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1. Introduction

1. Introduction
In eukaryotic cells the processes of transcription and translation are physically separated
from each other by the nuclear envelope (NE), a membrane system continuous with the
endoplasmic reticulum (ER) that constitutes a barrier that separates the nucleoplasm from
the surrounding cytoplasm. The only connection between these two cellular compartments is
the nuclear pore complex (NPC). This large multiprotein transporter penetrating the nuclear
envelope mediates the exchange of water and ions, but also of larger molecules like proteins
and ribonucleoprotein particles (RNPs). The NPC displays a functional duality, it permits the
passive diffusion of small molecules and facilitates the signal-mediated transport of select
proteins, RNAs and RNPs, while at the same time it effectively prevents the passage of
molecules larger than ~40 kDa that are not destined to be transported. Macromolecular
cargoes that exhibit either a nuclear localization signal (NLS) for import or a nuclear export
signal (NES) for export are transported through the NPC upon binding to soluble transport
receptors. The exact mechanism of receptor-mediated cargo translocation is still not fully
understood.
In this work, the nuclear pore complex in Saccharomyces cerevisiae was studied. The
budding yeast is one of the simplest eukaryotes and has widely served as a model system.
The yeast genome is fully known and can be easily manipulated (Sherman, 2002). Yeast
undergoes a closed mitosis which means that the nuclear envelope and the NPCs remain
intact throughout all cell cycle stages (Winey and O'Toole, 2001). Therefore, yeast is an ideal
organism for studying the NPC and nucleocytoplasmic transport.
Disruptions in nucleocytoplasmic transport have been found in different types of cancer cells
(for review see D'Angelo and Hetzer, 2006; Kau et al., 2004) and NPC proteins also seem to
be involved in the emergence of Alzheimer disease (Sheffield et al., 2006). A deeper
understanding of the NPC may enable us to determine the deficiencies in these and other
diseases and this knowledge can finally contribute to finding a cure or treatment.
Elucidating the mechanisms of transport through the NPC might also be important regarding
technological aspects. The sorting and purification of active proteins as pharmaceutic agents
is expensive and often ineffective. With the NPC, nature has developed a robust and
effective sorter that filters out select macromolecules in one step. Thus, a deeper knowledge
about the NPC could help to built artificial NPC-like devices that make use of the high
selectivity and translocation speed and thus can be used as molecular sorters.
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1.1.

Structure of the nuclear pore complex

The exchange of material between nucleoplasm and cytoplasm occurs exclusively via the
nuclear pore complex. These macromolecular complexes are embedded in the nuclear
envelope, which consists of two lipid bilayers, the outer and the inner nuclear membranes
(ONM and INM). The ONM is continuous with the endoplasmic reticulum (ER) and covered
with ribosomes, whereas the INM comprises a unique set of integral membrane proteins that
provide attachment sites for the chromatin. In vertebrate cells, the INM also anchors the
nuclear lamina (D'Angelo and Hetzer, 2008; Lim and Fahrenkrog, 2006).
NPCs consist of a central core that has eight spokes arranged with a radial symmetry to the
central axis and an approximately lateral symmetry to the nuclear envelope. From the central
scaffold, which consists of a cytoplasmic and a nuclear ring, numerous filamentous
structures extend into the cytoplasm and nucleoplasm. The nucleoplasmic filaments distally
conjoin to form a basket-like structure (Macara, 2001, Suntharalingam and Wente, 2003,
Alber et al., 2007; Lim and Fahrenkrog, 2006; Peters, 2006c, Fig. 1-1 A).

Figure 1-1: Diagram of the nuclear pore complex and putative distribution of nups.
A- Schematic depiction of the NPC. The NPC is inserted into the nuclear envelope, 8 cytoplasmic
filaments project into the cytoplasm and multiple proximal filaments into cytoplasm and nucleoplasm,
the nuclear basket points into the nucleoplasm. In this diagram, an inner spoke ring and an outer
spoke ring (green) are displayed additional to the cytoplasmic ring and the nucleoplasmic ring.
Adapted from reference (Rout and Aitchison, 2001. B- Symmetric and asymmetric nups in the NPC.
Adapted from reference (Powers and Dasso, 2004).

NPCs are highly conserved throughout eukaryotes in structure and composition (for review
see Tran and Wente, 2006) but with differences in size and molecular mass. The vertebrate
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NPC, with a molecular mass of up to 125 MDa, has a reported height of ~70 nm and a
diameter of 125 nm (Beck et al., 2004, Cronshaw et al., 2002). In comparison, the yeast NPC
is smaller, with a molecular mass of ~ 50 MDa, 37 nm height and 100 nm diameter (Alber et
al., 2007; Rout et al., 2000; Yang et al., 1998). NPCs are composed of about 30 different
proteins, known as nucleoporins or nups that occur in multiples of 8, adding up to several
hundreds of proteins per NPC (Rout, 2000, Cronshaw 2002, see table 1-1).

Table 1-1: List of NPC components in Saccharomyces cerevisiae yeast and their vertebrate
homologs. Two different names are indicated by “/”, ts: strain showed temperature sensitivity when
the indicated nup was deleted. Adapted from reference (Suntharalingam and Wente, 2003).

Three different classes of nups can be distinguished. Membrane proteins anchor NPCs in the
nuclear envelope. Scaffold proteins form the main structure of the NPC, and provide anchor
sites for the third class of proteins, the FG-nups. These FG-nups which make up about one
third of all nucleoporins, contain domains with multiple repeats of phenylalanine and glycine
(Alber, 2007, Rout et al., 2000). These FG repeat domains are flexible and largely
unstructured (Denning et al., 2002; Denning et al., 2003, Fig. 1-1) and provide the binding
3

sites for transport receptors (Moroianu et al., 1995; Radu et al., 1995),and for review see
(Doye and Hurt, 1997; Fabre et al., 1995). There are several families of FG-nups, each
containing unique repeat and spacer sequences. These hydrophobic repeat motifs for
example consist of xxFG, FxFG or GLFG, while the spacer regions are hydrophilic and rich in
polar amino acids (Denning et al., 2003; Denning and Rexach, 2007).
There is a certain level of redundancy and functional overlap in the NPC, as many nups have
been shown to be non essential in yeast (for a summary see Table 1-1 and Doye and Hurt,
1995). Most nups are symmetrically localized in the NPC, but some are exclusively either
cytoplasmic or nucleoplasmic and others biased toward one side (Alber et al., 2007;
Fahrenkrog et al., 1998; Kosova et al., 1999; Marelli et al., 1998; Nehrbass et al., 1996; Rout
et al., 2000) Also, the residence time of nups has been described to vary widely from below 5
min to over 70 h (Rabut et al., 2004), thus indicating a dynamic organization of the NPC.

1.2.

FG-nups contain unstructured domains

It is generally accepted that binding of transport receptors to FG domain containing nups is
essential for the facilitated import and export of transport receptors. FG domains consist of
hydrophobic amino acid motifs such as xxFG, FXFG or GLFG separated by hydrophilic
spacer regions (Denning et al., 2002; Denning et al., 2003; Denning and Rexach, 2007;
Suntharalingam and Wente, 2003). They each have a length of 200-700 amino acid residues
and add up to a total of ~3,500 repeats and a total mass of ~5.27 MDa per NPC (Strawn et
al., 2004). These FG domains possess similarities to natively unfolded or intrinsically
unstructured proteins. Such unstructured proteins are highly flexible and lack secondary
structure in general. Despite this lack of structure they often function in ligand binding which
induces that a structural transition to a folded form takes part (Fink, 2005; Uversky, 2002).
The structural disorder of FG-nups is conserved throughout eukaryotes (Denning and
Rexach, 2007) and has been elucidated further by atomic force microscopy (AFM) and
single-molecules force spectroscopy (SMFS) which confirmed that FG domains are unfolded
and exhibit entropic elasticity (Lim et al., 2006). In similar experiments it has been shown that
Nup153, a yeast nup with a FxFG rich domain, has a length of up to 11.3 nm (Lim et al.,
2007). Therefore it can be assumed that FG domains reach far into the inner channel of the
NPC and decrease its effective diameter.
It is well established that translocation of kaps and other nuclear transport receptors requires
binding to unstructured domains of the FG-nups. These interactions have been studied in
detail by various in vivo and in vitro assays and with computer based methods (“in silico”) (for
example see Bayliss et al., 2000; Bayliss et al., 2002; Ben-Efraim and Gerace, 2001; Iovine
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et al., 1995; Isgro and Schulten, 2005; Liu and Stewart, 2005; Patel and Rexach, 2008;
Pyhtila and Rexach, 2003, for review see Ryan and Wente, 2000).

