopy
Imaging was done on a DeltaVision Deconvolution Microscope (Applied
Precision) at 30°C, using InsightSSITM Solid State Illumination of 488 nm and
an Olympus UPLS Apo 100x oil objective with 1.4NA. Detection was done
with a CoolSNAP HQ2 camera. SoftWoRx software was used, and imagestacks were deconvolved using standard settings. Data was analyzed with open
source software Fiji (Schindelin et al., 2012). The data plotted in figure 1 and
originating from Meinema et al., were measured on a confocal microscope.
FRAP was done on a LSM780 NLO confocal microscope (Carl Zeiss
MicroImaging, Jena, Germany) at 30°C, using a “PlanNeofluar” 63x/1.3NA
CorrDIC water or glycerine immersion objective, 34channelQuasar detector and
ZEN acquisition software. Measurements were done essentially as described in
(Meinema et al., 2013). Data were analyzed using the ZEN2010B software
package (Carl Zeiss) and fitted to diffusion equation for membrane proteins
(Ellenberg et al., 1997).
Purification and Stokes radius determination of LP50
L. lactis NZ9000 (Kuipers et al., 1998) was used as expression host for LP50.
Liquid cultures were grown standing at 30°C in M17 medium (Oxoid,
Hampshire UK) supplemented with 0.5% glucose and 5 µg/mL
Chloramphenicol. Expression of LP50 was induced at OD 0.5 with 0.01% nisin
supernatant for 4 h. Purification and Stokes radius determination of LP50 was
done as was described for h2NLS-L in (Meinema et al., 2011).
Molecular dynamics simulations
Simulations are performed using a one-bead-per-amino-acid coarse-grained
molecular dynamics model (Ghavami et al., 2013a, 2014). The model accounts
for hydrophobic and electrostatic interactions and can differentiate between all
20 naturally existing amino acids. The force field parameters of proline are
specifically calibrated against the experimentally measured end to end distance
of polyproline segments (Schuler et al., 2005). The proteins are set at the fully
extended conformation at the beginning of the simulations and are allowed to
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freely move and rotate through the medium during simulation (see movies 1-4
in Supplements). The Stokes radii are calculated according to the method
explained in (Ghavami et al., 2013a), in which each protein is simulated for 107
steps and the average Stokes radius for the generated conformations (excluding
the first 106 steps) is calculated using the HYDRO computer program (Carrasco
and García de la Torre, 1999). The standard deviation of the Stokes radii
(Figure 5) is calculated based on the generated conformations after the first 106
steps. LP149 showed 2 different stable conformations (see Figure S1). Thus, in
order to acquire relevant statistics, we performed MD simulations for 6 different
starting configurations where each simulation was run for 5×107 steps long. The
Stokes radius and the end-to-end distance data for these 6 realizations are shown
in Figure S2 and S3 and the time-averaged Stokes radius and end-to-end
distance data is discussed in Table S1 and Table S2.
Immuno-Electron Microscopy
Sample preparation essentially the same as published before (Yewdell et al.,
2011). Cells for immuno-EM (iEM) were fixed in 2% paraformaldehyde
(Merck, Germany) and 0.2% glutaraldehyde (Polysciences¸ Germany) in PHEM
buffer (60 mM PIPES, 25 mM HEPES, 2 mM MgCl2, 10 mM EGTA, pH 6.9),
washed with PHEM buffer and incubated for 1h with 1% periodic acid in
PHEM buffer. After washing the cell pellet was infiltrated with 12% gelatin
(Sigma, Germany) in PHEM buffer. The sample was cut in blocks and
incubated in 2.3 M sucrose in PHEM buffer overnight. The blocks were
mounted on aluminum pins and put in liquid nitrogen. 70 nm thin sections were
cut with a cryo-ultramicrotome (Leica UC7, Austria) and picked up with 2.3 M
sucrose (J.T. Baker, the Netherlands) in 2% methylcellulose (Sigma, USA)
solution. The sections were placed on copper grids (Veco, the Netherlands)
coated with formvar (Sigma, USA) support film sputtercoated (Leica, Austria)
with carbon. Grids were placed on a solid gelatin plate at RT (Sigma, Germany;
2% in 0.1 M phosphate buffer), which was placed in an 37˚C incubator (30
min). Grids were washed with PBS/glycine (Sigma, Japan) and subsequently
blocked with PBS/1 % BSA (Sanquin, Netherlands). Next, GFP was probed
(Abcam, rabbit anti GFP; 1:200; 2 hours), washed with PBS/0.1 % BSA and
incubated with protein A gold (purchased from G. Posthuma, UMC-Utrecht;
1:50 for 30 minutes). After washing with PBS, grids were post-fixed with 1 %
glutaraldehyde in PBS. After washing with MilliQ water the samples were
contrasted with uranyloxalate-acetate (4% uranylacetate in water, 3.8 % oxalic
acid, pH 7) for 5 minutes and methylcellulose/uranylacetate (9 ml 2 %
methylcellulose, 1 ml 4 % uranylacetate) for 5 minutes on ice.
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Data was recorded using the Supra55 scanning electron microscope at 29 kV
(SEM; Zeiss, Oberkochen), at 2.5 nm pixel size using the transmission detector
essentially the same as described before (Sokol et al., 2015). Large-area scans
were generated using the external scan generator ATLAS (Fibics, Canada) and
tiles were stitched using Veviewer (Fibics) and exported both as a single TIF
and a high-resolution html file, which contains the raw data and is open-access
available via www.nanotomy.org. (Currently access is through:
www.nanotomy.org/OA/Popken2015/index.html. Will be changed when data is
published to www.nanotomy.org.)
Acknowledgements
This work was supported by the University of Groningen, the European
Research Institute for the biology of Ageing, the Zernike Institute for Advanced
Materials, the Ubbo Emmius Fund and the Netherlands Organization for
Scientific Research (ALWOP.2015.053). Part of the work has been performed
at the UMCG Imaging and Microscopy Center (UMIC), which is sponsored by
NOW-grants 175-010-2009-023, ZonMW 91111.006 and STW 12718.

97

3

Chapter 3
Supplementary Information:
The Stokes radii and end-to-end distance analysis for the LP149 revealed 2
distinct states (i) single folded conformation and (ii) double folded
conformation. The single folded conformation has higher Stokes radius and
lower end-to-end distance. On the other hand, the double folded conformation
results in lower Stokes radius and larger end-to-end distance. Furthermore,
Figure S2 and Figure S3 clearly show that the double folded conformation has
higher stability as it is observed in all 6 realizations, whereas the single folded
conformation is a local energy minimum where the protein resides for some
time before assuming the more stable double folded conformation.

Figure S1: The Stokes radius of LP149 plotted as a function of time for 6 different initial
configurations. The Stokes radius data for the three simulations on the top panel illustrates 2
stable states i.e., (i) larger Stokes radius (~ 46-47 Angstrom) corresponding to single folded
conformation and (ii) lower Stokes radius (~ 41 Angstorm) corresponding to a double folded
conformation. The data in the bottom panel show one stable state corresponding to a double
folded conformation with Stokes radius ~ 41 Angstrom.
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Figure S2: The end-to-end distance of LP149 plotted as a function of time for 6 different
initial configurations. The data for the three simulations on the top panel illustrates 2 stable
states i.e., (i) lower end-to-end distance (~ 8 nm) corresponding to single folded conformation and
(ii) larger end-to-end distance (~ 17 nm) corresponding to the double folded conformation. The
data in the bottom panel show one stable state corresponding to the double folded conformation
with end-to-end distance ~17 nm.
Table S1: The time averaged Stokes radius (in Angstrom) of LP149 for 6 different initial
configurations. The column “Total” corresponds to the Stokes radius averaged over entire
simulation time of 1 μs. The Stokes radius listed under column “Single folded” and “Double
folded” corresponds to the time averaged Stokes radius in the corresponding time domain where
these conformations are observed.

Realizations
1
2
3
4
5
6
Average
Error (Std)

Total
41.81
45.07
42.44
40.88
40.99
40.94
42.02
1.62

Single folded
46.20
46.89
46.30
NA
NA
NA
46.46
0.37

Double folded
40.72
40.79
40.74
40.88
40.99
40.94
40.84
0.11
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Abstract
On the cellular level, aging is measured as the number of times a cell divides
(replicative aging), or the time that a cell survives in a non-dividing state
(chronological aging). Despite a few specific changes, the majority of known
aging related changes are shared between both kinds of aging. Nuclear Pore
Complexes (NPCs) are the conserved selective gates to the nuclear interior.
They are among the largest molecular machines in cells and assembling them is
a challenge. They are also long lived structures making them susceptible to
accumulate damage. Previoulsy published proteomics datasets report that
chronologically aged cells maintain normal FG-Nup abundance levels, while
replicative aged cells lose specific FG-Nups. Here we study how nuclear
transport changes in chronological aging S. cerevisiae cells. We show that the
steady state nuclear accumulation of a GFP protein fused to a nuclear
localization signal decreases during chronological aging in yeast. This is in line
with previous observatios in metazoan postmitotic cells, but different from what
was previously observed in replicative aging yeast cells. Altogether, our
analyses show that the changes in the stoichiometry of NPC components, and
the changes in transport function of the NPC are different in replicative and
chronological aging yeast cells. We suggest that NPC assembly is a bottleneck
for NPC function in replicative aged cells while NPC maintenance is a
bottleneck for NPC function in chronolocically aged cells, and hence that aging
related changes in NPCs are not shared between both kinds of aging.
Introduction
In budding yeast aging can be evaluated as the time that the cells spend in a
non-dividing state (chronological aging), or the number of divisions that a cell
has undergone (replicative aging). In both kinds of aging, the cell accumulates
damage, which eventually causes the cell to die (Longo et al., 2012).
Replicative and chronological aging are intertwined processes. Several,
probably even most (Burtner et al., 2011), pathways change during both types
of aging, e.g. mitochondrial dysfunction (Aerts et al., 2009; Kirchman et al.,
1999), increased ROS production (Lam et al., 2011; Pan et al., 2011) and
lifespan extension through dietary restriction (Goldberg et al., 2009; Lin et al.,
2002) have been observed in both kinds of aging. On the other hand, both forms
of aging come with distinct changes, such as accumulation of
extrachromosomal rDNA circles (ERCs) in typical for replicative aging
(Sinclair and Guarente, 1997).
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Replicative aging has in yeast has been used as a model system to study aging
of dividing cells (stem cells) in higher eukaryotic organisms, while
chronological aging has been used as a model system to study aging of
postmitotic cells, such as neuronal cells. The suitability of yeast as model
organism to study aging is underlined by the fact that several major pathways
that are implicated in aging of various higher eukaryotic model organisms are
conserved and were initially discovered in aging yeast cells (Janssens and
Veenhoff, 2016a). For example, the Tor/S6K pathway regulates the response to
amino acid and glucose availability (Fabrizio et al., 2001) and the Ras/adenylate
cyclase (AC)/PKA pathway, which also senses glucose availability, as well as
other nutrients (Longo et al., 1999) were initially discovered in chronologically
aging yeast cells.
Chronological aging in yeast is induced through the depletion of nurients.
Commonly used protocols to achieve nutrient depletion include growing a
culture to stationary phase, or transfering an exponential culture to water (Hu et
al., 2013). Therefore, due to the prolongued starvation, chronological aging is
characterized by upregulation of autophagy related pathways. However,
prolonged starvation is a stress that postmitotic cells in higher eukaryotes do not
experience and therefore, it has been suggested, to validate the results obtained
from chronological aging experiments by several techniques (Hu et al., 2013;
Longo et al., 2012). A more involved way to induce chronological aging, which
overcomes the limitation of severe nutrient depletion in yeast, is to provide the
cells with just too little nutrients to divide. Such near-zero growth experiments
are performed in a retentostat (Binai et al., 2014).
Replicative aging in yeast, as well as aging in (primarily) postmitotic cells from
rat brain and liver tissue samples and have been associated with changes in
protein complex abundance and protein complex stoichiometry, on a proteome
wide level (Janssens et al., 2015; Ori et al., 2015). One protein complex, the
nuclear pore complex (NPC), was highlighted to change in various aging model
systems. The NPC is one of the largest protein complexes in eukaryotic cells
and mediates exchange between the nucleus and the cytoplasm, as well as
assisting in various other cellular processes, most notaby gene reglation and
genome stbility, discussed elswhere (Ibarra and Hetzer, 2015). NPCs act as a
size dependent diffusion barrier, but they also facilitate energy dependent
transport of proteins that carry a nuclear localization signal (NLS) or a nuclear
export signal (NES) (Wente and Rout, 2010). Consequently changes in NPC
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functionality influence the localization and function of a wide range of
molecules inside the cell and has widespead effects on cell physiology.
Indeed, several studies have shown that NPCs are prone to accumulate damage
and change functionality in postmitotic cells (D’Angelo et al., 2009; Ori et al.,
2015; Savas et al., 2012; Toyama et al., 2013). NPCs have been studied in
postmitotic cells from different tissues and different model organisms.
Proteome data from aged rat liver cells were shown to have decreased numbers
of NPCs in comparison to liver cells from young animals (Ori et al., 2014). Rat
brain cells were shown to have carbonylated FG-Nups, decreased abundance of
Nup93 (yeast Nic96) and decreased abundance of FG-domains at the nuclear
envelope (D’Angelo et al., 2009). Isolated nuclei from aged Caenorhabditis
elegans and aged rat brains were reported to be more leaky than isolated nuclei
from young animals (D’Angelo et al., 2009). The scaffold of the NPC has been
shown to be extremely long lived in postmitotic cells, while the FG-Nups are
turned over continuously (D’Angelo et al., 2009; Savas et al., 2012).
However, NPCs have also been shown to change during replicative aging
(Denoth-Lippuner et al., 2014; Lord et al., 2015; Shcheprova et al., 2008). In
yeast, NPCs several proteins that are known to assist in NPC assembly decrease
in abundance during replicative aging (Rempel et al., 2018). Additionally,
replicative aged cells show signs of misassambled NPCs, as well as a decrease
in the abundances of several FG-Nups (Rempel et al., 2018). Differently from
studies performed in postmitotic tissues, replicative aging yeast cells showed an
increase in nuclear compartmentalization during replicative aging, and no
increased leakiness over the NE was observed (Rempel et al., 2018). The
increase in nuclear compartmentalization is in line with a decreased number of
passive permeable NPCs at the NE, that limit passive diffusion over the NE,
without compromizing nuclear transport.
Thus, both in yeast replicative aging and in chronological aging worm or rat
neuronal cells the NPC function is reported to change, but the specifics of the
changes are distinct for these models of mitotic and postmitotic aging. At
present, no comparisons have been made between NPC function in
chronological and replicative aging cells of the same organisms. To fill this gap
we compare existing proteome data on Nup abundances in chronological
(Boender et al., 2011) and replicative aging (Janssens et al., 2015) and have
studied NPC function in chronological aging yeast cells to complement the
earlier functional studies in replicative aging yeast cells (Lord et al., 2015;
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Rempel et al., 2018). We find that the changes in NPC function in chronological
aging are indeed distinct from those observed in replicative aging and more in
line with those observed in other postmitotic cells (rat and worm) (D’Angelo et
al., 2009; Savas et al., 2012). Our work highlights that the challenges to
maintian NPC function are different for chronological and replicative aging.
Results
Replicative and chronological aging show distinct changes in FG-Nup
abundance during aging
Replicative aging is associated with NPC assembly problems (Rempel et al.,
2018) and decreased abundance of several FG-Nups (Nup2, Nup60, Nup1,
Nsp1, Nup100, Nup116, Nup49 and Nup53) on the whole cell level and at the
NE (Nup2, Nup100, Nup49, Nup116) (Janssens et al., 2015; Lord et al., 2015;
Rempel et al., 2018). We asked, whether a decreased abundance of FG-Nups is
also found in chronologically aging cells. To address this question, we
compared NPC protein abundance from two published proteome datasets, one
obtained from replicative aged cells (Janssens et al., 2015) and another one
obtained from chronologically aged cells, under near-zero growth conditions
(Binai et al., 2014).
Since chronological and replicative aging are measured in different units (time
vs. number of divisions), the most suitable way to compare the abundance of the
Nups is by aligning the studies based on population viability. A viability of
approximately 60% is reached after 21 days of chronological aging in near-zero
growth conditions (Boender et al., 2009). We compare this condition to
replicative aging after 45.4 hours of replicative aging, when an average
population age of approximately 19 divisions and a viability of 77% is reached
(Janssens et al., 2015). Also, indicated in Figure 1 is the abundance of the Nups
after 72 hours of replicative aging, the latest timepoint in the replicative aging
study and a time point where the population viability reached as low as 55 %.
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Figure 1 Distinct changes in FG-Nup abundance in replicative and chronological aging. The
NPC protein abundance of chronologically aged cells, under near-zero growth conditions (Binai
et al., 2014) is compared to the NPC protein abundance of replicative aged cells at two different
time points. The first time point represents an age of 45.4 h and approximately 19 divisions. The
second time point represents an age of 72.5 h and approximately 24 divisions; note that the spread
in replicative ages in the population is very large at later timepoints due to differences in division
times between cells (Janssens et al., 2015). The blue box highlights the group of nuclear and
central FG-Nups. Several of those Nups show a significant decrease in abundance during
replicative aging. The replicative aging proteome does not include information on the abundance
of Mlp2, Nup57, Nup49, Nup59, Gle1, Nup42 and Dyn2, represented by an x on the x-axes.