Figure 1-2: Symmetric and asymmetric distribution of FG-nups in the NPC and varying FG
domain composition. A- Diagram of the putative nucleoporin distribution in yeast. Some nups are
symmetrical arranged while others are either biased to the cytoplasmic or nucleoplasmic side.
Adapted from reference(Strawn et al., 2004). B- Different types of FG repeat domains and their
distribution in the FG-nups. Adapted from reference (Patel et al., 2007). C- Computer modeled
structure of the NPC. Distribution of the unstructured domains of FG-nups (pink) in the NPC. The
density in the innermost channel is lower, (white/ light pink). Adapted from reference (Alber et al.,
2007)

FG repeats do not exclusively bind only one type but different types of transport receptors,
for example the GLFG regions of Nup116 and Nup100 recognize both Kap95 and Mex67, an
exporter for mRNA (Strawn et al., 2001). But there are differences in the affinity for transport
receptors, for example Kap95 and NTF2 both bind strongly to the FG domains of Nsp1, but
NTF2 binds much more weakly to Nup100 (Bayliss et al., 2002; Clarkson et al., 1996).
5

To investigate the degree of functional redundancy in between FG domains, Strawn et al.
(2004) pursued the systematic deletion of FG domains. The results of this copious work were
most surprising, as more than half of the mass of FG domains could be removed, thereby
decreasing the mass by more than 50% to 2.47 MDa without causing lethality. Surprisingly,
cells lacking all asymmetric FG domains remained viable. The swapping or deletion of
asymmetric FG repeats also did not cause detectable defects which further supported that
these domains are not essential for nucleocytoplasmic transport (Zeitler and Weis, 2004).
However, it was shown that certain combinations of the symmetric FG domains are essential
(Strawn et al, 2004). Minimalized NPCs were generated, elucidating which FG domains are
required. However, even though these “minimal” FG mutants are viable, some transport
pathways were disturbed (Strawn et al, 2004).
In a follow-up study, the implications of FG deletions on mRNA export were analyzed to test
if different transport receptors utilize certain FG domains in intact NPCs (Terry and Wente,
2007). From their findings, the authors conclude that there are different functionally
independent transport routes through the NPC.

1.3.

Translocation through the NPC

The NPC exhibits a functional duality as it allows selective import and export of proteins,
ribosomal subunits and mRNA but at the same time prevents the passage of molecules
larger then ~40 kDa and 5 nm. Therefore the NPC behaves like a channel with an effective
diameter of 5-10 nm for passive diffusion, even though the central scaffold physically has a
maximum diameter of ~38 nm in yeast. NPCs can perform multiple translocation events per
second, shuttling a mass of ~100 MDa or up to 100 molecules per NPC per second. The
transport of macromolecular cargoes as large as 39 nm in diameter (Pante and Kann, 2002)
depends on their recognition by soluble transport receptors that in turn interact with the NPC
to carry their cargo across the nuclear envelope (for review see D'Angelo and Hetzer, 2008;
Lim and Fahrenkrog, 2006; Peters, 2006).
The largest group of these nuclear transport receptors is the highly conserved importin β
family, often called karyopherins or kaps, with at least 20 different members in vertebrates
and 14 members in Saccharomyces cerevisiae (Chook and Blobel, 2001; Weis, 2003).
Molecules carrying short signaling peptides, either a nuclear localization signal (NLS,
Goldfarb et al., 1986; Moore and Blobel, 1992) or a nuclear export signal (NES, Wen et al.,
1994), bind to a kap, followed by the docking of the kap to FG domains at the NPC. The
cargo-receptor complexes are then transported through the NPC and released into the
nucleus in import or into the cytoplasm in export. Kaps mediate the import and export of most
proteins and bind their cargo either directly or via adapter proteins. Although each kap binds
6
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certain NLS or NES, there is some degree of redundancy. For example, in Kap123∆ cells,
Kap121 can partially rescue import of Rpl25, a ribosomal protein, a cargo normally
transported by Kap123 (Timney, 2006).
Another transport receptor class, structurally distinguishable from Kaps, is the NXF (for
nuclear export factor) family, which mainly facilitates mRNA export. This process is not as
well understood as kap mediated protein import, but involves binding of mRNA to a
heterodimer of Mex67 and Mtr2 (Tap and p15 or NXF1 and NXT1 in vertebrates). These
transport receptors then carry their mRNA cargo through the NPC via their interactions with
the FG-nups (Herold et al., 2000, for review see Stewart, 2007; Macara, 2001).
NTF2 (nuclear transport factor 2), which is structurally related to the NXF family, functions
exclusively as the importer for RanGDP into the nucleus (Conti et al., 2006; Ribbeck et al.,
1998; Smith et al., 1998).
The docking and translocation of kap-cargo complexes is not directly energy dependent
(Nakielny and Dreyfuss, 1998; Schwoebel et al., 1998) but driven by a gradient of the small
GTPase Ran that exists in two different conformations, either bound to nucleotide guanine
triphosphate (RanGTP) or guanine diphosphate (RanGDP, Izaurralde et al., 1997; Vetter et
al., 1999).
This gradient is established by a set of proteins, distinctly localized in the cytoplasm and
nucleoplasm. The Ran guanidine exchange factor (RanGEF, RCC1 or Prp20 in yeast), which
promotes the exchange of guanine nucleotides, is bound to chromatin and is therefore
exclusively found in the nucleus where it generates a high nuclear concentration of RanGTP.
RanGTPase activating protein (RanGAP, Rna1 in yeast) is in the cytoplasm and, along with
RanBP1 (Ran binding protein 1), causes a rapid conversion of cytoplasmic RanGTP to its
GDP-bound form. This unequal distribution of RanGTP is the basis for the directionality of
transport through the NPC as importins bind their substrates in the absence of RanGTP in
the cytoplasm and release the cargo in the presence of RanGTP in the nucleus. Conversely,
exportins can bind to their cargo only in the presence of RanGTP and thus associate with
their substrates only in the nucleus. Upon arrival at the cytoplasmic side of the NPC, the
export complex is dissociated by the hydrolysis of RanGTP (see Fig. 1-2 A and for review
see Gorlich and Kutay, 1999; Macara, 2001; Mattaj and Englmeier, 1998; Peters, 2006c,
Weis, 2003). Thus, energy is consumed to maintain the gradient in order to control
directionality of transport, but the actual translocation process is energy independent. It has
been shown that the direction of transport can be reversed in the presence of high
cytoplasmic concentrations of RanGTP therefore supporting the assumption that the
unidirectionality of transport through the NPC is in fact caused by this gradient (Nachury and
Weis, 1999).
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The import of Kap95 and Kap60 (Impβ1 and Impα in vertebrates) is among the best
understood of these transport processes. In the cytoplasm, cargo molecules with sequences
rich in basic amino acids, referred to as classical NLSs, bind Kap60. Kap60 then serves as
an adaptor for binding to Kap95. The trimeric complex then moves through the NPC into the
nucleus where it is dissociated upon binding of RanGTP to Kap95. The released cargo
remains in the nucleus, while both karyopherins are recycled into the cytoplasm. Kap95 is
exported in complex with RanGTP and Kap60 in complex with RanGTP and Cse1, its
nuclear export factor (CAS in vertebrates). Cytoplasmic Rna1, (RanGAP, for RanGTPase
activating protein in vertebrates) facilitates RanGTP hydrolysis and therefore releases both
proteins for further import cycles (Conti et al., 2006; Cook et al., 2007; Weis, 2003; see Fig.
1-2 A). The structural basis of all these steps has been analyzed in great detail. For example,
it has been shown that RanGTP binding to Kap95 induces a structural transition that seems
to be involved in the disassembly of the import complex in the nucleus (Lee et al., 2005).

Figure 1-3: Import cycles through the nuclear pore complex. A- An import complex of Kap95,
Kap60 and cargo forms in the cytoplasm in the presence of high concentrations of RanGDP. After
translocation through the NPC the complex is dissociated upon binding of RanGTP. Kap95 and Kap60
are recycled to the cytoplasm with RanGTP and Cse1 where the complexes are dissociated with the
help of RanGAP and RanBP1. Adapted from reference (Isgro and Schulten, 2007a). B- The NTF2
dimer binds RanGDP in the cytoplasm and shuttles it through the NPC. In the nucleus, RanRDP and
NTF2 dissociate and RanGDP is converted to RanGTP by chromatin bound RCC1. NTF2 returns to
the cytoplasm alone. Adapted from reference (Isgro and Schulten, 2007b).

Structural analysis also revealed that kaps interact with FG domains, the binding to GLFG
and FxFG domains of FG-nups has been confirmed for both Impβ1 and Kap95 (Bayliss et al.,
2000; Bayliss et al., 2002; Iovine et al., 1995). Four binding sites for FG domains on Impβ
have been identified by X-ray crystallography (Bayliss et al., 2002; Liu and Stewart, 2005).
Molecular dynamics simulations find as many as ten FG-binding sites on the surface of the
8
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karyopherin (Isgro and Schulten, 2005) and the authors suggest that this abundance of
binding sites may help the NPC to distinguish between inert proteins and nuclear transport
receptors.
Nuclear export takes place in an analogous but slightly different way. The nuclear export
receptor binds both its cargo and RanGTP to form the export complex, which is released
upon hydrolysis of RanGTP in the cytoplasm. The export receptor is then recycled into the
nucleus.
As mentioned, RanGTP is imported into the nucleus by NTF2, a small 14 kDa protein that
forms a homodimer. This NTF2 dimer specifically recognizes and binds two molecules of
RanGDP and carries them to the nucleoplasm where they are released and converted to
RanGTP by RCC1. NTF2 is then recycled to the cytoplasm alone (Cook et al., 2007; Isgro
and Schulten, 2005; Fig. 1 B). RanGDP and FG-nups bind to NTF2 at different, nonoverlapping sites (Clarkson et al., 1996). NTF2 has been reported to bind primarily to FxFGcontaining FG-nups on their way through the NPC (Clarkson et al., 1997). Six different
binding spots for theses FG domains have been identified by structural, biochemical or
computational methods and have been described to form a broad stripe across the surface of
NTF2 (Bayliss et al., 2000; Cushman et al., 2004; Isgro and Schulten, 2007; Morrison et al.,
2003). Their proximity and regularity indicates that they are essential for a forward motion in
the translocation process through the NPC.