The comparison between the two datasets shows that the majority of non FGNups, as well at the cytoplasmic FG-Nup, Nup159, show similar changes in
abundance during replicative and chronological aging (Figure 1). It should be
noted, that the proteins that show the most pronounced decrease in abundance
during chronological aging do not uniquely function at the nuclear pore
complex (Dyn2 and Sec13). The decrease in abundance of Sec13 during
chronological aging is possibly related Sec13’s role in CopII coated vesicle
transport, which is required for cell cycle progression and cytokinesis. Dyn2
also acts as microtubule motor protein that is required for cell division.
Therefore it is likely that these proteins are downregulated in non-dividing cells.
The strong loss of nuclear and central FG-Nups at the whole cell level is
specific to replicative aging. Chronologically aged cells show no decrease in
FG-Nup abundance relative to the scaffold Nups, with the exception of Nsp1
and Nup49.
Expression of GFP reporter proteins in chronological aging
Since chronological aging can be induced by different means of nutrient
starvation, we explored which chronological aging method would be suitable
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for studying the localization GFP based reporter proteins, under a galactose
inducible promotor. GFP based reporter proteins are small enough to passively
diffuse over the NPC and have, except for the nuclear transport receptors that
bind NLS or NES signals, no interactions partners that could bias their
localization by retention mechanisms. Consequently, a GFP-NLS reporter
protein requires constant transport in order to maintain its target localization, the
nucleus. Given that the proteins are mobile, that is, not aggregated or bound in
either nuclear or cytosolic compartment, one can interpret the N/C ratio’s in
terms of rate constant for nuclear entry and exit over the NPC.
For our studies we used GFP and a GFP-NLS reporter protein, which has a
classical NLS that recruits the importins Kap60 and Kap95. For the purpose of
outlining the nucleus, we used a strain expressing Nup49-mCh fusion as a
marker for the NE. We tested several conditions to induce the expression of
those reporter proteins in chronological aging cells. It was previously described,
that the signal of a protein expressed under an galactose inducible promoter
disappeared when cell cultures were grown to saturation in galactose rich
medium (Cohen et al., 2016). Hence, we induced chronological aging by
transferring an exponential cell culture to water. We tried to induce the
expression of reporter proteins, in cells that were aged in water for several days,
by adding galactose (final concentration of 0.5 %) to a small sample of the
aging culture. Subsequently we quantified the localization of the reporter
proteins at three different time points (1 h, 2.25 h and 3.5 h) after induction
(Figure 2a). The localization of the reporter proteins was quantified by
measuring the average fluorescence intensity in the nucleus and divide this
value by the average fluorescence intensity in the cytoplasm (N/C ratio).
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Figure 2 Expession and localization of GFP-NLS reporter proteins in chronologically aged
cells.
a) Schematic overview of the experimental setup.
b) Representative images of cells expressing a GFP-NLS reporter protein, after 2.25 h of
induction. In the merged image, Nup49-mCh is in red and GFP-NLS is in green, and both
fluorescent signals are adjusted for maximum visibility. The scale bar represents 5 µm.
c) Quantification of the localization of GFP, 0 and 2 days after water transfer, at three different
time points after induction for both ages, respectively.
d) same as c but now for GFP-NLS. At least 40 cells, coming from one experiment were analyzed
per sample. Significant changes in N/C ratios are indicated based on p-values <0.05, obtained
from a two-tailed Student’s T-test, with p-values <0.05 shown as *, p-values <0.01 shown as **
and p-values <0.001 shown as ***.

4
We find under this experimental condition, that only a small fraction of cells at
the age of 7 days was still able to express the reporter proteins (Figure 2b).
Therefore, we compared the expression of reporter proteins shortly after water
transfer, with cells aged for 2 days in water. These data are to be considered
preliminary as a replicate is missing, but preliminary we conclude that GFP is
relatively evenly distributed between nucleus and cytoplasm and that prolonged
starvation, at this early time point of chronological aging (namely 2 days)
increases the N/C ratio of GFP slightly in old cells at 1 h after induction (Figure
2c). The N/C ratio of GFP-NLS increases significantly between 1 hour and 2.25
hours of induction. Furthermore, at those time points, cells that aged 2 days in
water had significantly lower N/C ratios than young cells in water, possibly
indicating a decrease in nucleocytoplasmic transport. After 3.5 hours of
induction, the N/C ratios of young and aged cells were similar again. This could
indicate, that the cells take longer to establish a steady state localization of the
GFP-NLS reporter protein, but alterative explanations can certainly not be ruled
out. A complication of this experimental setup is that the induction of the
proteins is done using the sugar galactose, thus interfering with the
chronological aging regime based on starvation.
Decreased steady state localization of GFP-NLS during chronological aging
To work around the complication of the first assay where the response to
galactose addition at different chronological ages of the cells could affect the
measurements, we tested another experimental setup. Here, the expression of
reporter proteins was induced from a Gal1 promotor at early exponential phase.
When the induced cell culture reached mid- to late exponential phase, the cells
were transferred to water, which represented the start of the aging experiment.
From this water culture a small sample was taken every day to quantify the
localization of GFP-NLS.
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Figure 3 Decreased nuclear localization of GFP-NLS in chronological aged cells in water.
a) Schematic overview of the experimental setup
b) Representative images of chronologically aged cells. In the merge image, Nup49-mCh is in
red, GFP-NLS is in green. The GFP and mCherry fluorescent signals in the merge image are
adjusted for maximum visibility. The scale bar represents 5 µm.
c) The N/C ratio is the average fluorescence in the nucleus, divided by the average fluorescence in
the cytoplasm. The nucleus is identified by Nup49-mCh which marks the NE. The line of each
box indicates the median, and the bottom and top edges of the box indicate the 25th and 75th
percentiles, respectively. The whiskers extend to the most extreme data points not considered
outliers, and the outliers are plotted individually. Non-overlapping notches indicate that the
samples are different with 95% confidence. Significant changes in N/C ratios are indicated based
on p-values <0.05, obtained from a two-tailed Student’s T-test, with p-values <0.05 shown as *,
p-values <0.01 shown as ** and p-values <0.001 shown as ***. The dotted red line at 1.2
indicates the N/C ratio that has been previously observed for GFP and represents no accumulation
(Rempel et al., submitted) (Timney et al., 2016; Webster et al., 2016).

The median N/C ratio of GFP-NLS decreases significantly from an average of
1.6 to 1.3 during the first two days, and after this initial decrease, the N/C ratio
does not change significantly anymore (Figure 2a). The data presented reflect a
single experiment and the increase in N/C ratio between day 4 and day 5 is
unlikely to be relevant. From day one and onwards, a subpopulation of cells has
lost the accumulation of GFP-NLS reporter. From day two onwards, the size of
this subpopulation of cells appears to be relatively stable. We stopped analysing
the N/C ratio of cells after 7 days for two reasons. The Nup49-mCh NE marker
showed significant mislocalization in a large fraction of the cells and this made
it difficult to identify the nucleus in an unbiased way. Additionally, the
fluorescence intensity of GFP-NLS decreased prohibiting reliable quantification
of N/C ratios in many cells. However, even if not quantifiable a low level of
nuclear accumulation is maintained even after 7 days. Taken together, after an
initial drop in the N/C ratio during the first two days, a low level of nuclear
accumulation of GFP-NLS was maintained during prolonged starvation in the
majority of cells, even after seven days of chronological aging.
To test if the measured N/C ratio’s reflect the steady state resulting from the
dynamics of import and efflux, rather that retention, we performed a so-called
poison assay on chronologically aged cells. This assay uses sodium azide and 2D-deoxy-glucose, which rapidly depletes the cellular ATP and GTP pool and
hence dissipates the RanGTP/RanGDP gradient over the nuclear envelope.
Consequently, GFP-NLS that is initially accumulated in the nucleus rapidly
equilibrates between nucleus and cytoplasm upon addition of the poisons
(Figure 4a). This equilibration between nucleus and cytoplasm should follow an
exponential decay function that is asymptotic towards a value between 1 and
1.2, when GFP-NLS is not accumulated in the nucleus anymore (Meinema et
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al., 2013; Schwoebel et al., 2002; Shulga et al., 1996). We excluded cells if the
curve fits obtained from the single cells did not show a significant correlation to
an exponential decay function or that had a low coefficient of determination
(R2) (plots lacking the red curve fit in Figure 4a and 4b). While 12 out of 14
young cells (1.5 hours after water transfer) showed loss of GFP-NLS
accumulation after treatment with poison, fulfilling the given criteria for our
curve fits (Figure 4a), only three out of 12 analysed cells still showed
significant loss of GFP-NLS nuclear localization after seven days chronological
aging (Figure 4b). This suggested, that either the majority of chronologically
aged cells were, for some reason, insensitive to the poison assay, or, that GFPNLS was immobilized in nuclei of chronologically aged cells.
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Figure 4 Chronological aged cells maintain nuclear accumulation GFP-NLS after addition
of metabolic poisons (Na-azide and 2-deoxyglucose). Each plot represents one individual cell,
individual N/C ratio measurements are shown as blue dots, informative curve fits are shown in
red or blue; at t=0 Na-azide and 2-deoxyglcose are added. Red lines represent curve fits that fulfil
the following criteria: (1) the fit has correct direction, which shows loss of nuclear accumulation,
(2) The fit has a p-value <0.05 and (3) the R2 is >0.7. Blue curves fail one or several of these
criteria.
a) Leak of GFP NLS after treatment with poison for cells incubated in water for 1.5 h.
b) Leak of GFP-NLS after treatment with poison after 1 week of chronological aging in water.