1.4.

Different models for NPC selectivity

While it is widely accepted that nucleocytoplasmic transport requires the interaction of
transport receptors with the FG domains of FG-nups, the exact details of transit through the
NPC remain mysterious. How FG repeats inside the NPC’s central channel are arranged and
how they function is not fully understood and continues to be a subject of debate. Different
models have been proposed to describe the potential mechanism for selective transport and
the way that karyopherins and other transport receptors move along the FG domains.
The Brownian affinity model (Rout et al., 2000, Fig. 1-4, A) assumes that the FG-nups in the
central channel form a brush, generating an entropic barrier that prevents passive diffusion
through the NPC. Molecules pay an entropic price to move from the large volume of the
cytoplasm into the confined volume of the pore. This entropic cost increases with molecule
size and thereby lowers the probability of larger molecules passively diffusing across the
channel. Transport receptors are proposed to increase their probability of entering the
channel by interacting with FG-nups. The translocation itself occurs by Brownian motion. The
NPC permeability according to this model therefore is of an energetic and not of a physical
nature. This idea of an energetic barrier is referred to as “virtual gating,” because the
9

apparent size of the diffusion channel is relatively large for nuclear transport receptors but
relatively small for non-binding proteins, while the NPCs actual structure and shape is
maintained. This concept of virtual gating is applicable to all current transport models.
According to the ”oily-spaghetti” model (Macara, 2001), the open NPC channel is filled with
hydrophobic, non-interacting FG repeats that are randomly distributed and can be pushed
aside by receptor-cargo complexes but reject inert molecules that cannot bind the FG-nups.
Transport receptors bind weakly and transiently to FG-nups and can freely diffuse back and
forth across the pore in a random way.
In the affinity gradient model (Ben-Efraim and Gerace, 2001), the transport receptors move
through the pore from binding sites on FG-nups with lower affinity to binding sites with higher
affinity. While many FG-nups are symmetrically localized in the NPC, a subset is exclusively
nucleoplasmic or exclusively cytoplasmic (Rout et al 2000, Alber et al 2007). It is these
asymmetric FG-nups that would be involved in an affinity gradient mechanism. Evidence for
such a gradient was found for Impβ in vertebrate cells (Ben-Efraim and Gerace, 2001), and
subsequently an even steeper affinity gradient across the NPC was found for Kap95 in yeast
(Pyhtila and Rexach, 2003). However, it has been shown that all asymmetric FG-nups can
be deleted without interrupting nuclear transport (Strawn et al., 2004, Zeitler and Weis, 2004)
and a recent study did not reproduce an affinity gradient from the cytoplasmic to the
nucleoplasmic site (Jaclyn Tetenbaum-Novatt, personal communication of unpublished data).
Therefore, while an affinity gradient may increase the efficiency of directional transport
through the NPC, it is not required and thus cannot be the sole mechanism for NPC
selectivity.
The selective phase model (Ribbeck and Gorlich, 2001, Fig. 1-4, B) differs from the above
mentioned models as it proposes that FG repeat domains are connected by weak
hydrophobic interactions and form a sieve-like meshwork. This network is thought to have
the properties of a hydrogel and prevent the passage of inert molecules that are larger than
its pore size. Transport receptors would be able to penetrate the hydrogel by locally
dissolving or “melting” the FG-FG interactions. The authors support their model by showing
that an aqueous solution of very high concentrations (26 mg/ml) of the FxFG domain from
yeast nucleoporin Nsp1 formed a gel-like structure in vitro whereas the same concentration
of a mutated domain where the phenylalanines were replaced with serines remained liquid
(Frey et al., 2006). In a subsequent study, fast passage of nuclear transport receptors into a
hydrogel with saturated FG repeats could be observed, but the efficiency of the barrier was
not as high as in the NPC (Frey and Gorlich, 2007). However, Strawn et al. (2004) showed
that more than half of the FG repeat mass can be deleted without causing lethality and it
remains to be seen if such a hydrogel can still form with a significantly decreased density of
FG repeats or with physiological concentrations in general.
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Lim et al. (2006, Fig. 1-4, C) found that FG-nups exhibit polymer-brush-like behavior when
tethered to a surface. It was found that the FG domains collapse in the presence of
nanomolar concentrations of an interacting nuclear transport receptor, but they can be
returned to their original conformation by RanGTP-induced unbinding of the transport
receptor (Lim et al., 2007). This collapse could also be induced by hydrophobic solvents such
as hexanediol. These observations led to a model in which transport receptors traverse the
channel by locally collapsing the FG domains that extend again after the transport receptor
unbinds. In this reversible collapse model the polymer brush formed by the FG-repeats acts
as an entropic barrier to reject inert molecules as assumed in the Brownian affinity model but
does not form gels.
To distinguish between these different models, it is consequently important to analyze the
extent to which FG-nups interact. To address this question, (Patel et al., 2007) used an in
vitro binding assay with immobilized and soluble FG domains to discover that GLFG domains
but not FxFG domains behave as cohesive elements. It was concluded that while these FGFG interactions are much weaker than interactions of Kaps and FG domains (with KD´s in the
µM range rather then in the nM range) they still might play an important role for the NPC
because the local concentration of FG-nup within the NPC is in the µM to mM range
(Gilchrist et al., 2002). Patel et al consequently suggested a two-gate model of the NPC
architecture that features two different types of FG domains, cohesive ones that form a
meshwork that permits transport of cargo and non-cohesive ones that form a peripheral gate
to prevent passive diffusion.
A mathematical model of the NPC predicted that more abundant transport receptors are
more likely to interact with the NPC due to their higher concentration. The efficiency of
transport increases with the affinity of the transported molecules to a certain level. But
consequently, these highly abundant transport receptors must have a lower affinity for the
NPC then low abundance transport receptors in order not to build a barrier that clogs the
NPC. According to this model, the selectivity of the NPC would be a result of both the
probability that a certain type of molecule will interact with the NPC and of the flux rate of that
type of molecule through the NPC. Furthermore, the authors suggest that transport does not
rely on a certain density of FG repeat domains as long as these filaments are still close
enough to overlap and hereby provide an explanation for the “robustness” of nuclear
transport that was revealed by the FG deletion experiments (Zilman et al., 2007).
The reduction-of-dimensionality model (Peters, 2005, Fig. 1-4, D) predicts that transport
receptors function as ferries that float along a surface of FG repeats. According to their high
density with a mean distance between repeats of 3-6 nm, the FG repeats are assumed to
yield a coherent layer. They provide a multitude of binding sites that interact with different
binding sites on the transport receptors. As a result, transport receptors can remain firmly
attached to the FG layer but still be highly mobile. Transport receptors bound to this layer
11

move along in a two-dimensional random walk instead of three dimensional Brownian
motion. As also suggested by Zilman et al. (2007), these receptors do not move in a certain
direction but find the exit by chance. Passive diffusion of non-binding molecules is prevented
by a selectivity filter of loose network of peptide chains that only leave a narrow central
channel of 8-10 nm diameter. This model can coexist with virtual gating and affinity gradient
models and provides an explanation about how the NPC can accomplish the extremely high
translocation rates that have been observed. Taking the results of FG deletions into account,
this model predicts that these perturbations could be tolerated to a certain degree and would
not influence the permeability for neutral molecules.
These models all have a common feature - the FG domains function directly in the restriction
of passive diffusion of non-binding molecules, either by entropic exclusion, hydrogel or
polymer brush formation. Nuclear transport receptors act as protein carriers due to their
capability of transiently interacting with the FG repeats. Therefore, the barrier can be
overcome by binding. But recent experimental data might suggest a different role for nuclear
transport receptors.
Paradise et al. (2007) and Tokunaga et al. (2008) reported that several hundreds of transport
receptors are bound to the NPC in vivo, and in our study even higher numbers of NPC-bound
transport receptors were found. These findings, along with the high affinities of nuclear
transport receptors for FG repeats (Ben-Efraim and Gerace, 2001, Pythila and Rexach,
2003) imply that the FG domains might be constantly saturated with transport receptors
when considered in the presence of the high physiological concentrations of transport
receptors (Timney et al., 2006). Furthermore, these high transport receptor concentrations
would result in constantly collapsed FG domains. Such collapsed FG domains could not
function as the predicted polymer brush to restrict the passive diffusion of non-FG binding
molecules (Lim et al., 2007). Instead, the transport receptors might be bona fide constituents
of the NPC and generate a coat inside the central channel that contributes to the
permeability barrier. Latest results from Jovanovic-Talisman (2008) support this assumption
further. The NPC transport specificity could be reconstituted in artificial nanopores, but the
selectivity depended on the presence of transport receptors. Thus, it remains to be seen if
the FG domains in fact directly establish the permeability barrier or if their role is more of an
indirect kind.
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Figure 1-4: Representative models of translocation through the nuclear pore complex. ABrownian Affinity Gating model. FG domains (green) act as an entropic barrier and prevent the
passage of non-binding proteins. Adapted from reference (Rout et al., 2003). B- Selective Phase
model. The FG repeats (blue circles) interact with each other to form a meshwork or hydrogel inside
the NPC that can be dissolved by nuclear transport receptors (red) but rejects non-binding molecules
(Ribbeck and Gorlich, 2001). C- Reversible Collapse model. Nuclear transport receptors (blue circle
with red dots) can cause a collapse of the extended FG domains that form a polymer brush and act as
a barrier that rejects inert molecules (brown circle). This collapse can be reversed in the presence of
RanGTP (white circle). Adapted from reference (Lim et al., 2007). D- Reduction of Dimensionality
model. The FG domains (red) evenly coat the central channel. A loose network of hydrophilic unfolded
peptide chains extends into the pore but leaves free a central tube for passive diffusion of small
molecules (small blue circles) and reject larger molecules (medium blue circles). Nuclear transport
receptors (green) bind their cargo (large blue circles) in the cytoplasm and shuttle it through the NPC
by a two dimensional random walk on the FG-coated surface (Peters, 2005)
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2.1.