As the poison assay was inconclusive with respect to answering if GFP-NLS is
mobile between the cytosol and nucleus in chronological aged cells, we
performed a Fluorescent Recovery after Photobleaching (FRAP) assay. For this
assay we selected cells with visible nuclear accumulation of GFP-NLS and
selectively bleached the nucleus of those cells. This caused an immediate drop
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in N/C ratio, followed by a recovery of the N/C ratio in time. Immediately after
bleaching a cell’s nucleus, there is a temporary net import of fluorescent
molecules from the cytosol and efflux of bleached molecules from the nucleus
resulting in an increase in the N/C ratio, before fluorescent and non-fluorescent
molecules equilibrate between nucleus and cytoplasm. This assay showed, that
GFP-NLS was still mobile inside chronologically aged cells and that the
localization of GFP-NLS still depended on energy dependent transport.

Figure 5 Nuclear accumulation of GFP-NLS in chronologically aged cells is the result of
energy dependent transport. Performing FRAP experiments on chronologically aged cells, aged
7 days. Each plot represents one individual cell, individual N/C ratio measurements are shown as
blue dots, curve fits are in red and the dotted lines represents the recovery half time.

Discussion
Several recent studies have shown that the NPC changes during aging, however,
the changes found in replicative aged yeast cells were distinct from those found
in postmitotic cells in higher eukaryotic organisms. Our previous study in
replicative aging yeast cells showed increased nuclear compartmentalization
and a reduction in transport dynamics across the NE (Rempel et al., 2018),
while postmitotic cells show a decrease in nuclear compartmentalization and an
increase in passive permeability over the NE (D’Angelo et al., 2009). We asked
whether these differences were caused by the model system (budding yeast
versus rats/worms), or the whether the changes were specific to the kind of
aging (replicative versus chronological). Therefore, we addressed NPC related
changes in transport function in chronologically aging yeast cells,
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complementing previous studies in yeast replicative aging (Janssens et al.,
2015; Lord et al., 2015; Rempel et al., 2018). Also we compared the loss of
stoichiometry of Nups in both types of aging as measured in proteome data
(Binai et al., 2014; Janssens et al., 2015).
The comparison between replicative aged yeast cells and yeast cells at near-zero
growth rate showed that the loss of FG-Nup abundance is unique for replicative
aged yeast cells. We consider it unlikely, that the observed differences are
mainly caused by differences in the genetic backgrounds of the yeast strains
used in this study, as loss of FG-Nups has been described to be present during
replicative aging in three different genetic backgrounds (Janssens et al., 2015;
Lord et al., 2015; Rempel et al., 2018). Replicative aging is associated with
problems in NPC assembly (Rempel et al., submitted). It is unlikely that NPC
assembly poses a major challenge in chronologically aging yeast cells, because
several studies suggest that the scaffold of the NPC is extremely long-lived and
postmitotic cells are able to survive if NPC assembly is compromised by the
depletion of essential Nups (D’Angelo et al., 2009; Savas et al., 2012). The fact
the loss of FG-Nup abundance is not part of the chronological aging signature
supports the hypothesis that the loss of FG-Nups in replicative aging is related
to NPC assembly problems.
Furthermore, we show that the steady state nuclear accumulation of a GFP-NLS
reporter protein decreases during chronological aging in yeast. This change is
distinct from the change in steady state localization of GFP-NLS during
replicative aging of yeast, where the steady state nuclear accumulation of GFPNLS increases during aging. The decrease in nuclear accumulation of GFP-NLS
during chronological aging can have various causes, which should be addressed
in future studies. Causes directly related to the transport activity over the
nuclear pore complex would be (i) a decrease in the RanGTP/RanGDP gradient,
(ii) an increase in passive permeability of NPCs, or (iii) a decrease in abundance
of one or both of the transport factors that mediate transport of the GFP-NLS
reporter molecules (Kap60 and Kap95). A more extensive FRAP study, with a
larger sample size and a control population of young cells could enable us to
quantify the transport kinetics of energy dependent import and of passive
diffusion over the NE separately and therefore help to identify the cause for the
observed decrease in steady state nuclear accumulation of GFP-NLS (import or
passive diffusion). Non-NPC related changes that could influence the steady
state localization of molecules are (iv) changes in the ratio of nuclear volume to
cytoplasmic volume, which can impact the N/C ratio. In this case, the N/C ratio
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would decrease when the cytosolic volume increase in aging relative to the
nuclear volume. Additionally, (v) the compartment specific degradation of
GFP-NLS reporter proteins could cause the loss of the NLS signal.
Chronologically aging yeast cells experience nutrient depletion and one must
thus be careful to interpret these responses as general chronological aging
responses. I.e. the decrease in steady state localization of GFP-NLS is most
pronounced during the first days of the aging experiment and might be a
response to prolonged starvation, rather than aging. In this case, the
RanGTP/RanGDP gradient might be affected in the cells, since the gradient is
dependent on the availability of free ATP and GTP in the cell. Indeed, we see in
our experiments, that a fraction of the cells becomes unresponsive to the poison
assay, which stops the synthesis of ATP and depletes the availability of free
cellular GTP. The reason why the cells are unresponsive to the poison assay is
not entirely clear, but a likely explanation is that under conditions of caloric
restriction during stationary phase cellular respiration decreases (Ocampo et al.,
2012) making cells unresponsive to poison, as sodium azide inhibits the final
enzyme in the mitochondrial electron transport chain (Schwoebel et al., 2002).
In conclusion, we could show that changes at the NPC are distinct in replicative
and chronological aging, but further studies are needed to identify the cause for
the decrease in N/C ratio of GFP-NLS during chronological aging. However, an
increase in passive permeability during chronological aging would explain the
changes in GFP-NLS localization and would be in line with a study in higher
eukaryotes which showed that NPCs are more permeable in isolated nuclei from
aged rat brain and aged C. elegans samples (D’Angelo et al., 2009). We
conclude that increased passive permeability is a possibly conserved phenotype
of chronological aging. We propose, that the maintenance of long-lived protein
complexes, such as the NPC, might be a general challenge to chronologically
aging cells, while the assembly of long-lived protein complexes might be a
general challenge in replicative aging cells.
Materials and methods
Strains, plasmids, and growth conditions
Experiments in this study were performed with S. cerevisiae cells from BY4741
genetic backgrounds. Cells were grown at 30°C, shaking at 300 RPM using
Synthetic complete medium supplemented with 2% D-glucose or 2 % Draffinose, unless indicated otherwise. All reporter proteins were expressed under
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the Gal1 promoter. 0.5 % or 4 % D-galactose was used for induction of reporter
proteins. Cells were induced for 4-7 h prior to the start of an experiment.
yPP008; GFP-NLS Nup49-mCh (MATa his3Δ1 leu2Δ0
met15Δ0 ura3Δ0 GFP-tcNLS(pGal1)::His Nup49mCh::URA)