Yeast strains

All nuclei described in this work were isolated from cells with strain background BY4741
(haploid, mating type a) or BY4743 (diploid). The Nup49-GFP yeast strain was purchased
from the Yeast GFP Localization Database (http://yeastgfp.ucsf.edu, Howson et al., 2005;
Huh et al., 2003). In case of the diploid only one genetic copy of Nup49 was tagged. To
obtain this cell type Nup49-GFP cells in mating type a were mated with untagged BY4742
(obtained from ATCC, accession number 201388). Thus half the number of GFP per NPC in
the resulting diploid in comparison to the haploid is expected.
The fluorescent label allowed to visually monitor the quality of the isolation and also proved
useful when using nuclei for fluorescent assays (see Chapters 3, 5 and 6).
Diploid W303 (yCS101) (Rothstein, 1983) and ∆mlp1-∆mlp2 (yCS138, Mat a/alpha;
mlp1::URA/mlp1::URA; mlp2::HIS/mlp2::HIS) (Chapter 4) were kindly provided by Caterina
Strambio-de-Castillia (Rockefeller University).

2.2.

Plasmids

The Kap95-pGEX-2TK plasmid was provided by John Aitchison. Kap95-GST expression,
purification and labelling was done by Tijana Jovanovic-Talisman. All NTF2 plasmids were in
the pGEX-4T3 vector. NTF2-GST and NTF2-W7A-GST plasmids were provided by Mary S.
Moore. The double mutant NTF2-W7A-I64A-GST was constructed by Jaclyn TetenbaumNovatt, Tijana Jovanovic-Talisman and Katja Zerf.

2.3.

Reagents, Solutions and Media

All chemicals and reagents mentioned in this study were purchased from Sigma-Aldrich (St.
Louis, MO, USA or Steinheim, Germany), Roth (Karlsruhe, Germany), Merck (Darmstadt,
Germany) or Pierce (Rockford, IL, USA) if not indicated differently.
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Solution A

500 mM Tris, 0.5 % SDS

Solution B

50 ml:
37.5 ml glycerol
12.5 ml water
0.96 g DTT
0.05 % bromophenol blue

Solution P

100 mg PMSF
2 mg Pepstatin A
in 5 ml 100 % EtOH
store at -20°C

BT Mg buffer

100 x BT Mg buffer

10 mM Bis Tris, pH 6.5
100 µM MgCl2
1 M Bis Tris, pH 6.5
10 mM MgCl2

Ficoll-Sorbitol

dissolve 7.5 % (w/v) Ficoll-400 in prewarmed
1.1 M Sorbitol

Sucrose-BT Mg gradient solutions

prepare with boiling ddH2O to dissolve
sucrose, when dissolved add 1 % (v/v) 100 x
BT Mg, aliquot in 50 ml falcons, store at 20°C

8 % PVP solution

8 % (w/v) PVP-40
11.5 mM KH2PO4
6.4 mM K2HPO4
7.5 µM MgCl2
pH 6.5
dissolve in prewarmed ddH2O, adjust pH with
H3PO4, store at -20°C

2 % DNase I

Table 2-1: Buffer and Solutions
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5 mg DNase I
in 0.25 ml 50 mM Tris-HCl pH 6.8,
10 mM MgCl2
1 mM DTT
50 % (v/v) glycerol
store at -20°C
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Wickerham´s Media

0.3 % (w/v) Malt Extract
0.3 % (w/v) Yeast Extract
0.5 % (w/v) Bacto Peptone
1 % (w/v) Glucose
in ddH2O

Wickerham-Sorbitol

All ingredients listed above were dissolved in
1.1 M Sorbitol

LB (Luria Bertani Media)

TB

1 % (w/v) Bacto Tryptone
0.5 % (w/v) Yeast Extract
0.5 % (w/v) NaCl
in ddH2O
2.53 % (w/v) Tryptone
5.1 % (w/v) Yeast Extract
in ddH2O
and
1.13 % (w/v) Glycerol
in ddH2O
autoclave separately and mix 1:1

Table 2-2: Media

2.4.

Fluorescent dyes and proteins

The fluorescent dyes Alexa-488, Alexa-568, Alexa-633 all conjugated to cysteine-reactive
maleimide groups and lipid dye DiIC12(3) (1,1'-didodecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate) were purchased from Molecular Probes (Invitrogen, Paisley,
UK) and the cysteine-reactive dye Cy5 was from GE Healthcare (Chalfont St. Giles, UK).
The DNA dye DRAQ5 was received from Biostatus (Leicestershire, UK). Atto637 was from
Atto-Tec (Siegen, Germany). R-Phycoerythrin (R-PE, Cyanotech Corporation, Kailua-Kona,
HI, USA) is a fluorescent protein from the phycobiliprotein family with a molecular weight of
240 kDa. Its primary absorption peak is at 565 nm with secondary peaks at 496 and 545 nm
and its emission peak is at 575 nm. TetraSpeck latex microspheres with 0.2 µm diameter and
fluorescence in blue, green, orange and dark red were purchased from Invitrogen.
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2.5.

Materials and Instruments for optical in vitro analysis

Immersion oil Type B with a high kinematic viscosity (1250 ±10 % cSt) was from Cargille
Laboratories (Cedar Grove, NJ, USA) with a refractive index of 1.515. Poly-L-Lysine as a
0.01 % solution was from Sigma. BD CellTak was purchased from BD Biosciences (Franklin
Lakes, NJ, USA or Erembodegem, Belgium). Polycarbonate filters (PC filters) (Cyclopore
Track Etched Membrane, Polycarbonate, clear)) used in this study were obtained from
Whatman (now GE Healthcare) and had pore diameters of 400, 600 and 800 nm. Thickness
of the filters was 17 µm (400 nm pore diameter) or 11 µm (600 and 800 nm pore diameter).
The plasma cleaner was purchased from Diener Electronic (Femto low pressure plasma,
Nagold, Germany) was used with air plasma in all experiments. High precision scissors for
cutting PC filters were from Dovo (Solingen, Germany).

2.6.

Molecular Biology

2.6.1. Methanol precipitation and SDS PAGE
Fractions derived during nuclei isolation (see 1.3.4.) were treated with methanol to precipitate
protein. This particular method was used because the fractions contained high
concentrations of PVP and other precipitation methods do not work in high PVP
environments.
Fractions were mixed with 9 volumes 100 % methanol cooled to -20 °C and incubated for 1 h
at -20°C. Subsequently samples were centrifuged for 20 min at 14000 rpm (17500 x g) in a
microcentrifuge at 4°C. Supernatant was removed and discarded, and the process was
repeated once more. After the second centrifugation step, pellets were incubated at room
temperature to allow the methanol to completely evaporate. Then 50 µl Solution A was
added and samples were sonicated to resuspend the precipitated protein. After adding 50 µl
Solution B, samples were heated to 95°C for 5 min and either frozen at -20°C or centrifuged
at 14000 rpm for 2 min at room temperature and then loaded onto an acrylamide gel for
separation. The volumes loaded were adjusted to total volumes of each collected fraction for
western blot analysis and coomassie staining.
Electrophoresis under denaturing conditions (SDS-PAGE, sodium dodecyl sulfate
polyacrylamide gel electrophoresis) was performed using Novex 4-20 % precast tris-glycine
gels (Invitrogen, Carlsbad, USA) based on the Laemmli system (Laemmli, 1970) at 80 V with
SDS running buffer (0.025 M Tris HCl pH 8.3, 0.192 M glycine, 0.1 % (v/v) SDS). Following
electrophoresis gels were either stained with Comassie Brilliant Blue or processed for
immunoblot analysis. Coomassie staining was performed in staining solution (0.025%
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Coomassie Brilliant Blue R250, 40% (v/v) methanol, 7% (v/v) acetic acid). Then the gel was
incubated in destain solution (40% (v/v) methanol, 7% (v/v) acetic acid) to remove unbound
dye.

2.6.2. Immunoblot analysis (Western blotting)
Proteins were transferred to a nitrocellulose membrane (Whatman, Florham Park, NJ, USA)
by electroblotting in a standard tank transfer system using transfer buffer (Towbin et al.,
1979), (96 mM glycine, 10 mM Tris and 10 % (v/v) Methanol). The membrane was blocked
for 1 h with 5 % (w/v) skimmed milk powder in TBS-T (20 mM Tris/HCl, pH 7.6, 137 mM,
NaCl, 0.1 % (v/v) Tween), washed three times in TBS-T for 15 min and probed with a
monoclonal mouse anti-GFP antibody for detection of GFP (Roche, Hague Road, IN, USA)
diluted 1:5000 in 2.5 % (w/v) skimmed milk powder in TBS-T. Then the membrane was
washed three times in TBS-T and incubated for 1 h in a 1:50000 dilution of anti-mouse IgG
conjugated with horseradish peroxidase (Roche) in TBS-T. After three additional washes with
TBS-T, signals were detected using a luminal based chemiluminescence kit (ECL Western
Blotting System, GE Healthcare, Piscataway, NJ, USA) according to the manufacturer’s
instructions. For detection of Kap95 the membrane was probed with goat anti-Kap95
antibody (Santa Cruz Biotechnology, Santa Cruz, CA, USA) diluted 1:200 in 2.5 % (w/v)
skimmed milk powder in TBS-T for 1 h. After washing as described the membrane was
incubated for 1 h in a 1:2000 dilution of anti-goat IgG conjugated with alkaline phosphatase
(Santa Cruz Biotechnology). After additional washes signals were detected on the membrane
using a color-substrate for alkaline phosphatase (Western Blue, Promega, Madison, USA).

2.6.3. Expression and purification of recombinant proteins
Kap95-GST, NTF2-GST (WT) and NTF2-GST (W7A I64A) were cloned into the pGEX-4T3
plasmid (GE Healthcare). NTF2-YFP was cloned into pET21b (Novagen, EMD Biosciences,
La Jolla, CA, USA) and expressed as a His6-tagged protein. Cells were grown in LB media
(TB media for Kap95-GST) at 23-37°C. When cells reached an OD600 of 0.6-0.8, the
temperature was reduced to 23-30 °C and protein expression was induced with 0.1-1 mM
IPTG (isopropyl-thio-β-D-galactoside). Cells were harvested by centrifugation and stored at 20°C. Expression conditions were optimized for each individual protein.
Purification of NTF2-YFP-His6 was conducted according to the Qiagen Handbook (Qiagen,
Hilden, Germany). Pellets were thawed on ice and resuspended in ice cold lysis buffer (50
mM NaH2PO4, 300 mM NaCl, 10 mM Imidazole, pH 8.0). After adding protease inhibitors (1
µl/ml pepstatin, leupeptin each and 0.1 mM PMSF) and 2 mM β-mercaptoethanol the
suspension is split into smaller aliquots and cells were lysed with a sonicator (Brandson,
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Danbury, CT, USA). Lysates were centrifuged at 15000 rpm (26940 g) for 30 min at 4°C
using a SS-34 rotor and incubated with pre equilibrated Ni-NTA agarose (Qiagen) for 30 min
on a rocking platform at 4°C. The resin was subsequently washed three times in batch with
lysis buffer, placed in a 0.7x20 cm glass column and eluted stepwise with imidazol
concentrations ranging from 100 to 300 mM. Obtained protein was concentrated with
Amicon-Microcon-Concentrators (Millipore, Bedford, MA, USA) and final concentrations
measured with Bradford-Reagent (Biorad, München, Germany). Aliquots of 5-10 µl were
snap frozen in liquid nitrogen and stored at -80°C.
Pellets of GST-tagged proteins were resuspended in ice cold PBS supplemented with
protease inhibitors (1 µl/ml pepstatin, leupeptin each and 0.1 mM PMSF) and 1 mM DTT.
Successive steps were performed according to the above mentioned. Supernatants were
incubated with Gluthathione Sepharose 4B for 30 min on a rocking platform at 4°C and
washed 3 times with PBS before the GST-tagged protein was eluted with several volumes of
glutathione elution buffer (50 mM Tris-HCl pH 8.0, 10 mM reduced glutathione). Again
protein was concentrated, frozen and stored at -80°C.
NTF2 wt and NTF2 W7A I64A were used as GST fusion proteins. The GST-tag was removed
from Kap95 by thrombin protease treatment. Instead of eluting the fusion protein with
glutathione, 50 µl of Thrombin protease (GE Healthcare) were added per ml of bed volume
and the mixture was shaken at room temperature for 2 h. Thus GST remains bound to the
resin and only the untagged protein can be obtained.
Kap95-Cy5, NTF2-GST-Cy5 (WT) and NTF2-GST-Cy5 (W7A I64A) were kindly provided by
Tijana Jovanovic-Talisman (Rockefeller University). NTF2-YFP wt was expressed and
purified by Katja Zerf (AG Peters). Plasmids for expression of Kap95 were provided by John
Aitchison (Institute for Systems Biology). Plasmids for expression of NTF2-GST wt and W7A
I64A and NTF2-YFP wt were made by Katja Zerf, Tijana Jovanovic-Talisman and Jaclyn
Novatt (Rockefeller University).

2.7.

Labeling of proteins with fluorescent dyes

Fluorescent maleimide dyes were conjugated to cysteine residues in proteins following the
respective manufacturers instructions. A 10-fold molar excess of the reducing agent TCEP
(tris-(2-carboxyethyl)-phosphine) was added to protein solutions containing at least 1 mg of
protein in a suitable buffer. The solution was incubated for 10 min at room temperature, then
a 5-fold molar excess of dye was added while slowly shaking the sample. The coupling
reaction took place in the dark to avoid photobleaching of the dye either at room temperature
for 2 h or at 4 °C overnight. Free dye unbound to protein was subsequently removed by gel
filtration with an appropriate resin (e.g. Bio-Gel P6, Biorad). Proteins were concentrated,
frozen in liquid nitrogen and stored at -80°C.
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2.7.1. Determining the degree of labeling
To determine how many molecules of dye have been coupled to one molecule of protein in
average samples were analyzed with a UV/VIS-Spectrometer (Milton Roy, Ivyland, PA, USA)
or a Nanophotometer (Implen GmbH, München, Germany) which allowed us to measure very
small volumes in undiluted concentrations. Absorbance was measured at 280 nm and the
absorbance maximum of the dye. Degree of labeling (DOL) was calculated according to the
formula given below. Calculations were corrected for the absorbance of the dye at 280 nm.
For example this correction factor is 5 % for the absorbance of Cy5 at 650 nm.

A
ε
CF

:
:
:

absorption at the maximum of absorbance
extinction coefficient of dye and protein
correction factor for absorbance of dye at 280 nm

Formula 2-1: Calculation of labeling degree (from “Recommended procedures for Labeling”, AttoTec)

2.8.

Fluorescence Microscopy

Confocal laser scanning microscopy was performed with Leica systems TCS SP1 and TCS
SPE (Leica Microsystems, Wetzlar, Germany). Leica TCS SP1 contained three different
lasers, an argon laser with 50 mW original output power (488 nm), a HeNe laser with
a 543 nm wavelength and 1.2 mW output power, and a HeNe laser with a 633 nm
wavelength and 10 mW output power. Leica TCS SPE contained three solid state lasers
generating light in the wavelength of 488 nm, 532 nm and 633 nm. Laser output power was
10 mW (488 and 532 nm) or 18 mW (633 nM).
For epifluorescence illumination combined with differential interference contrast (DIC), a
Zeiss Axio Imager Z1 (Jena, Germany) was used.
Measurements of single molecules and quantitative binding measurements were performed
on an inverted wide-field epi-fluorescence microscope (Axiovert 100TV; Carl Zeiss Inc.,
Jena, Germany) at room temperature.
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A DPSS laser (491 nm; 50 mW output; CalypsoTM, Cobolt, Norwich, UK) and a HeNe laser
(633 nm; 35 mW output; Coherent Inc., Santa Clara, CA, USA) were used for excitation.
After passage through acousto-optical devices both laser lines were coupled into an optical
mono-mode fibre (KineFlex, Point Source, Mitchell Point, Hamble, UK). The beam exiting the
fibre was imaged into the object plane producing a Gaussian illumination profile with a full
width at half maximum of 9 µm. The excitation intensity was set to 0.7-1.7 kW/cm2 per
channel. Dual-color fluorescence was separated from the excitation light by a double
dichromatic beam splitter (488/633 nm; Omega Optical Inc., Austin, TX, USA). The
fluorescence light passed a dual band pass filter (FF01-538/685) and then further passed
two notch filters (NF01-488U; NF01-633U, Semrock, Rochester, NY, USA) to eliminate
residual scattered excitation light and was recorded by a cooled CCD camera (iXon DV-860BI, 128x128 pixel; pixel size 24 µm Belfast, Andor Northern Ireland, UK). In combination with
a 4x magnifier attached before the camera a pixel size of 96 nm in object space was
generated.
All imaging was carried out using a 100x objective (Leica TCS SP1 and Zeiss Axio Imager
Z1) or 63x objective (Leica TCS SPE, Single Molecule Microscope), all with a numerical
aperture (NA) of 1.4.

2.8.1. Image processing and software
Brightness and contrast in images was enhanced using Corel Photo-Paint 12 (Corel
Corporation, Ottawa, Kanada) or ImageJ 1.42a (Wayne Rasband, NIH, Bethesda, USA,
http://rsb.info.nih.gov/ij/). If indicated images were smoothed using Gaussian blur. Data was
analysed with Origin7 (OriginLab Corporation, Northampton, MA, USA) and MS Excel
(Microsoft Corporation, Redmond, WA, USA).