Rempel et al., 2018

Chronological aging experiments
Different chronological aging protocols were tested. (1) (Cohen et al., 2016)
tried to age cells in medium and induce the expression of GFP-NLS in
exponential phase, and then grow the culture to saturation. (2) We grew a cell
culture to saturation and took a small sample at several time points and then
induced expression of reporter proteins for up to four hours prior to microscopy.
(3) We transferred an exponential cell culture to water, aged the cells and took
small samples each day, in which we induced the expression of reporter proteins
with a final concentration 0.5% D-galactose. Microscopy samples were taken 1
h, 2.25 h and 3.5 h post induction. (4) As described in (Cohen et al., 2016), cells
were inoculated into SD-complete medium, supplemented with 2% Glucose
grown over night. The next day, cells were diluted in Sgal-complete medium
supplemented with 4% D-galactose and grown to an OD600 between 0.6 and 1.
Then cells were harvested and resuspended in water. The cells were kept in
water shaking at 30°C. From this chronologically aging culture, small samples
were taken every day for a total of one week.
Poison assay inside the microfluidic chip
ALCATRAS 1 (Crane et al., 2014) was used to measure the age dependency of
passive permeability of the NPC during chronological aging. Fluorescent
images were taken at the beginning of the experiment. To obtain passive
permeability of old NPCs, the cells were aged in water for seven days.
Subsequently the cells were loaded into the microfluidic chip and the medium
in the chip was exchanged for glucose-free medium supplemented with 10 mM
sodium azide and 10 mM 2-deoxy-D-glucose. In young cells, the presence of
sodium azide and 2-deoxy-D-glucose is known to destroy the Ran-GTP/GDP
gradient over the NE and abolish active transport of reporter proteins (Meinema
et al., 2013; Schwoebel et al., 2002; Shulga et al., 1996). To measure the
changes in reporter protein localization, we imaged the cells every 30 s during
the experiment, for a total time of 15 min.
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Microscopy
Microscopy was performed on a Delta Vision Deconvolution Microscope
(Applied Precision), using InsightSSITM Solid State Illumination of 488 and
594 nm and an Olympus UPLS Apo 100x oil objective with 1.4NA. Detection
was done with a CoolSNAP HQ2 camera for the poison assays and using a
PCO-edge sCMOS camera for the FRAP assays. All experiments were
performed in a temperature controlled environment at 30°C.
To ensure constant environmental conditions for the duration of the FRAP
experiment, chronologically aged cells were loaded into a microfluidic chip
(ALCATRAS) (Crane et al., 2014)(Rempel et al., submitted). The nuclear
fluorescence was bleached using the spot laser Photokinetics module at 488 nm
at 100 % for 2 ms at minimum laser spot radius. Three images were taken prior
to the bleaching event. After the bleaching event, images were taken every 5 s
for the duration of 150 s, during this time nuclear and cytosolic fluorescence
equilibrated.
Data analysis
Microscopy data was quantified with open source software Fiji (Schindelin et
al., 2012). To quantify the localization of the reporter proteins, the average
fluorescence intensity at the nucleus was measured and divided by the average
fluorescence intensity at the cytoplasm (N/C ratio). The significance of changes
in N/C ratio were determined with a two tailed Student’s t-test. Changes were
significant when p < 0.05. The single-cell measurements obtained from poison
assays and FRAP experiments were fitted to an exponential decay function in
MATLAB.
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Highlights
• The comparison of age-related changes of the Nuclear pore complex (NPC)
shows tissue specific and organism specific changes.
• Aging dividing or non-dividing cells likely face different challenges in
assuring faithful assembly and maintenance of NPCs.
• The changes in the abundances of the NPC components in replicative aging
yeast cells are most similar to those in aging tissues that are turned over
regularly, like liver, while those in chronological aging yeast mimic the
changes in long-lived tissues, like brain.
• NPC quality control is likely an important node in aging, where NPCs are
impacted by the loss of proteostasis in aging, while changes in NPC function
potentially drive further loss of proteostasis in aging.
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Abstract
The nuclear pore complex (NPC) is the sole gateway to the nuclear interior and
its function is essential to all eukaryotic life. Controlling the functionality of
NPCs is a tremendous challenge for cells. First, NPCs are composed of over
522 proteins, and the assembly is not trivial, and goes awry occasionally. In
addition, once formed, specific parts of the NPC exist for extremely long
periods of time, and as a result, they are susceptible to accumulate damage.
Lastly, a significant part of the NPC is composed of, so-called, intrinsically
disordered proteins that are prone to aggregation. In this review, we summarize
the current knowledge of the fate of NPCs during normal aging in different
tissues and different organisms. Our analysis of the abndances of the NPC
components shows distinct changes in the stoichiometry in different model
organisms and in different tissues. We then summarize the current knowledge of
how the quality of NPCs is guarded in young cells and hypothesize that NPCs
are poorly maintained during aging of non-dividing cells, while in dividing cells
the main challenge seems related to the assembly of new NPCs. In this light we
discuss the use of baker’s yeast as model organism to study NPCs in aging. Our
survey of the current knowledge point at NPC quality control being an
important node in aging where NPCs are impacted by the loss of proteostasis in
aging and, vice versa, changes in NPC function potentially drive further loss of
proteostasis in aging.
1. Introduction
One of the nine described universal hallmarks of aging is the loss of proteostasis
(López-Otín et al., 2013). Loss of proteostasis can result from changes in the
biogenesis, folding, trafficking and degradation of proteins. The cell’s ability to
assemble and maintain functional protein complexes in aging is indeed
compromised as changes in protein complex stoichiometry were highlighted as
one of the prominent changes found across different aging organisms (Janssens
et al., 2015; Ori et al., 2015). In baker’s yeast the nuclear pore complex (NPC)
is among the most substoichiometric complexes in replicative aging cells
(Janssens et al., 2015).
NPCs are among the largest protein complexes in the eukaryotic cell (Box 1). A
prominent function of NPCs is to facilitate transport of macromolecules from
the cytoplasm to the nucleus and vice versa(Aitchison and Rout, 2012;
D’Angelo and Hetzer, 2008; Fiserova and Goldberg, 2010; Wente and Rout,
2010). The proteins of the core scaffold of NPCs are extremely long lived in
Caenorhabditis elegans and in rat neurons (D’Angelo et al., 2009; Savas et al.,
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2012; Toyama et al., 2013) and also in replicative aging yeast cells the scaffold
components are long lived (Khmelinskii et al., 2012). Additionally, the
transcription of those core scaffold proteins is downregulated in differentiated
cells (D’Angelo et al., 2009), suggesting that there is very little synthesis of new
NPCs in differentiated cells. FG-Nups on the other hand are turned over quickly
(D’Angelo et al., 2009; Savas et al., 2012; Toyama et al., 2013). These
differences in turnover rates, might make it difficult to maintain the right
amounts of synthesis and breakdown for each individual protein in aging. The
assembly of new NPCs is complex and heavily dependent on the presence of the
proper amounts of NPC components and assembly factors. Altogether, the
biochemical properties of NPCs set them at risk for age related decline and,
indeed, several studies addressed age related changes of the NPC, and or
nucleocytoplasmic transport in aging (D’Angelo et al., 2009; Kim et al., 2010;
Lord et al., 2015; Rempel et al., 2018).
In this review, we compare the age-related changes found in different model
organisms and different tissues and we further discriminate between aging in
non-dividing cells (chronological aging) and aging in dividing cells (replicative
aging). For age-related phenotypes caused by mutations to the NPC, or its
supporting machinery we refer to the recent review by (Sakuma and D’Angelo,
2017). We compare specifically age-related changes in the abundances of the
components of the NPC (Nucleoporins or Nups) as found in different proteome
studies. The differences in Nup abundance changes during yeast replicative and
chronological aging indicate that the dividing and non-dividing cells potentially
face different challenges in NPC assembly and maintenance respectively. Based
on our analysis of Nups in aging, we discuss to what extent replicative and
chronological aging in baker’s yeast are suitable models for aging of tissues
with faster turnover rates, like liver, or long lived tissues, like the brain. We
further speculate on what could be causal for the age-related changes at the
NPC. For this, we summarize the current knowledge of the mechanisms of NPC
assembly and maintenance and point out open questions. In the last part of this
review, we summarize how NPCs could contribute to the hallmarks of aging.
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Box 1: The structure and function of the nuclear pore complex at a glance
Each NPC is composed of ~30 different proteins, called Nucleoporins or Nups,
that are present in multiple copies (Figure 1). Each NPC is composed of eight
spokes, that are arranged to form a cylindrical structure embedded in the
nuclear envelope (NE) membranes. Each spoke is interconnected by flexible
linker elements that give the NPC strength and flexibility at the same time. The
core of the NPC is organized by stably folded proteins in symmetric inner and
outer rings and is anchored to the NE by a membrane ring, made of just four
transmembrane proteins. The outer rings are mainly formed by a protein
complexes called the Y-shaped complex. Attached to the cytoplasmic side of
the symmetric core is a structure called the RNA export platform (formerly
called cytoplasmic filaments). Attached to the nuclear side of the symmetric
core is a structure called the nuclear basket, which is involved in
nucleocytoplasmic transport, RNA processing and RNA export, but also
served as a multifunctional platform for various nuclear processes (e.g.
transcriptional and chromatin organization). Both structures, RNA export
platform and nuclear basket are involved in RNA processing and RNA export.
In the center of the core scaffold are ID proteins that contain PhenylalanineGlycine-rich nucleoporins (FG-Nups) that form the selective barrier of the
NPC. A decrease in the concentration of FG-Nups in the center of the NPC
compromises the permeability barrier and active transport rates of the NPC
(Popken et al., 2015; Strawn et al., 2004; Timney et al., 2016).
Rapid and energy dependent transport across the NE is facilitated by the NPC
and several transport factors (NTRs) (Aramburu and Lemke, 2017; Lemke,
2016; Li et al., 2016 and reviewed in: Fiserova and Goldberg, 2010). The
energy dependent translocation of macromolecules between the nucleus and
the cytoplasm is facilitated by nuclear transport receptors (NTRs) and the GTP
binding Ras-related Nuclear protein (RAN). There are 17 different NTRs
known in yeast (Allen et al., 2002), and about 30 NTRs are known in humans
(Mackmull et al., 2017). For many proteins that are either transported to the
nucleus or the cytoplasm, their respective NTRs remain to be identified.
Proteins that require nuclear import encode a nuclear localization signal (NLS)
and are recognized in the cytoplasm by NTRs called importins. Proteins that
require nuclear export encode a nuclear export signal (NES) and are
recognized in the nucleoplasm by NTRs called exportins. For all proteins
without a NLS/NES targeting signal, the NPC acts as a diffusion barrier.
Generally, it can be stated that the size and surface properties of a molecule
determine how easily a molecule can diffuse between nucleus and cytoplasm
(Frey et al., 2018; Popken et al., 2015; Timney et al., 2016).
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Figure 1 Cartoon representation, adapted from Kim et al., 2018, of main structural
features of NPCs and conserved proteins between yeast and humans. The main structural
components (RNA export platform, outer rings, membrane ring, inner rings and nuclear basket,
as well as the eight fold rotational symmetry of these structures) are conserved from yeast to
humans (Shav-Tal and Tripathi, 2018). The outer rings are composed of Y-shaped complexes,
yeast NPCs have a total two outer rings, one on the cytoplasmic and one on the nuclear side
respectively. Humans have a total of four outer rings, two on the cytoplasmic side and two on
the nuclear side. Human NPCs are considerable larger in their dimensions (not shown) and their
molecular mass than yeast NPCs. Functional homologs that do not share a common name
between yeast and humans have the same color, within their respective structural components.
Nups in black font that are only mentioned for one organism are proteins, which are unique for
either yeast or human. Proteins that also function in other protein complexes than NPC, or that
associate only very transiently with NPCs are indicated with a star (*).

2. On the search for common age-related changes of NPCs in
different cell types

2.1 General considerations for the comparison of aging profiles
In general there is a large degree of conservation of age-associated changes
across different eukaryotic species (Fontana et al., 2010; Janssens and
Veenhoff, 2016a; Kirkwood, 2008; López-Otín et al., 2013; Pitt and Kaeberlein,
2015; Reichard, 2017). To investigate if changes to the NPC are also conserved
across species, we extracted Nups from six published proteome datasets, that
analyzed age-related changes in three different model organisms, namely
budding yeast (Binai et al., 2014; Janssens et al., 2015), rat (Ori et al., 2015)
and mouse (Cutler et al., 2017)). The budding yeast studies addressed
specifically proteome changes during aging in non-dividing cells (chronological
aging; CA; Figure 2a) (Binai et al., 2014) and aging in dividing cells
(replicative aging; RA; Figure 2b) (Janssens et al., 2015). The two proteomes
from rat, studied age-related changes in brain and liver tissues, and those from
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mouse studied age-related changes in brain and muscle tissues. All three tissues
are primarily composed of postmitotic cells. The majority of brain cells are
extremely long lived and the brain has very limited regenerative capacity (Case
and Tessier-Lavigne, 2005). The liver on the other hand, has high regenerative
capacity and liver cells are turned over regularly (Magami et al., 2002; Malato
et al., 2011). Skeletal muscle is predominantly composed of polynucleated
muscle fibers, that can regenerate when injured (Tedesco et al., 2010).

Figure 2 Schematic representations of aging on the population and on the single cell level.
a) Cartoon of a chronological aging of a bakers yeast cell. Chronological aging, is the kind of
aging that non-dividing cells experience in time, before they eventually die of old age.
Chronological aging in Saccharomyces cerevisiae is induced through the depletion of nurients.
Commonly used protocols to achieve nutrient depletion include growing a culture to stationary
phase, or transfering an exponential culture to water (Hu et al., 2013).Due to the prolongued
starvation, chronological aging is characterized by upregulation of autophagy related pathways.
Prolonged starvation is obviously a stress that postmitotic cells in higher eukaryotes do not
experience and this should be taken into account when translating results from chronological
aging studies in S. cerevisiae to higher eukaryotes. A more involved way to induce chronological
aging, which overcomes the limitation of severe nutrient depletion in yeast, is to provide the cells
with just too little nutrients to divide, called near-zero growth and is performed in a retentostat
(Binai et al., 2014).
b) Cartoon of a replicative aging baker’s yeast cell. Dividing cells age with each completed
division, therefore their age is measured in the number of completed divisions. Replicative aging
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in S. cerevisiae is triggered by the asymmetric retention of aging factors, which causes the
daughter cell to be born young, while the mother cell retains the age-associated features including
damage. This damage can occur in the form of damaged and nonfunctional organelles,
extrachromosomal rDNA circles (Sinclair and Guarente, 1997), asymmetrically retained
transmembrane proteins and protein aggregates.
c) Cartoon of a typical survival curve of a cohort of aging cells or organisms. Aging is associated
with an increased risk of mortality and there is intrinsic variation in lifespan of individual cells or
organisms within one cohort. As aging occurs at very different timescales, cross species
comparisons of changes associated in aging, as well as comparisons between chronological and
replicative aging cells can be based on the survival of the cohort.

The comparison of aging between different model organisms is not trivial for
several reasons. First, replicative and chronological aging are measured in
different units and different model organisms have different maximal lifespans.
Therefore, a fair way to compare the different aging trajectories is to align them
based on the average survival of the population (Figure 2c). For the specific
proteome studies of aging yeast, mouse and rats (Binai et al., 2014; Cutler et al.,
2017; Janssens et al., 2015; Ori et al., 2015) that we compare in figures 3-5, the
time points of the aged samples are roughly taken at similar points in the
respective lifespan curves. We estimate, that the viability of the yeast replicative
aging population is about 55% at the last time point measured (72 hours)
(Janssens et al., 2015), the viability of the yeast chronologically aged population
is approximately 60% (after 21 days) (Boender et al., 2009), and the mice and
rat should have a survival of approximately 50-70 % at the latest age time points
(24 months) (Ori et al., 2015; Rowlatt et al., 1976; Smith et al., 2010). Rat and
mouse strains used in the mentioned study have similar lifespans and both aged
samples were analyzed after 24 month, however the young mouse sample was
taken after 3 month (Cutler et al., 2017), and the rat sample was taken after 6
month (Ori et al., 2015). Second, aging is a highly individual process and
analyzing only two or three animals per sample might not cover the full
spectrum of aging changes in a population. Third, the age related changes in
protein abundance might be caused by aging related changes in the abundances
of specific cell types that compose a tissue (Frontera et al., 2000; Schmucker,
2005; Yankner et al., 2008). Lastly, different methods were used to prefractionate the moue and rat samples, to do the mass spectrometry and to
analyze the data. Most significantly, the mouse and rat proteomes are
fractionated, and specifically the nuclear fraction was analyzed, while the yeast
samples contain whole cell extracts. Even taking these limitations into account
there are interesting similarities and differences in the aging trajectories of
NPCs that we will highlight in the following sections.
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2.2 Overall loss of complex stoichiometry
Loss of protein complex stoichiometry in general is a conserved phenotype of
aging (Janssens et al., 2015; Ori et al., 2015), and NPCs have been shown
among the most substoichiometric protein complexes in replicative aged yeast
cells (Janssens et al., 2015). The comparison of the proteome datasets shows
that loss of Nup stoichiometry is most pronounced in yeast replicative aging
(Figure 3a and 3b), followed by yeast chronological aging. Furthermore, we
observe that the loss of NPC stoichiometry is two-fold higher in the brain
(mouse and rat) than in the rat liver, indicating that loss of NPC stoichiometry is
tissue specific.

Figure 3 Loss of overall NPC stoichiometry in different aging model systems.
a) Fold changes of Nups from different aging proteome data sets comparing aged mice and rat (24
month, 50 - 70% viability) and replicative aging (RA) yeast (72 hours, 55 % viability) and
chronological aging (CA) yeast (60 % viability). Fold changes of individual Nups from each dataset
are plotted as grey dots and are overlaid with a boxplot. Here, the red line depicts the median fold
change and the boundaries of the box mark the 25th and 75th percentile of fold changes in the dataset.
The height of the box (IQR or interquartile region) is influenced by the spread within the middle 50%
of the data and is a robust measure of dispersion, that is insensitive to outliers. The whiskers extend to
the data points which are not considered outliers, which are shown as black dots.
b) The loss of stoichiometry is shown as the inter quartile region (IQR) of the fold changes. The IQR
of the whole dataset, or respective nuclear fractions are shown for comparison to the IQR of the total
number of Nups found in each represented dataset. The numbers in the dark grey bars indicate how
many Nups were found in each dataset.