2.8.2. Preparation of Yeast Nuclei for Microscopy
The isolation of yeast nuclei is described in detail in chapter 3, as development of this
method was a major part of this project. The isolated fractions were stored at -80°C and
small amounts of yeast nuclei were thawed on ice immediately before use. Nup49-GFP in
nuclei was excited with 488 nm lasers and 20 % AOTF setting with 1000 V PMT (Leica TCS
SP1) or 35 % AOTF setting with 1050 V PMT (Leica TCS SPE) respectively. When staining
DNA, DRAQ5 was added to a final concentration of 5 µM. Excitation of DRAQ5 was
conducted with 25 % setting of HeNe laser and 950 V photomultiplier. Lipid dye DiIC12(3) was
added as a DMSO stock solution to a final concentration of 5 µg/ml. No incubation time or
subsequent removal of the dye was needed. Transport receptors NTF2 and Kap95 were
incubated with nuclei on ice for at least 15 min if not indicated differently. Other proteins were
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added immediately before microscopy. 3.5 µl of the respective nuclei suspension was
applied to a cover slip or glass slide and used for microscopy. In any case it was taken care
to still maintain a final sucrose concentration of 1 M sucrose. This was achieved by not
diluting nuclei with more than one volume buffer or sample.

2.9.

Transmission Electron Microscopy (TEM)

Electron microscopy was conducted in collaboration with Patrick Nahirney and Eleana
Sphicas of the Bio-Imaging Resource Center at Rockefeller University, New York.
For BY4743 (see Chapter 3), a suspension of diploid nuclei was thawed on ice, combined
with ¼ volume BT Mg buffer, and centrifuged for 30 min at 45000 rpm (124628 x g) at 4°C
using a TLA55 rotor. This generated a pellet of nuclei that was tightly packed enough to stick
together yet loose enough to allow fixatives to penetrate through. Typically 200 µl of
suspension yielded an appropriate pellet. The remaining sucrose buffer was aspirated and ¼
volume 10 % (w/v) glutaraldehyde solution in 0.1 M Na-cacodylate buffer was added to the
pellet. Samples were then incubated on ice for 15 min and centrifuged for 10 min at 14000
rpm (17500 x g) at 4°C in a tabletop centrifuge. As much of the supernatant as possible was
removed and pellets were overlaid with 4 volumes 2.5% (w/v) glutaraldehyde solution and
incubated on ice in the cold room overnight. At this point, pellets could be stored at 4°C for
several weeks.
All subsequent steps were performed by Patrick Nahirney and Eleana Sphicas. Samples
were fixed with 0.1 % tannic acid and postfixed in 1 % (w/v) osmium tetroxide, washed twice
in ddH2O for 10 min each and stained with 2 % (w/v) uranyl acetate for 1.5 h at room
temperature. After stepwise dehydration by incubating with increasing concentrations of ice
cold ethanol, samples were embedded by infiltrating with Spurr´s resin (ERL 4221, 4.1 g,
Diglycidyl ether of polypropylene glycol (DER736), 1.43 g, Nonenyl succinic anhydride
(NSA), 5.9 g, Dimethylaminoethanol (DMAE), 0.1 g) and polymerized for 24 h at 70°C.
Embedded samples were sectioned with a diamond knife (Ultra Cut E, Reichert
ultramicrotomes) at 150 nm thickness and collected on 200 hex copper grids. Post-staining
was performed with 2 % (w/v) uranyl acetate and 1 % (w/v) lead citrate for 5 min each.
Images were acquired with a Tecnai G2 Spirit BioTwin transmission electron microscope
equipped with a Gatan 4K x 4K digital camera (FEI, Hillsboro, OR, USA).
The diploid W303 and ∆mlp1-∆mlp2 nuclei showed a higher fragility in high speed
centrifugation. The first samples processed for TEM revealed that many nuclei were strongly
disrupted while they looked intact in phase contrast and confocal microscopy. To avoid this
disruption samples were fixed before centrifugation by addition of 50 µl of 10 % (w/v)
glutaraldehyde and 25 µl of 16 % (w/v) paraformaldehyde in 0.1 M Na-cacodylate buffer to
200 µl of nuclei suspension and incubation on ice for 20 min. Then 100 µl of 2 % (w/v)
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glutaraldehyde and 2.5 % (w/v) paraformaldehyde were added and samples were spun for
30 min at 30000 rpm (55390 x g) in a TLA55 rotor at 4°C. The resulting pellet was not as
tightly compacted as the pellet mentioned above but conservation of nuclei was improved.
In the EM facility samples were fixed with 0.1 % tannic acid and postfixed in 1 % (w/v)
osmium tetroxide including 0.5 % potassium ferrocyanide for improved contrasting of
membranes. All other steps were performed as described before but for better visualization
of baskets a thickness of only 80 nm was selected here.

2.10. Scanning Electron Microscopy (SEM)
Scanning EM was performed in collaboration with Prof. R. Reichelt and the help of Christiane
Rasch and Ulrike Keller, Institute for Medical Physics and Biophysics, University of Münster.
All fixation steps were performed as described earlier (Kiseleva et al., 2007) with minor
modifications. Nuclei were immobilized in silicone wafers evaporated with 3 nm chrome and
10 nm gold, then dried via critical point freezing. After fixation with glutaraldehyde,
paraformaldehyde, uranyl acetate and OsO4 nuclei were evaporated with 2.5 nm PtC. For
image acquisition with 30 kV a S-5000 FESEM (Field emission scanning electron
microscope) by Hitachi (Hitachi High-Technologies Europe, Krefeld, Germany) was used.
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3. An improved method for yeast nuclei isolation
3.1.

Introduction

3.1.1. Previous protocols
The isolation of relatively pure nuclei from different organisms has been described previously
(Blobel and Potter, 1966; Dounce, 1944; Dounce and Lan, 1943). These enriched nucleii
were employed for biochemical analysis of nuclei composition and enrichment of nuclear
contents.
In yeast, before the nucleus can be separated from other cellular components, the strong
barrier of the cell wall must be compromised. Hence isolating nuclei from yeast has been
especially challenging. The first methods were reported for isolation of nuclei from
Saccharomyces carlsbergensis (Blobel and Potter, 1966; May, 1971; Rozijn and Tonino,
1964) and for Schizosaccharomyces pombe (Duffus, 1969) which provide the basis for the
various methods applicable to Saccharomyces cerevisiae. These protocols have been
improved and adapted many times (Aris and Blobel, 1991; Hurt et al., 1988).
These methods were intended mainly for biochemical studies. In isolated yeast nuclei high
DNA/ protein ratios can be obtained and nuclear proteins such as histones and enzymes can
be extracted from nuclei due to their enrichment (Allfrey et al., 1952; Bhargava MM and
Halvorson HO, 1971). Even the proteomic composition of the NPC could be derived from a
highly enriched nuclei fraction (Rout et al., 2000). Furthermore nuclear components as the
spindle pole body, the yeast equivalent of the centrosome, were isolated from nuclei as an
intermediate step of NPC isolation (Rout and Kilmartin, 1990).
The structure of the yeast nuclear pore complex was studied by cryo-electron microscopy of
isolated NPCs (Yang et al., 1998) or by cryo-electron tomography of NPCs in nuclei (Beck et
al., 2004). Protocols recently published for transmission electron microscopy in
Saccharomyces cerevisiae and Schizosaccharomyces pombe do not purify nuclei from other
cellular components but avoid all high speed centrifugation steps and process nuclei
immediately for scanning electron microscopy instead (Kiseleva et al., 2007). The authors
argue that only with such a preparation NPCs are fully preserved.
In this work, we aimed to isolate transport competent nuclei. Few of the above mentioned
protocols yield nuclei that are still capable of selective nuclear transport. This could be the
effect of protein loss during isolation (Paine et al., 1983), damaged NPCs or holes in the
nuclear envelope.
Beck et al. (2004) isolated Dictyostelium discoideum nuclei and prove import competence
with fluorescent BSA containing a nuclear localization signal (NLS) and an energy
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regenerating system. Transport competent nuclei have also been obtained from Xenopus
laevis oocytes. Due to their large size of about 500 µm in diameter they can be manually
dissected which led to their widespread use in cell biological and biochemical studies.
Xenopus laevis nuclei proved especially valuable for studies of both nuclear import and
export (Keminer et al., 1999; Peters, 2006).
In mammalian cells or Xenopus laevis oocytes, nuclear transport can also be explored by
gentler methods such as microinjection into cells (Feldherr and Feldherr, 1960) or directly
into nuclei (Gurdon et al., 1976). Digitonin-treatment of cells creates a permeable plasma
membrane while not affecting nuclear envelope and NPCs (Adam et al., 1992), allowing you
to control the contents of the cytoplasm during import studies.
These techniques are not available in yeast due to the cell wall. Therefore isolation of nuclei
is needed to probe the yeast NPC with substrates.

3.1.2. Development of improved method
We intend to isolate yeast nuclei with a highly intact nuclear envelope containing NPC still
capable of nuclear transport. The resulting method should be faster than previous methods
to derive nuclei in a close-to-life state. Concentration and purity can thus be sacrificed to
obtain speed and gentleness in order to preserve transport competence.
The protocol described here is based on methods previously available in the Rout Laboratory
(Kipper et al., 2002; Rout and Blobel, 1993; Strambio-de-Castillia et al., 1995) and was
designed while developing an assay system for in vitro transport measurements (see
Chapter 6). Thus all steps could be adjusted to meet the requirements of such a system.

Figure 3-1: Single tagged Nup49-GFP diploid yeast cells. Images were acquired with a Zeiss Axio
Imager Z1 with epifluorescence illumination. A- Nup49-GFP fluorescence. B– Yeast cells with buds
displayed with DIC (differential interference contrast). C- Merge of both images, note that nuclei are
not recognizable in buds.

For the first time, nuclei with a fluorescent label were isolated. The central nucleoporin
Nup49 was expressed as a GFP fusion protein so that nuclei and the position of NPCs could
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be monitored. This ability to visually monitor the NPCs during isolation was a significant
improvement in the method. Our goal was to establish methods in wild type nuclei and
subsequently apply them to mutant nuclei, particularly nuclei containing mutations in the
NPC. By systematic analysis of transport through mutant NPCs, we want to gain a deeper
understanding of how selective transport through the NPC works.
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3.2.

Isolation Procedure

In this chapter, a detailed description of the improved and modified isolation method
explaining the crucial steps is provided. Two intentions were outstanding here. First, the new
method should be gentler then older methods and second it should be much faster to give
minimal time for proteolysis or degradation. Volumes and amounts subsequently specified
were scaled for a preparation of nuclei from 2 l of cell culture. When larger amounts of cells
were used volumes were scaled up accordingly. At first, haploid nuclei were isolated. As
diploid cells and nuclei are larger –the diameter is 2-3 µm whereas only 1.4-2 µm in haploidsthey behave better in microscopy and transport assays. Furthermore, spheroblasts can be
easier prepared from diploids and isolated nuclei are of slightly improved quality. So while it
was mainly developed for diploid nuclei this protocol will work for both haploid and diploid
cells. This improved isolation procedure was developed in collaboration with Michael P. Rout,
Laboratory of Cellular and Structural Biology at Rockefeller University, New York, USA.

3.2.1. Growth of Cells
When growing cells for isolating nuclei the exact cell count is very important. Cells grown to
low density result in too little material whereas cells grown to high density in late log phase or
stationary phase build a thicker cell wall that can not be removed fully. To achieve a final cell
count of 1 x 107 cells/ml for diploids and 2 x 107 cells/ml for haploids, cells were counted
using a hemacytometer.
Cryostocks of yeast cells in glycerol kept at -80°C were streaked onto selective media agar
plates and grown for 2-3 days at 30°C. Starter cultures were inoculated from single colonies
into 5 ml Wickerham´s media including 100 µg/ml ampicillin and grown overnight to late log
or stationary phase. The next day 100 ml Wickerham´s media was inoculated with 1-2 ml of
the starter culture and grown to a cell count of 2 x 107 cells/ml.
Doubling times in yeast strains used here was 1.5 h (Nup49-GFP single tagged diploid) and
1.75 h (Nup49-GFP haploid) respectively. Doubling times for W303 and ∆mlp1-∆mlp2 were
estimated to be 1.8 h and 2 h respectively. Doubling times of the particular strain of yeast
should be estimated before growing cells for isolating nuclei.
Depending on the doubling time and on cell count in the 100 ml starter culture the amount of
inoculum required for 12-15 hours of growth time to a final cell count of 2 x 107 cells/ml at the
end of incubation could be calculated. 2-4 l were grown for a typical isolation. Before
harvesting the cells, the cell density was measured.
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3.2.2. Preparation of Yeast Spheroplasts
Cells were harvested in a Beckman Coulter centrifuge using a JLA-8.1000 rotor with 1 l
buckets at 4000 rpm (3989 x g) and 4°C for 20 min. Smaller volumes were harvested using a
Sorvall centrifuge with GS-3 rotor and 500 ml buckets at 5000 rpm (4232 x g) and 4°C for 5
min. Cell pellets were resuspended in a minimal volume of ddH2O, transferred to a 50 ml
falcon tubes and washed once with ddH2O. Cells were pelleted in a table top centrifuge at
3000 rpm (3200 x g) for 5 min. The resulting pellet was resuspended in 25-45 ml of 100 mM
Tris pH 9.4, 10 mM DTT and incubated in a waterbath heated to 30-33°C with periodic
shaking for 10 min to loosen up the cell wall before enzyme treatment. Again cells were
pelleted and now resuspended in 1.1 M sorbitol to a total volume of 50 ml to exchange
ddH2O for sorbitol. 1.1 M Sorbitol is the osmotic equivalent of the yeast cytoplasm and
therefore helps to avoid swelling or shrinking of the spheroblasts. Now cells were pelleted at
only 2500 rpm to obtain a less compacted pellet. A minimal volume of 1.1 M sorbitol was
used for resuspending cells to a total volume of 7.5-10 ml for 2 l of grown media and 15-20
ml for 4 l.
Cells were transferred to a small flask and the following enzymes were added to remove the
cell wall (all dilutions were in 1.1 M sorbitol):
1:10 dilution of glusulase (90000 units/ml glucuronidase, 19000 units/ml sulfatase, NEN,
Beverly, MA, USA)
1:50 dilution of 1% zymolyase 20T (Seikagaku America, Falmouth, MA, USA) and
1:50 dilution of 1% Lysing Enzymes (Sigma, St. Louis, MO, USA)
1:200 dilution of 1 M DTT (final concentration = 5 mM)
The suspension was incubated for 3-4 hours at 30-33 °C with gentle shaking. This
spheroblasting step is crucial to the success of this preparation. Shaking should be vigorous
enough to keep yeast cells from clumping and sinking to the bottom but yet gentle enough to
prevent premature lysis. To assess the extent of digest, 10 µl of suspension were diluted in
200 µl of either ddH2O or 1.1 M sorbitol and imaged with a light microscope using a 40x
phase contrast objective. In sorbitol, spheroblasts should appear phase bright and spherical
with no buds attached, while in ddH2O they are lysed completely with small pieces of
membrane left.
While wild type yeast strains tolerated this step without problems some mutants cell lines
showed an accumulation of dead cells after some time. Our conclusion was that this is
caused by lack of nutrients and increased temperature. Replacing 1.1 M sorbitol with
Wickerham´s Media in 1.1 M sorbitol decreased the number of dead cells significantly. Cells
did not show growth in this media but were kept alive.
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After completion of the cell wall digest, cold 1.1 M sorbitol was added to a total volume of 50
ml and spheroblasts were centrifuged at 2500 rpm for 5 min. Sedimented spheroblasts were
resuspended carefully by stirring with a large pipette (e.g. 25 ml pipette) and slowly pipetting
it up and down. When the suspension was homogeneous without clumps it was brought up
to a final volume of 20 ml. 10 ml of the suspension was loaded gently onto each of two 15 ml
cushions of 7.5 % ficoll/ 1.1 M sorbitol in Sorvall HB-4 tubes and centrifuged at 8000 rpm
(10477 x g) for 15 min at 4 °C in a Sorvall RT6000 centrifuge or the equivalent. The
supernatant was aspirated completely and the sides of tubes were washed with 5 ml 1.1 M
sorbitol to remove all remaining ficoll. Tubes with pellets were kept on ice until cell lysis.