Another approach to analyze the data for conserved changes is to ask, whether
certain Nups show similar changes in abundance throughout different model
systems. A major conclusion of Ori et al., was that the age related changes in
protein abundance are tissue specific, based on their proteome analysis of liver
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and brain samples (Ori et al., 2015). It is important to note that not all the
changes reported for the Nups (Figure 4a,b), are statistically significant, but
nevertheless we can conclude, that the NPC is not excempt from this
conclusion, as overall the abundance changes are highly dependent on the tissue
sample analyzed. The comparison of Nup abundances of both datasets clearly
shows, that all Nups in the rat liver dataset decrease in abundance during aging,
while the Nup abundances in the rat brain are generally increasing.
2.3 Distinct Nup abundance changes in replicative and chronologically
aging yeast
Also the comparison of Nup abundance changes in yeast replicative and
chronological aging samples shows distinct changes in protein abundances. The
majority of non FG-Nups, as well as the cytoplasmic FG-Nup, Nup159, show
similar changes in abundance during replicative and chronological aging
(Figure 4 c). It should be noted, that the proteins that show the most pronounced
decrease in abundance during chronological aging do not uniquely function at
the NPC (Dyn2 and Sec13). The decrease in abundance of Sec13 during
chronological aging is possibly related Sec13’s role in CopII coated vesicle
transport (Reviewed by Gomez-Navarro and Miller, 2016), which is required
for cell cycle progression and cytokinesis. Dyn2 also acts as microtubule motor
protein that is required for cell division (Reviewed in Laan et al., 2012).
Therefore, it is likely that these proteins are downregulated in non-dividing
cells. The strong loss of nuclear and central FG-Nups is specific to replicative
aging. Chronologically aged cells show even a slight increase in abundance of
FG-Nups, with the exception of Nsp1 and Nup49, which show a slight decrease
in abundance. Overall the comparison of the changes in Nup abundances in
aging mice, rats and replicative and chronological aging yeast cells reveals that
the components of the NPC become most sub-stochiometric in replicative aging
yeasts and the specific changes in Nup abundances are distinct in each dataset.
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Figure 4 Comparison of selected Nup abundances from different proteome datasets
a) Comparison of age-related changes in Nup abundance of rat brain and rat liver
b) Comparison of age-related changes in Nup abundance of mouse muscle and mouse brain.
c) Comparison of age related changes in Nup abundance of yeast chronological at a timepoint of
~60% population viability and yeast replicative aging at timepoints representing ~75 and 55%
viability (45h and 72h). The replicative aging proteome does not include information on the
abundance of Mlp2, Nup57, Nup49, Nup59, Gle1, Nup42 and Dyn2, represented by an x on the
x-axes.

2.4 Yeast as a model system to study aging of NPCs in higher eukaryotes
Yeast has been a powerful model in aging research for many practical reasons
(Denoth Lippuner et al., 2014; Fontana et al., 2010; Janssens and Veenhoff,
2016a; Longo et al., 2012). Specifically for the here discussed proteomics
studies the advantages are that the coverage of the Nups is higher in yeast due to
the vastly reduced complexity of the proteome. Also, the methods for
cultivation of aging yeast cells (Binai et al., 2014; Janssens et al., 2015) allow
the assessment of many time points in the aging trajectory (12 in the case of
Janssens et al. 2015), which increases the confidence of observed changes.
Indeed, the comparison of the replicative aging proteome, with more targeted
studies on the yeast NPC in replicative aging (summarized in Table 1) is overall
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consistent (Janssens et al., 2015; Lord et al., 2015; Rempel et al., 2018). Such a
level of consistency is currently not seen for the analysis of rodent brain
samples. The mouse brain proteome and the rat brain proteome show no
correlation in age related Nup abundance changes and neither dataset shows a
decrease in the abundance of Nup93, that was shown for rat brain cells by
D’Angelo et al., 2009. It is however important to address the question to what
extent yeast is suitable for aging studies of the NPC.
The most direct comparison between the replicative and chronological aging
regimes in yeast would be with asymmetrically dividing mitotic cells, like stem
cells, and postmitotic cells, like neurons. Indeed, it is often stated that stem cells
are subject to replicative aging, while post mitotic cells such as neurons are
subject to chronological aging (Denoth Lippuner et al., 2014; Longo et al.,
2012). With respect to the comparison in replicative aging, the immortal yeast
daughter lineage should be compared to the self-renewing stem cell lineage. The
yeast mother cells and the differentiated cells both are mortal and retain
damaged components (Bufalino et al., 2013; Denoth Lippuner et al., 2014;
Mortimer and Johnston, 1959; Rossi et al., 2008; Schultz and Sinclair, 2016).
However, neither stem cells nor terminally differentiated cells experience solely
replicative or chronological aging, but rather a mix. E.g. blood stem cells may
stay quiescent for years before starting their replicative lifespan and, vice versa
post mitotic cells were derived from stem cells that themselves experience
aspects of replicative aging. In contrast, aging experiments with yeast can be
performed such that they report more pure forms of replicative or chronological
aging and hence the differences observed in chronological and replicative aging
in yeast are at its most extreme compared to those observed for human cells.
Going to the tissue level, it has been suggested that organs with high turnover
rates, such as intestine or liver are likely to show signs of replicative aging
(Moore and Jessberger, 2017; Rossi et al., 2008), while organs with low
turnover rates (i.e. brain) would more likely show signs of chronological aging
(Longo and Fabrizio, 2011). While the liver is mainly composed of postmitotic
cells, the fact that it is a highly regenerative tissue could indicate that one might
expect some resemblance between replicative aged cells and aged liver tissue.

129

5

Chapter 5

Figure 5 Correlation of age-related changes in Nup abundance in different model systems.
a) Pearson correlations of pairwise comparisons of changes in Nup abundances in samples from
different aging proteomes. The number on top of the bars indicates the sample size of Nups that
were used for the comparison. ** indicates a significant correlation with p<0.01. The correlation
coefficient ranges from −1 to 1. Values close to -1 indicate negative, and values close to 1
indicate positive linear relationships between two samples. Values close to 0 indicate that there
is no linear relationship between two samples.
b) Comparison of age-related fold changes in Nup abundance between rat liver and yeast
replicative aging cells. * indicates there are two yeast homologues for one metazoan Nups, here
the third bar in dark grey shows the abundance change for Nup170.
c) Comparison of age-related fold changes in Nup abundances between mouse brain and yeast
near-zero growth (chronological aging). * Third bars for Nups with additional homologues, in
darker grey, show abundance changes for Nup100, Nup59 and Nup170 in yeast chronological
aging, which are additional homologues of Nup98, Nup35 and Nup155, respectively.
d) Fold changes in yeast replicative aging, plotted against fold changes in rat liver. The dotted
line indicates the best linear fit, individual Nups are annotated in yeast nomenclature.
e) Fold changes in yeast chronological aging, plotted against fold changes in mouse brain. The
dotted line indicates the best linear fit, individual Nups are annotated in yeast nomenclature.
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Table 1 Key findings related to NPC composition and transport function in aging. ↓ indicates
a decrease in protein abundance, while – indicates no change in protein abundance was detected.

Study

Nup
transcripts
abundances
Downregulat
D’Angelo C. elegans Nup93 ↓
rat brain
FG-Nups ↓
ion of
et al.,
(24–28
Nup107scaffold nups
2009
month)
Nup93,
in
Nup153
differenciate
carbonylated. d cells.
Senescent Nup88↓
Decreased
Kim et
human
Nup107↓
transcript
al., 2010
fibroblast Nup155↓
levels of
(>66
Nup50↓
Nups, but
doublings)
also importin
α/ß and Ran
system.
Nup100 –
Stable
Lord et
S.
transcript
al., 2015
cerevisiae Nup53 –
Nup116 ↓
levels of
(6-9
Nup100,
divisions) Nsp1↓
Nup53,
Nup116 and
Nsp1.
Nup100 ↓
Rempel
S.
et al.,
cerevisiae Nup133 –
Nup116 ↓
(several
2018
timepoints Nup2↓
and ages) Nup120 -

Janssens,
Meinema
et al.,
2015

Model
organism

S.
cerevisiae
(12
timepoints
and ages)

Nup protein
abundances

Nup116 ↓↓
Nup2↓↓
Nsp1↓↓
Nup100 ↓
Nup60 ↓
Nup1 ↓
Mlp1 ↓
Gle2 ↓
15 others -

Stable
transcript
levels for all
Nups

Transport
Phenotype
Increased passive
permeability of the
NE of isolated nuclei
and intranuclear
tubulin bIII in vivo.
Fewer NPCs,
decreased
nucleocytoplasmic
transport,
irresponsive to cell
stimuli.
Decreased nuclear
accumulation of
different NLS-GFP
reporters at steady
state.
Increased nuclear
accumulation of
NLS-GFP reporters
and RCC1 at steady
state and decreases
exclusion of NESGFP reporters,
decreased transport
dynamics of Msn2
shuttling.

131

5

Chapter 5
These general considerations of how yeast replicative and chronological aging
may relate to aging in rodent tissues are indeed broadly reflected in the analysis
of age related changed of NPC components as follows: The pairwise
comparison of correlation between age-related changes in Nup abundance
shows that changes in Nup abundances in yeast replicative aging are
significantly correlated to those in aged rat liver (R=0.74, p=1.46x10-3) (Figure
5a). The loss of the basket Nups is shared in both datasets of which especially
the shared decrease of Nup2 (Nup50) abundance in aging is the main
contributor to this correlation being significant (Figure 5 b, d). However, we
also see distinct differences, between replicative aged yeast cells and aged liver
tissue. Aged liver tissue shows very little loss of protein complex stoichiometry
and the overall decrease in the abundance of Nups points directly towards an
overall reduction in the number of NPCs in aged liver cells. Yeast chronological
aging shows the best correlation to mouse brain (Figure 5a). The p-value for
this correlation between mouse brain and yeast chronological aging is not
significant, most likely because the sample size of Nups which can be compared
is too small (Figure 5a, c, e). Furthermore, Figure 5 shows low correlation
between different tissues, as well as low correlation in age-related changes
between replicative and chronological aging yeast. Overall, proteome changes
in aging are tissue specific (Ori et al., 2015) and distinct from those observed in
yeast, which might be related to different turnover rates of different tissues, and
related, the different contributions of chronological and replicative aging.

3. Potential causes for age-related changes of NPCs, assembly and
maintenance of NPCs

3.1 Unique biochemical properties set NPCs at risk in aging and in
aggregation pathologies
To discuss what could be the cause for the distinct changes in the NPCs in
different aging regimes and cell types we discuss how the NPC may be at risk
for age related decline. Based on the fact that the transcript levels of many Nups
is stable in aging (see Table 1) we discuss mostly the posttranscriptional aspects
of NPC stability. First, we summarize the current knowledge about NPC
assembly in the context of aging. The assembly of NPCs is a complex process
that has occurs through two different mechanisms. In higher eukaryotes, NPCs
and the NE disassemble at the start of mitosis. Consequently, all NPCs need to
be reassembled into the reforming NE (postmitotic assembly) after each
division (Figure 6a). Organisms with closed mitosis such as budding yeast, S.
cerevisiae, and higher eukaryotes during interphase, need to assemble NPCs
into the intact NE (de novo or interphase assembly; Figure 3b) (Reviewed in:
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Otsuka and Ellenberg, 2018). Second, once NPCs are functionally formed their
maintenance is a challenge. Parts of the NPC are long lived and thus susceptible
to the accumulation of damage over time. We discuss the importance of
oxidative damage in this context. Also, the intrinsically disordered FG-Nups
readily self-associate and aggregate (Ader et al., 2010; Halfmann et al., 2012;
Milles et al., 2013) and here we discuss the recently established connection
between NPCs and aggregation pathologies. Lastly, we discuss the current
knowledge about the mechanism for quality control of NPCs, an exciting new
area of research (Toyama et al., 2019; Webster et al., 2014, 2016).
3.2 Two mechanisms of NPC assembly: interphase assembly
Mechanistic information on interphase assembly is still very limited. The
assembly of NPCs during interphase occurs rather sporadic and takes
considerably longer than postmitotic assembly (Dultz and Ellenberg, 2010). A
major challenge in the study has been to distinguish NPC assembly sites, from
the majority of fully assembled NPCs inside the cell. Single NPCs are too small
to observe with normal fluorescence microscopy, which adds to the challenge of
NPC assembly site identification (Otsuka et al., 2016). A scanning electron
microscopy (EM) study using Xenopus egg extract suggested that that assembly
begins with the formation and stabilization of a hole (pore) through the NE
(Goldberg et al., 1997). A more recent study showed transmission EM images
of NPC interphase assembly intermediates in mammalian cell lines (Otsuka et
al., 2016). These revealed that interphase assembly occurs through the
evagination of the inner nuclear membrane (INM), which further deforms, until
it fuses with the flat outer nuclear membrane (ONM). The at the site of the
deformed membrane is a mushroom shaped, electron dense mass of growing
size (Otsuka et al., 2016).
It remains to be determined, in which order the nucleoporins exactly assemble,
how the invagination of the INM is achieved, which non-NPC components
might be involved in stabilizing the assembly intermediates and which
mechanism ultimately fuses INM and ONM. The transmembrane proteins Sun1
and Pom121 establish where a new NPC is assembled, and Pom121 is part of
the early assembly intermediate (Talamas and Hetzer, 2011). Nup153 and
Nup53 are associated with these early assembly intermediates (Otsuka et al.,
2016). The Y-shaped complexes probably join the assembly later, potentially
after the fusion of INM and ONM (Talamas and Hetzer, 2011). The RNA
export complex was shown to join only later in NPC assembly (Otsuka et al.,
2016). The RNA export complex also joins only later in NPC assembly (Otsuka

133

5

Chapter 5
et al., 2016), and assembly problems are often associated with mislocalization
of proteins of the RNA export complex, while other Nups still localize to the
NE (Figure 6 b).

Figure 6 NPC assembly mechanisms.
Our knowledge concerning NPC assembly is derived from different model organisms. The order
in which Nups assemble during postmitotic assembly has been studied in Xenopus egg extract
and in fixed human cells at different cell‐cycle stages (Antonin et al., 2005; Bodoor et al., 1999;
Eisenhardt et al., 2014; Mansfeld et al., 2006; Rasala et al., 2008). Additional structural insight
comes from in vivo studies of rat and human cell lines (Dultz et al., 2008; Haraguchi et al., 2000;
Lu et al., 2011; Otsuka et al., 2018). Interphase assembly factors have been studied in yeast
(Dawson et al., 2009; Webster et al., 2014, 2016; Zhang et al., 2018) and structural insight into
assembly intermediates comes from mammalian cell lines (Otsuka et al., 2016).
a) Postmitotic assembly takes place at the end on mitosis, into small openings in the reforming
NE. (I) As the holes in the NE become smaller, Nups are released from Importin ß by RAN-GTP.
Proteins in the depicted assembly intermediates are mentioned. (II) The next step involves
assembly of major parts of the symmetric core structure of the NPC (outer rings, inner rings and
transmembrane ring), followed by part of the basket. (III) The incorporation of Nup62 complexes
and Nup93 into the assembly intermediates stabilizes the NPC assembly intermediate and
increases the FG-Nup density in the central channel. At this point, the assembly intermediates
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become competent for nuclear import. (IV) The last steps of postmitotic NPC assembly involve
the assembly of the RNA export platform and finishing the nuclear basket structure.
b) Interphase assembly occurs into the intact nuclear envelope. (I) The assembly starts with the
evagination of the INM, which is observed as an electron dense mass localizes to the electron
dense membrane. Proteins that are known to be part of this early assembly structure are shown,
although the exact order of recruitment of the proteins is unknown. Early assembly structures
already show eight fold rotational symmetry. Several yeast proteins that are known to assist in the
assembly process are shown as ‘tools’ of the assembly process, it is not known in which steps of
NPC assembly these proteins are employed to the NPC assembly site. (II) The INM further
deforms, while the electron dense mass is growing. The proteins involved in this stage of NPC
assembly remain to be shown. (III) At the point, where the INM contacts the ONM, the two
membranes fuse. (IV) The final steps of NPC assembly involve the RNA export platform protein
Nup358 and potentially also other proteins of this complex.

How many NPCs are assembled during interphase is regulated by the protein
levels and phosphorylation state of the basket protein Tpr. Extracellular signalregulated kinase (ERK) phosphorylates Trp at the NPC and while resident at the
NPC it phosphorylates Nup153. Phosphorylation of Nup153 then prevents
Nup153's association with the y-complex and blocks further NPC assembly
(McCloskey et al., 2018; Vomastek et al., 2008). Cancer cells often have more
NPCs (Lewin et al., 2007) and there is evidence suggesting that NPC numbers
also change in aging (Denoth-Lippuner et al., 2014; Ori et al., 2015).
Interestingly both yeast aging datasets and the rat liver proteomes show relative
decreases levels of the Mlp1/Tpr proteins (and the other basket Nups human
Nup50 and yeast Nup2). As the absence of Tpr is reported to increase NPC
numbers (McCloskey et al., 2018) this could indicate that more NPCs are
assembled in aging. This is not in line with the decline in NPC number reported
in rat liver (Ori et al., 2015), but it is in-line with the overall increase in Nup
levels at the NE in yeast (Denoth-Lippuner et al., 2014; Rempel et al., 2018).
The effects of having too many or too few NPCs are not well understood.
Changes in the numbers of NPCs will primarily influence passive diffusion of
molecules over the NE and is expected to increases with increased numbers of
NPCs at the NE. The rate limiting step for energy dependent transport is the
formation of a complex between the NTR and its cargo complex: it takes time
for the NTR and cargo to find each other in the crowded cytosol while the
actual translocation through the NPC is fast (Hodel et al., 2006; Riddick and
Macara, 2005; Timney et al., 2006).We thus speculate that moderate changes in
NPC numbers won’t have an effect on energy dependent transport. However,
when NPC numbers are greatly reduces (~50%), the number of NPCs will
become rate limiting for energy dependent transport as well, causing a drop in
these transport rates (Makio et al., 2009).
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In S. cerevisiae, we know a number of proteins that assist and monitor in NPC
assembly, but their mechanism of action is only beginning to be understood.
Misassembled NPCs are recognized by the inner nuclear membrane proteins
Heh1 and Heh2 and cleared from the NE by the NE-specific ESCRT-III adaptor
Chm7 and the ESCRT-III/Vps4 system (see Box 2) (Webster et al., 2014,
2016), and broken down by the proteasome. Interference with this quality
control mechanism, results in the accumulation of misassembled NPCs
(Webster et al., 2014). The proteins that guard NPC assembly in S. cerevisiae
are conserved in higher eukaryotes. In higher eukaryotes Chmp7 and the
ESCRT-III system additionally have the important function of resealing the NE
after at the end of mitosis. In S. cerevisiae several proteins that assist and
control the quality of NPC assembly decrease in abundance during aging, and
there are indications that aged yeast cells experience problems with NPC
assembly (more details in Box 3).
Box 2: NPC quality control in S. cerevisiae
The data from Lusk and coworkers currently available supports the following
model for the clearance of misassembled NPCs: The NE specific Endosomal
Sorting Complexes Required for Transport (ESCRT) adaptor, Chm7, binds to
Heh1/Heh2, which allows the ESCRT machinery to assemble at the site of the
misassembled NPC (Webster et al., 2014, 2016). The subsequent clearance of
the misassembled NPC from the NE depends on several proteins of the
ESCRT-III complex. Vps2, Vps24 and Snf7 are certainly involved, Vps20
does not seem to be part of the nuclear ESCRT-III complex (Webster et al.,
2014), although it was previously reported to be part of the core ESCRT-III
complex (Hurley, 2010). Snf7 binds directly to Heh2 and Chm7, where it
assembles into a polymer. The polymer is capped by Vps24. Vps24 then
recruits Vps2 to the complex. Vps2 promotes the assembly of a Vps4 hexamer
at the site of the misassembled NPC. Vps4 disassembles the ESCRT-III
complex, while hydrolyzing ATP. What kind of membrane remodeling is
needed to remove the misassembled NPC from the NE is currently still
unknown (Thaller and Patrick Lusk, 2018), but membrane remodeling is
achieved through the disassembly of the Snf7 filament (Hurley, 2010).
Surprisingly, this process seems to be independent of the Vps4 cofactor, Vta1,
based on the absence of synthetic genetic interactions between Vta1 and
various tested Nups (Webster et al., 2014). This suggests, that the disassembly
of the filament is relatively ineffective (Azmi et al., 2006). Ultimately, the
misassembled NPC is degraded by the proteasome (Webster et al., 2014).
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3.3 Two mechanisms of NPC assembly: Postmitotic assembly
Postmitotic assembly of NPCs happens in organisms with open mitosis upon
mitotic exit, in the telophase. All NPCs reassemble simultaneously into small
openings at the reforming NE envelope (Dultz et al., 2008; Otsuka et al., 2018).
Initiation of NPC assembly starts in late anaphase with the association of ELYS
with the decondensing chromatin at the nuclear periphery(Rasala et al., 2008).
The RAN-GTP dependent release of Nups from importin ß (Walther et al.,
2003) allows the assembly of Y-shaped complexes, which are then bound to
chromatin by ELYS at NPC assembly sites (Rasala et al., 2008). At this stage,
Ndc1 and Pom121 are recruited to the assembly site to establish contact with
the reforming NE. Subsequently, the Nup93-complex assembles at the prepore,
which is followed by the Nup62 complex and several (other) FG-Nups
(Sachdev et al., 2012). The last components to join the reassembled NPCs are
the parts of the nuclear basket and the assembly of the RNA export platform
(cytoplasmic filaments) (Figure 6a) (Bodoor et al., 1999; Dultz et al., 2008).
It was earlier noted, that in dividing cells NPCs might be renewed during
reassembly after each division (D’Angelo and Hetzer, 2008; D’Angelo et al.,
2009). Rat liver cells were characterized by decreased levels of several Nups
suggesting an overall reduction NPCs. One explanation for the reduced number
of NPCs in the liver is, that the postmitotic assembly of NPCs might be an
opportunity for cells to clear up substoichiometric protein complexes, in line
with this interpretation is also the low IQR of the aged rat liver sample (Figure
4). Such an opportunity to does not apply to aging in baker’s yeast, where the
NE and NPCs remains intact during the entire division. Indeed, there is
evidence in baker’s yeast, that replicative aged cells have problems to correctly
assemble NPCs, and potentially also to clear misassembled NPCs from the NE
(Box 3) (Rempel et al., 2018).
3.4 Mechanisms of NPC maintenance
Nups have vastly different turnover times. Among the group of particularly long
lived Nups are Nup93, Nup96, Nup107, and Nup205, while Nup133 has
intermediate turnover times, and Pom121, as well as FG-Nups are replaced
regularly (Savas et al., 2012; Toyama et al., 2013, 2019). The first insights into
NPC maintenance in post mitotic cells were only published recently (Toyama et
al., 2019). This study revealed two different mechanisms of NPC maintenance.
Quiescent muscle cells maintain their NPCs by the removal of whole NPCs
from the NE in an ESCRT dependent manner, which are subsequently replaced
by newly assembled NPCs. Terminally differentiated muscle cells maintain
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their NPCs by piecemeal replacement of subunits, resulting in NPC composed
of Nups with different ages (Toyama et al., 2019).
In addition to these ways of maintaining a functional cohort of NPCs, we
speculate that the same mechanisms that guard NPC assembly and target NPCs
for proteosomal degradation (Webster et al., 2014, 2016), could also be used to
identify damaged NPCs. Alternatively, whole damaged NPCs might be able to
be cleared through autophagy, specifically through microautophagy at nuclear
vacuolar junctions or by selective autophagy. The possibility that damaged
NPCs are not cleared from the NE at all in some cell types, cannot be ruled out
either. The fact that at least two NPC maintenance mechanisms exist, combined
with the possibility that different cells might favor different mechanisms of
NPC maintenance might contribute to the age-related differences in Nup
abundance across different model organisms and/or organ tissues. Other
outstanding questions remain on how the cell decides which NPCs/NPC
subunits need replacement, and what causes NPCs to become damaged in time.
3.5 What could be sources of damage to NPCs in aging?
The most frequent source of protein damage considered in aging is oxidative
damage (Berlett and Stadtman, 1997). Replicative and chronologically aging
cells of diverse origins have high levels of reactive oxigen species (ROS) and
show signs of oxidative stress (Jakubowski et al., 2000; Laun et al., 2004). Also
levels of carbonylated proteins, which are caused by ROS, are increased in
those aged cells (Reviewed by Levine, 2002). In yeast, carbonylated proteins
are retained by the mother cell during division (Aguilaniu et al., 2003)
contributing to her aging.
Oxidation of the amino acid side chains of lysine, arginine, proline and
threonine, causes the side chains to be replaced by carbonyl groups.
Carbonylation of those amino acids is irreversible and consequently
carbonylated proteins are altered in their charge and hydrophobicity impacting
their synthesis, stability and functionality (Stadtman and Levine, 2003). On the
other hand, ROS are also important intracellular signaling molecules that can
trigger protective responses (Landry and Cotter, 2014; Møller and Sweetlove,
2010; Morgan and Liu, 2011). The main source of intracellular ROS stems from
mitochondrial respiration (Morgan and Liu, 2011). Other sources of
intracellular ROS include NAD(P)H oxidases at the plasma membrane,
peroxisomes, D-amino acid oxidases in the cytoplasm, and disulfide bond
formation at the ER (Morgan and Liu, 2011; Tyo et al., 2012). In yeast the
NADH oxidase orthologue Yno1 additionally contributes to ROS formation at
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the ER/NE network (Rinnerthaler et al., 2012) and may be closest to the NPCs.
So, while it is clear that ROS and carbonylation contribute to age dependent
changes of cellular systems, should we expect the NPC to be vulnerable to
oxidative damage and if so, how would this affect nucleocytoplasmic transport?
D’Angelo et al., show in their 2009 paper, that carbonyl groups can be detected
on Nup93 and Nup153, but not on Nup107 isolated from old rat brains. The
proteins that form the scaffold of the NPC might thus be somewhat protected
against oxidative damage. Especially carbonylation of the long-lived linker
Nup, Nup93, might reduce the structural integrity of the NPC and cause NPCs
to become more leaky with aging (Bley et al., 2015; D’Angelo et al., 2009;
Fischer et al., 2015; Kim et al., 2018; Savas et al., 2012; Toyama et al., 2013).
A direct effect of carbonyl modification of the FG-Nups is less likely, as a
recent study failed to carbonyl-modify Nsp1 under conditions where other ID
proteins do, such as when culturing cells in strong oxidative conditions (Rempel
et al., 2018). Moreover, based on coarse-grained molecular dynamics
simulations (Ghavami et al., 2014), carbonyl modified FG-Nups show little
conformational changes compared to FG-Nups without carbonyl modifications,
suggesting that protein carbonylation of FG-Nups has only a minor impact on
the permeability of the NPC (Rempel et al., 2018). Apart from the impact that
oxidative stress may have on the structure of the NPC there are effects on the
Ran-GDP/GTP gradient in the cell (Chatterjee and Paschal, 2015) that cause
nucleocytoplasmic transport rates to decrease under oxidative stress. Altogether,
oxidative stress impacts nuclear transport (Chatterjee and Paschal, 2015) and
carbonylation of Nup93 might reduce the structural integrity of NPCs in aged
cells, but direct carbonylation of FG-Nups is is not likely to play a role in aging.
Instead we suggest that the unique interior of the NPC, with ultra-high
concentrations of the disordered FG-Nups should be considered in the context
of aging. The FG-Nups may be at risk for aggregation in aging as intrinsically
disordered proteins, including FG-Nups, are known to be aggregation prone
(Dölker et al., 2010; Milles et al., 2013) and protein aggregation in general
increases during aging (David et al., 2010; Lindner et al., 2008). Intrinsically
disordered proteins (IDPs), like the FG-Nups, do not have a stable secondary or
tertiary structure. Instead they exist in a large set of readily interchangeable
conformations. While we know well how cells guard the structure of stably
folded proteins (Balchin et al., 2016; Kampinga and Bergink, 2016; van OostenHawle and Morimoto, 2014; Rousseau and Bertolotti, 2018; Sontag et al.,
2017), we know virtually nothing about the mechanisms that guard IDPs. IDPs,
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including IDPs related to degenerative diseases such as Huntington's disease
amyloid lateral sclerosis (ALS) and FG-Nups, can phase separate to form
liquid-liquid demixed droplets (Lemke, 2016) or hydrogels (Frey and Görlich,
2007; Frey et al., 2006; Labokha et al., 2012) or aggregate to form amyloid
fibres (Ader et al., 2010; Halfmann et al., 2012; Lee et al., 2016; Milles et al.,
2013; Peskett et al., 2018; Schmidt and Görlich, 2015; Yamada et al., 2010;
Zhang et al., 2015).
During transport, NTRs modulate the biophysical state of the disordered FGNups inside the NPC by engaging in rapid binding and unbinding events
(Aramburu and Lemke, 2017; Hayama et al., 2018; Lim et al., 2015; Milles et
al., 2015; Tetenbaum-Novatt et al., 2012). Recent data suggests that NTRs can
also modulate the biophysical state and toxicity of several IDPs related to
neurodegenerative diseases (Boeynaems et al., 2016; Freibaum et al., 2015;
Grima et al., 2017; Jovičić et al., 2015; Loureiro et al., 2016; Schmidt and
Görlich, 2015; Zhang et al., 2016). Moreover, several repeat-proteins that are
associated with neurodegenerative diseases are known to disrupt
nucleocytoplasmic transport (Chiu et al., 2015; Eftekharzadeh et al., 2018;
Freibaum et al., 2015; Jovičić et al., 2015; Woerner et al., 2016; Zhang et al.,
2016) (Reviewed by Kim and Taylor, 2017). Altogether these recent findings
suggest that the FG-Nups may be at risk in aging if NTR levels become
limiting, or if cells have a larger load of aggregation prone proteins that may
sequester NPC components into aberrant phase separated states or aggregates. A
full understanding of the stability of the disordered phase in normal aging is not
available at present but considering the tight connection with aggregation
pathologies and NPCs, we consider this a valuable research area for the future.
Box 3: NPCs in replicative aging – a yeast perspective
Most of the available information on NPCs in aging stem from studies
performed in replicatively aged S. cerevisiae. Here, several studies could show
that NPC components are present in substoichiometric amounts in replicative
aged cells. More specifically, a strong decrease in abundance (at the whole cell
level and at the NE) was observed for the FG-Nups Nup116, Nsp1 and nuclear
basket protein Nup2 (Janssens et al., 2015; Lord et al., 2015; Rempel et al.,
2018) (Figure 7a). On the single cell level, the age dependent decrease in
abundance of Nup116 and Nup100 at the NE was correlated to the lifespan of
the cell, where decreased levels correlated with less remaining lifespan
(Rempel et al., 2018). Interestingly, the deletion of Nup100 was previously
described to extend the replicative lifespan, through an increase in cellular
Gcn4 levels (Lord et al., 2015; Lord et al., 2017). This data demonstrates that
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the full deletion of a gene in young cells can have a very different outcome
than the age dependent decrease in abundance in old cells. Taken together, the
changes in NPC stoichiometry during replicative aging are well documented
and changes are consistent between different studies.
Studies of the NPC assembly and quality control machinery show that the
aging cells lose several components, which normally ensure that NPCs are
assembled correctly, or broken down, if this is not the case. Namely, Apq12,
Brl1, Heh2 and Vps4 show decreased abundance in aging. How these proteins
influence NPC assembly is still not fully understood (Figure 7b). Previous
studies suggested, that Apq12, Brl1 and Brr6 are primarily involved in lipid
homeostasis (Hodge et al., 2010; Lone et al., 2015) and suggested that changes
in lipid composition could cause NPC assembly defects. A more recent study
suggested a more direct involvement in NPC assembly (Zhang et al., 2018).
The decrease of those proteins strongly suggests, that NPCs in old cells
misassemble more frequently and are less effectively cleared from the NE
(Figure 7c). In aged cells Chm7 foci, representing NPC assembly problems,
appear almost three times as frequently as young cells. Misassembled NPCs
and those that have extrachromosomal r-DNA circles (ERCs) tethered to their
scaffold are asymmetrically retained by the mother cell (Denoth-Lippuner et
al., 2014; Shcheprova et al., 2008; Webster et al., 2014). Apq12, Brl1 and Brr6
are conserved proteins in eukaryotes with closed mitosis. Although these
proteins are not conserved on the sequence level in higher eukaryotes, it has
been speculated that functional homologues do exist (Laudermilch et al., 2016;
Thaller and Lusk, 2018).
It is unclear, whether the altered nucleoporin levels in replicative aged cells are
a cause or a consequence of misassembled NPCs, or even of problems with
NPC maintenance. The average nucleoporin abundance at the NE represents
fully assembled functional NPCs, as well as potentially damaged NPCs and/or
misassembled NPCs with altered nucleoporin composition. The loss of the FGNups Nsp1, Nup116 and Nup2, may thus reflect that there is a subset of
misassembled NPCs that partially or fully lack those FG-Nups. These NPCs
likely do not contribute to transport, as NPCs lacking these specific Nups
would increase the passive permeability of the NE, and no such change is
observed in aging (Rempel et al., 2018). Instead, misassembled NPCs, can be
covered by membranes making them transport incompetent. The NE at those
NPCs that are covered by membrane is often herniated. Indeed herniations
have been observed in specific mutants, eg. mutants lacking Nup116 (Wente
and Blobel, 1993), and are enriched in aged cells (unpublished data).
The changes in the populations of NPCs at the NE has functional
consequences for the cell that are not fully understood. We report that they
observe increased nuclear compartmentalization of GFP-NLS and GFP-NES
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reporter proteins, as well as increase in nuclear localization of Rcc1-GFP.
Consistently, the shuttling transcription factor Msn2 shows decreased shuttling
dynamic during aging and the decrease in shuttling is correlated to lifespan.
Lord et al., reports loss of nuclear localization of GFP based reporters with
different NLSs in aging. Apart from technical differences (different yeast
strains and methods of aging) we speculate that the results may also reflect
different stages of the aging process. E.g., a moderate reduction of NPCs early
in life would cause an increased nuclear compartmentalization, as this may
primarily decrease passive diffusion of the reporter proteins over the NE. Only
late in life the number of NPCs may become rate limiting for active transport.
Several studies indicate that changes in the permeability barrier and the steady
state localization of proteins are quite well tolerated by the cell (Lord et al.,
2015; Strawn et al., 2004). In contrast, even moderate changes in nuclear
transport dynamics correlated to remaining lifespan suggesting that changes in
dynamics are detrimental for the cell as it interferes with their ability to react
to its constantly changing environment (Rempel et al., 2018).

Figure 7 Model of age-related changes at the NPC during yeast replicative aging
a) Summary of the measured changes found in (Janssens et al., 2015; Lord et al., 2015; Rempel
et al., 2018).
b) Schematic representation of NPC assembly and nuclear transport dynamics in young cells.
c) Model: In old cells, the decrease in abundance of several proteins that assist in NPC assembly
(indicated by faded cartoons) causes the accumulation of misassembled NPCs in aged mother
cells. Misassembled NPCs are covered with membrane and do not participate in
nucleocytoplasmic exchange. In other words, the overall number of transport competent NPCs is
reduced in aged mother cells.

4. Outlook
In this review, we have shown that age related changes at the NPC and
nucleocytoplasmic transport are diverse in different tissues and model
organisms and we have tried to find potential reasons why the conserved aging
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process might be so diverse at the level of the NPC. We explain how NPC
assembly might be challenging for replicative aging cells and that NPC
maintenance might be challenging for chronologically aging cells. In aging
tissues a mix of both will be observed depending on the regenerative capacity of
the tissue. Additionally to this, there are two different NPC assembly
mechanisms, and at least two different mechanisms of NPC maintenance,
adding another explanation, why age related changes at the NPC might be
diverse in different cells. NPC interphase assembly and NPC maintenance
mechanisms are currently least understood. In this context, the ESCRT system
is particularly interesting to study, because it is involved in NPC assembly
(Webster et al., 2014) and NPC maintenance (Toyama et al., 2019). Age
dependent changes in ESCRT function could therefore impact NPC assembly in
aging dividing cells and NPC maintenance in chronological aging cells. At least
in replicative aging, ESCRT function is likely to be compromised by the
drastically reduced abundance of Vps4 and reduced levels of Heh2 at the NE
(Rempel et al., 2018), but virtually nothing is known about ESCRT function
during aging in other replicative aging cells.
Nucleocytoplasmic transport is influenced by the structure and numbers of
NPCs, but also by the abundance of NTRs and the RanGDP/GTP gradient. We
consider it likely, that changes in nucleocytoplasmic transport or passive
diffusion during aging will cause changes in the localization of proteins during
aging. The overall changes in nucleocytoplasmic transport might be moderate,
because a full complement of nonfunctional NPCs is not compatible with life.
More research is needed in order to understand how the nucleocytoplasmic
transport network operates and how changes in protein localization influence
the aging process. It remains to be established if a widespread mislocalization of
nuclear proteins could be causal to the loss of protein homeostasis observed in
many aggregation pathologies.
The cell also uses NPCs as an anchoring point for various processes. Outside of
the nucleus, NPCs are connected to the cytoskeleton and the protein synthesis
machinery (Reviewed by Goldberg, 2017) and inside of the nucleus,
proteasomes and ERCs tether to the NPC (Albert et al., 2017b; DenothLippuner et al., 2014). NPCs are also used as sites of gene activation (Casolari
et al., 2004; Dieppois et al., 2006; Taddei et al., 2006)(Reviewed by Towbin et
al., 2009), anchoring or eroded telomeres and DNA double strand breaks are
repaired at the site of NPCs (Khadaroo et al., 2009; Lemaître et al., 2012; Nagai
et al., 2008). Consequently, NPCs play an important role in genome stability
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and genome organization (Sood and Brickner, 2014). Changes in NPC
architecture or NPC numbers, might change the availability of NPCs as
anchoring points for these processes. We conclude, that nuclear pores, the
physical gatekeepers to the nuclear interior may well represent an important
gatekeeper in aging, and boosting its quality control may provide opportunities
to increase resilience to aging and age-related diseases.
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Addendum

Nederlandse samenvatting
Achtergrond
In eukaryoten (schimmels, planten, dieren en dus ook de mens) zit DNA in een
apart compartiment, de celkern, die omgeven wordt door een dubbel membraan,
dat kernmembraan genoemd wordt. Vele moleculen moeten tussen de celkern
en het cytoplasma getransporteerd worden. Hiervoor zitten in de kernmembraan
grote eiwitcomplexen (Kernporiecomplexen). Kleine moleculen diffunderen vrij
door deze kernporiecomplexen. Bovendien reguleert de kernporiecomplex ook
de gecontroleerde uitwisseling van macromoleculen met een lokalisatiesignaal.
De lokalisatiesignalen werken net zoals een postcode op een brief: de
lokalisatiesignalen worden herkend door transportfactoren, die aan het
kernporiecomplex binden en daardoor transport mogelijk maken. Het
kernlokalisatiesignaal (NLS) is het lokalisatiesignaal voor transport naar de
celkern, terwijl het kernexportsignaal (NES) gebruikt wordt voor transport van
de celkern naar het cytoplasma.
De eiwitten van het kernporiecomplex (Nups) kunnen ingedeeld worden in twee
groepen. Een groep van Nups maakt een stabiele donutvormige structuur. De
andere groep van Nups zijn ontvouwen eiwitten (eiwitten zonder een stabiele
vorm) in het centrum van de donut. Er is niet veel bekend over hoe
kernporiecomplexen gemaakt worden en of een kapotte kernporiecomplex
gerepareerd kan worden, maar het is waarschijnlijk dat deze processen
ingewikkeld zijn. In dit proefschrift deden we onderzoek naar de veranderingen
van het kernporiecomplex en naar veranderingen in het transport tussen de
celkern en het cytoplasma tijdens veroudering van bakkersgist. Voor
bakkersgist is elke cel een volledig organisme. Wetenschappers onderscheiden
twee soorten van cellulaire veroudering. Als een cel asymmetrisch deelt, wordt
de moedercel met elke deling ouder. Dit noemen wij replicatieve veroudering,
en de leeftijd van een cel wordt geteld als het aantal voltooide delingen. Cellen
die niet delen, verouderen chronologisch en hun leeftijd wordt gemeten in tijd.
Resultaten
Een deel van dit proefschrift beschrijft hoe we voor het eerst de oorzaken en de
gevolgen van de veranderingen aan het kernporiecomplex tijdens de replicatieve
veroudering in bakkersgist onderzocht hebben. Sommige eiwitten die belangrijk
zijn voor het maken van het kernporiecomplex dalen in hoeveelheid tijdens het
verouderen van de cellen en replicatief verouderde cellen hebben structuren in
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hun kernmembraan die lijken op verkeerd gemaakte kernporiecomplexen. We
zien in oude cellen dat de uitwisseling van eiwitten tussen de celkern en het
cytoplasma langzamer is dan in jonge cellen, en daarom vermoeden wij dat de
verkeerd gemaakte kernporiecomplexen niet in staat zijn de uitwisseling van
eiwitten mogelijk te maken.
Bovendien wijzen onze en andere studies erop, dat de kernporiecomplexen in
chronologisch verouderende cellen anders veranderen dan in replicatief
verouderende cellen. Omdat sommige onderdelen van het kernporiecomplex
extreem langlevend zijn, vermoeden wij dat niet het maken van nieuwe
kernporiecomplexen,
maar
het
onderhoud
van
de
beschikbare
kernporiecomplexen een ingewikkeld proces is voor chronologisch
verouderende cellen. Onze resultaten zijn niet alleen van belang voor
bakkersgist, maar ook voor hogere organismen zoals de muis of misschien zelfs
de mens. Onze analyse van beschikbare proteoom data van oude ratten en
muizen toont aan dat de veranderingen van de hoeveelheid aan Nups in de lever
van oude ratten, lijken op de veranderingen in de hoeveelheden aan Nups, die in
replicatief verouderde gist gevonden wordt. Tegelijk lijken de veranderingen in
de hoeveelheden aan Nups van chronologisch verouderde gist op de
veranderingen die in de hersenen van oude muizen gevonden worden.
Belang
Onderzoekers kennen vier processen die veroudering kunnen veroorzaken: Het
verlies van de controle over hoeveel eiwitten er van elke type eiwit gemaakt
wordt (loss of proteostasis), de toegenomen instabiliteit van het genoom, het
korter worden van de einden van de chromosomen (telomeren) en
veranderingen in het epigenoom. Het kernporiecomplex is waarschijnlijk
medeverantwoordelijk voor het verlies van de controle over hoeveel eiwitten
gemaakt worden, en kan dit proces misschien amplificeren. Bovendien is het
kernporiecomplex ook betrokken bij de organisatie van de structuur van het
genoom. Daarom is het mogelijk dat veranderingen aan het kernporiecomplex
door veroudering ook belangrijk zijn voor de stabiliteit van het genoom. Het
resultaat dat de samenstelling en functie van het kernporiecomplex verschillend
veranderen tijdens replicatieve en chronologische veroudering is misschien de
oorzaak waarom de veranderingen van de kernporie erg verschillend zijn tussen
verschillende organismen en weefsels tijdens het verouderen. We denken dat dit
misschien ook voor andere langlevende eiwitcomplexen van belang is.
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Deutsche Zusammenfassung
Hintergrund
Eukaryoten (Pilze, Pflanzen und Tiere, inklusive dem Menschen) werden
charakterisiert durch die Anwesenheit eines Zellkerns, der die Erbinformation
(DNA) vom Rest der Zelle trennt. Der Zellkern wird gebildet durch eine
Doppelmembran, die Kernhülle genannt wird. In der Kernhülle befinden sich
große Proteinkomplexe (Kernporen), die den Austausch zwischen dem Zellkern
und dem Rest der Zelle ermöglichen und regulieren. Kernporen ermöglichen
den freien Austausch von kleineren Proteinen zwischen dem Zellkern und dem
Zytoplasma. Gleichzeitig, regulieren Kernporen den schnellen und
energiebetriebenen Transport von Makromolekülen. Makromoleküle, die zum
Zellkern transportiert werden, haben ein Kernlokalisierungssignal (NLS),
während Makromoleküle, die vom Zellkern zum Zytoplasma transportiert
werden ein Kernexportsignal (NES) haben. Diese Signalsequenzen werden von
Transportrezeptoren (NTRs) erkannt, die mit der Kernpore interagieren und
somit den Transportprozess ermöglichen.
Die Proteine, die die Kernpore bilden (Nups), können vereinfacht dargestellt in
zwei Gruppen unterteilt werden. Die eine Gruppe Nups bildet eine Donut
förmige Struktur, die als Rahmen für zweite Gruppe von Nups fungiert. Diese
Gruppe von Nups (FG-Nups) sind intrinsisch ungeordnete Proteine, die das
Zentrum dieses Rahmens füllen. Wie Kernporen gebildet werden und ob
eventuelle Schäden an der Kernpore von der Zelle erkannt und repariert werden
können ist weitestgehend unklar, aber es liegt nahe, dass diese Prozesse
Kompliziert sind. In dieser Doktorarbeit habe ich Änderungen in der
Zusammensetzung und der Funktion der Kernpore während des Alterns
untersucht. Für meine Studien habe ich einen relativ simplen Organismus
benutzt, die Bӓckerhefe. Bei einzelligen Lebewesen, wie der Bӓckerhefe,
unterscheiden wir zwischen zwei verschiedenen Formen des Alterns: Zellen die
sich asymmetrisch teilen altern replicativ und das alter der Zelle wird bestimmt
anhand der vollendeten Zellteilungen. Zellen die sich nicht teilen, altern
chronologisch und ihr alter wird in Zeit gemessen.
Ergebnisse
Als Teil dieser Arbeit haben wir als Erste die Ursachen und Auswirkungen, der
Änderungen an der Kernpore während des replicativen Alterns in Bäckerhefe
untersucht. Wir konnten zeigen, dass einige Proteine, die die Kernpore bilden
sich in ihrer Menge verringern und dass replicativ gealterte Zellen Hinweise auf
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fehlerhaft gebildete Kernporen zeigen. Wir beobachten, dass in alten Zellen der
Austausch von Proteinen zwischen dem Zellkern und dem Zytoplasma
langsamer abläuft als in jungen Zellen, darum vermuten wir, dass die fehlerhaft
gebildeten Kernporen nicht in der Lage sind den Austausch von Molekülen zu
ermöglichen.
Weiterhin weisen unsere und andere Studien darauf hin, dass die Kernporen in
chronologisch alternden Zellen distinkt sind von denen replicativ alternder
Zellen. Da einige teile der Kernpore extrem langlebig sind, lӓsst sich vermuten,
dass nicht das Bilden neuer Kernporen, sondern eher die Instandhaltung der
vorhandenen Kernporen problematisch ist für chronologisch alternde Zellen.
Die hier beschriebenen Mechanismen sind wahrscheinlich relevant sind für das
altern von höheren Organismen und nicht beschränkt auf die einfache Hefezelle.
Der Vergleich von bereits vorhandenen Proteom Daten von alternden Mäusen
und Ratten deutet darauf hin, dass die Änderungen die wir an der Kernpore in
replicativ gealterten Hefezellen finden den Änderungen ähnlich sind, die in der
Leber von gealterten Ratten gefunden wurden. Die Änderungen, die an der
Kernpore in chronologisch alternden Hefezellen gefunden wurden weisen
Ähnlichkeiten auf mit den Änderungen, die im Hirn von gealterten Mäusen
aufzufinden sind.
Bedeutung
Wir kennen vier Prozesse, die potentiell ursächlich für das Altern sind: Verlust
von Proteinhomӧostase, Instabilität des Genoms, das kürzer werden der
Telomere und Änderungen im Epigenom. Die Kernpore hat das potential für
den Verlust von Proteinhomӧostase verantwortlich zu sein, oder diesen zu
beschleunigen. Außerdem ist die Kernpore auch involviert ist in die
Organisation der Struktur de Genoms, daher könnten alters bedingte
Änderungen an der Kernpore auch die Stabilität des Genoms beeinflussen. Das
Ergebnis, dass die Zusammensetzung und Funktion der Kernpore
unterschiedlich durch replikatives und chronologisches altern beeinflusst wird,
könnte erklären, warum Altersbedingte Änderungen an der Kernpore sehr
abhängig sind vom Gewebe und Organismus, in dem sie untersucht wurden,
dies trifft möglicherweise auch auf andere langlebige Proteinkomplexe zu.
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English summary
Background
Nuclear pore complexes (NPCs) are among the largest protein complexes in the
eukaryotic cell and are evolutionary conserved. NPCs are embedded in the
nuclear envelope (NE), a double membrane that encloses the nucleus and
separates nuclear- and cytoplasmic content. The proteins that form the NPC
(Nups) can be distinguished into two groups. Scaffold Nups form the stably
folded doughnut shaped scaffold of the NPC and intrinsically disordered Nups
(FG-Nups) fill the center of the scaffold. The key function of NPCs is to
facilitate nucleocytoplasmic exchange, as the main gateways to the nucleus.
NPCs acts as a size dependent diffusion barrier, but also enable the directed,
rapid and energy driven exchange of macromolecules between the nucleus and
the cytoplasm. Macromolecules that are transported via the NPC have a so
called nuclear localization signal (NLS), or a nuclear export signal (NES). The
NLS and NES signal sequences are recognized by nuclear transport receptors
that mediate the transport via the NPC.
Very little is known about how NPCs are assembled and how they are
maintained, but it has long been speculated, that this is a difficult task. In this
thesis, we have studied NPCs, NPC assembly, NPC maintenance and
nucleocytoplasmic transport in the context of aging in baker’s yeast. Here, we
distinguish between two distinct kinds of aging: the aging of non-dividing cells
(chronological aging) and the aging of asymmetrically dividing cells
(replicative aging). The chronological lifespan is measured as the survival time
of a cell, while replicative lifespan is measured as the limited number of
divisions that a cell undergoes before it dies.
Results
In this thesis we describe the distinct changes in the whole cell abundance of
Nups during replicative and chronological aging. We find, that replicative aging
cells show a decreased abundance of FG-Nups at the whole cell level and at the
NE. We further analyze the abundance of proteins that assist in NPC assembly
in aging and find, that several proteins decrease in abundance in aging. This
decrease in the NPC assembly machinery, and potentially the FG-Nups is
probably sufficient to cause the signs of NPC assembly problems that we
observe during replicative aging. Subsequently, we analyzed nucleocytoplasmic
transport in replicative aging cells and find that nucleocytoplasmic exchange is
slowed down during replicative aging, suggesting, that misassembled NPCs are
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not able to facilitate nucleocytoplasmic exchange. We conclude that the NPC
assembly machinery is particularly challenged in replicative aging cells.
Chronologically aging cells have little requirement to assemble NPCs as NPCs
are long-lived structures. Our analysis of existing proteome data from
chronologically aged cells suggest, that NPCs change in different ways during
replicative and chronological aging. Our studies on nucleocytoplasmic transport
in chronologically aged cells shows that distinct changes in steady state
localization of GFP-NLS reporter proteins during replicative and chronological
aging.
Taken together, we have established a model, where replicative and
chronological aging pose distinct challenges on the structure of the NPC. NPCs
are difficult to assemble and in replicative aged cells NPCs misassemble more
frequently causing a decrease in nuclear transport dynamics as the cells age.
Chronologically aged cells on the other hand face the challenge to maintain
their NPCs functional over a long period of time. NPCs in chronological and
replicative aged cells show distinct functional changes.
Significance
Four hallmarks have been described to be causal for aging: loss of proteostasis,
epigenetic alteration, genomic instability and telomere attrition. NPCs have the
potential to be causal, or at least contribute to further loss of proteostasis in
aging, but they are also involved in other processes relevant in aging, i.e. NPC
are involved in genome organization and potentially have a role in the loss of
genome stability in aging. Therefore, we conclude, that NPCs remain a valuable
studying target in aging, due to the plethora of cellular processes, that they are
involved in. The finding that replicative and chronological aging impact NPCs
differently might explain, why age-related changes of the NPC found in
different tissues or model systems are so divers and might also be applicable to
other long-lived protein complexes.
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