3.2.3. Cell Lysis
All subsequent steps were performed in the cold room at 4°C. 10 ml of lysis solution
(25 µl 10% (v/v) Triton X-100 (Surfact-Amps X-100, Pierce, Rockford, IL, USA), 50 µl 1 M
DTT, 10 ml 8 % PVP solution) were added to each pellet. Using a detergent with ultra high
purity is important here. Other non ionic detergents were tested but Triton X-100 proved most
effective for lysing cells that left nuclei undamaged. Omitting or reducing Triton X-100
concentration resulted in much less effective lysis of cells, therefore proving that the
detergent is an essential component of the lysis solution and 0.025 % is the lowest feasible
concentration already.
Immediately before cell lysis 100 µl solution P and 100 µl protease inhibitor cocktail (PIC, P8340, for mammalian cells, Sigma-Aldrich) were added. Spheroblasts were lysed
mechanically using a Polytron homogenizer (PCU 11 with PTA 10TS Probe, Kinematica,
Cincinnati, OH). Among spheroblasting this is the most crucial step. Insufficient lysis will
result in unbroken cells and nuclei still attached to endoplasmic reticulum. In contrast
excessive lysis will yield broken nuclei. The polytron was adjusted to setting 4.5-5 and the
probe was completely plunged into the solution. When isolating haploid cells higher settings
of 5.5-6 for the first lysis step proved to be advantageous. Progress of lysis was checked in
between steps by phase contrast microscopy using a 40x or a 100x objective. Nuclei appear
phase dark, in high enlargement nucleoli can be observed as darker areas. Vacuoles appear
phase bright and should disappear completely in the second run. Lysis is completed when
less then 2% of unbroken cells can be seen. Approximately 25 ml of 8% PVP solution
containing 1:1000 PIC and solution P were added, bringing the volume up to 40 ml and thus
highly diluting the suspension. Again the polytron was applied for 30 sec this time at setting
5.5 to homogenously mix the suspension and free nuclei from remaining cellular material. All
fractions were pooled in a beaker and homogenized for another 15 sec. Then 20 ml each
were loaded on a sucrose gradient and balanced exactly for high speed centrifugation. This
step is described further in section 3.2.4.
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3.2.4. Cell fractionation
Immediately after loading, gradients were centrifuged at 28000 rpm (103745 g) for 25 min at
4°C in a SW-28 rotor using a Beckman L7-65 ultracentrifuge. The actual fractionation
occurred in this step.
Gradients were prepared in advance the same day in Beckman SW28 centrifuge tubes and
were stored at 4°C.
Composition is given here from bottom to top:
8 ml 2.50 M sucrose/BT Mg, 80 µl solution P, 80 µl PIC
8 ml 1.875 M sucrose/BT Mg, 80 µl solution P, 80 µl PIC
The boundary between the two layers was softened up in a gradient pourer by rotating at a
60° angle for 3 min. If a gradient maker is not available solutions can be carefully stirred with
a glass rod instead. At least 20 min were allowed between preparation and centrifugation
giving time for sucrose phases to form an even gradient. So clearly this is not a complete
gradient, but the sharp boundary between the phases could be removed by this treatment.
The pH of BT Mg buffer is 6.5, matching the yeast cytosol, and magnesium stabilizes the
nuclear envelope. High sucrose concentrations also stabilize nuclei.
Previous isolations used gradients with PVP and sucrose. Duration of centrifugation was
several hours (Kipper et al., 2002) and the final nuclei suspension contained sucrose and
PVP which stabilized nuclei. We discovered in early experiments with isolated nuclei that
PVP in the final suspension hindered attachment of nuclei to surfaces and the diffusion of
substrates. Attempts to remove PVP by dialysis of nuclei remained unsuccessful. Therefore,
a modification of the procedure to avoid PVP was required.
It had been ascertained earlier that nuclei can be kept stable in high sucrose solutions.
However, for effective lysis the water soluble polymer PVP is essential (data not shown).
Different sucrose concentrations were tested and it was determined that nuclei could not
migrate into 2.5 M sucrose/ BT Mg. This concentration was used to replace 2.3 M sucrose in
8% PVP that has been used previously as the bottom solution of gradients. The intermediate
phase should pose a barrier for cellular debris but let nuclei pass. It thus serves to separate
nuclei from other cellular components. Interestingly, when used as the top layer, 8% PVP
solution did not mix with any of the sucrose solutions we tested starting from 1.5 M
concentration during centrifugation. This constituted an elegant way to remove PVP in the
final suspension and yield nuclei suspended only in sucrose solution which did not cause any
of the difficulties observed with PVP.
We found out that a low concentration of sucrose as the top layer of the gradient resulted in
the highest recovery of nuclei loaded but still contained high amounts of the supernatant
fraction including cellular debris and unbroken cells. Increasing the sucrose concentration
33

yielded a cleaner nuclei fraction but also decreased the amount of nuclei able to pass
through. The cleanest nuclei fraction was achieved with 2 M sucrose but due to a poor yield
of approximately less then 20 % this was not feasible for our purposes. It was determined
that 1.875 M as concentration was suitable for both high purity of nuclei fraction and high
recovery rates at the same time.
Due to their higher density, only nuclei could permeate into the 1.875 M sucrose solution.
Soluble proteins remained in the PVP solution and membranes and other cellular
compartments were found at the interface of PVP and 1.875 M sucrose. The very high
dilution right before the centrifugation avoided clumping of nuclei and increased the efficiency
by allowing more nuclei to invade into the sucrose phase. Also it helped to remove
endoplasmic reticulum from the nuclear membrane.
After centrifugation nuclei were located at the soft boundary between 1.875 M sucrose and
2.5 M sucrose. The cytosol fraction in 8% PVP solution including soluble proteins and
supernatant fraction including membranes, mitochondria, vesicles and microsomes were
carefully unloaded to avoid mixing with nuclei fraction. Most of sucrose on top of nuclei was
removed to obtain a concentrated final fraction (see Fig. 3-2 A). Nuclei in approximately 2 M
Sucrose/ BT Mg were then dripped into a 50 ml falcon tube filled with liquid nitrogen fastened
in a styrofoam box filled with a larger volume of liquid nitrogen. Drops froze immediately and
formed small beads of approximately 2-3 mm diameter. During the process liquid nitrogen
was added several times. When the falcon tube was filled halfway with nuclei drops the liquid
nitrogen was poured away. The lid was loosely put on to let remaining nitrogen evaporate
and the tube was transferred to -80°C. Isolated yeast nuclei can consequently be stored for
long periods of time and amounts as small as single drops equaling 10-20 µl can be taken
out with a spatula without thawing.

3.2.5. DNA extracted nuclear shells
Instead of freezing after unloading from the gradient the nuclei fraction can be processed
further by DNase treatment. If this step is conducted in a mild manner large pieces of nuclear
envelope are obtained and nuclei will keep their morphology. However, large amounts of
chromatin can be removed. Because nuclei are hollowed out here with a remaining nuclear
scaffold and only small ruptures of the nuclear envelope the term “nuclear shells” was used.
This step has to be performed with special care as high DNase concentration will result in
nuclear lysis or excessive damage to the nuclear envelope.
After unloading from the gradient, nuclei were diluted 1:1 in 0.6 M sucrose/ BT Mg previously
warmed to room temperature. 1:1000 2% DNase, 1:100 PIC and 1:100 Solution P were
added and this mixture was incubated at room temperature for 15-20 min with manual mixing
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by gently inverting several times. During this incubation a sucrose cushion was prepared in
Beckman SW55 tubes with 0.4 ml 2.5 M Sucrose/ BT Mg and overlaid with 1 ml 1.5 M
Sucrose/ BT Mg. Then 4 ml of shell suspension were loaded on each cushion and
centrifuged using a 55Ti rotor at 45000 rpm (245858 x g) for 25 min at 4°C in a Beckman L765 ultracentrifuge. Shells were highly compacted here and could be unloaded as a dense
suspension. As described for nuclei, the shell suspension was dripped into liquid nitrogen
and drops were frozen at -80°C.
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3.3.

Results

Multiple methods and techniques were applied here to probe isolated nuclei. As previously
mentioned these studies were undertaken in parallel with the development of an assay
system for transport measurements. While methods for isolating yeast nuclei preexisted (see
Introduction), never before had yeast nuclei been extensively studied using high resolution
confocal laser scanning microscopy and fluorescent techniques. Working with Nup49-GFP
tagged nuclei was very beneficial here. GFP fluorescence allowed us to monitor the position
and distribution of NPCs and nuclei which are otherwise not clearly visible in light
microscopy.

3.3.1. Efficiency of Isolation
To evaluate the newly developed method, nuclei fractions were examined extensively with
quantitative and qualitative techniques.
After centrifugation of the gradients we distinguished three different fractions (Fig. 3-2 A).
The cytosol on top contains all soluble cellular proteins, the supernatant includes membrane
proteins as well as cellular material e.g. lipid membranes, endoplasmic reticulum. The nuclei
fraction is located at the boundary layer between 1.875 M Sucrose/ BT Mg and 2.5 M
Sucrose/ BT Mg. Ideally nuclei are observable as a whitish band with mostly intact nuclei,
whereas a yellowish band indicates contamination with dead cells and a white smear
between the nuclei and supernatant fractions is due to broken nuclei material. PVP is not
found in any of the sucrose/ BT Mg fractions thus nuclei can be unloaded in a PVP-free
buffer. It was estimated that the final nuclei fractions contain a concentration of about 2 M
sucrose.
Analysis of equivalent amounts of protein unloaded from all fractions of the gradient by SDSPAGE revealed differences in protein content. As shown in Fig 3-2 B and C, the nuclei
fraction contained the least protein but the highest amount of Nup49-GFP which is
exclusively found in the NPC. This allowed important biochemical clues about the isolated
nuclei. Nup49 was still tethered to this fraction so that nuclei and NPCs are likely
undamaged. Quantification of the bands derived by western blotting with ImageJ showed that
61.4 % of Nup49-GFP was found in the nuclear fraction and 38.6 % of Nup49-GFP was
found in the supernatant fraction. The decision of loosing some material was deliberately
made to guarantee high pureness and quality of the remaining material. As measured by the
purity this yield was comparatively high. The conclusion that nuclei are strongly enriched and
the suspension is very pure could be drawn.

36

3. An improved method for yeast nuclei isolation

Figure 3-2: Quantitative and qualitative evaluation of yeast nuclei isolation. A- Gradient after
centrifugation loaded with lysed spheroplasts from 0.5 l of media with 1x107 cells/ml (5x109 cells);
cytosol is the clear fraction on the top, supernatant is a dense white band on top of 1.875 M sucrose/
BT Mg. Nuclei fraction is the lowest band between 1.875 M and 2.5 M sucrose/ BT Mg. B- Coomassiestained 4-20 % tris-glycine acrylamide gel with equivalent fractions of the gradient; cytosol and
supernatant fractions contain the predominant part of yeast protein. C- Western blot of the same
samples loaded in B, antibody stain against GFP detecting Nup49-GFP

Integrity and morphology was studied by light microscopy as well as by confocal laser
scanning microscopy (Fig. 3-3, A-C). Nuclei lightly adsorbed to glass surfaces which proved
beneficial for microscopy purposes and we found large numbers of evenly shaped nuclei
fluorescently excitable due to the Nup49-GFP tag.

Figure 3-3: Suspension of isolated yeast nuclei in sucrose buffer. A- DIC image, dark crescent
shaped areas represent nucleolus. B- Yeast nuclei with Nup49-GFP tag, adsorbed on glass. C- Yeast
nucleus with Nup49-GFP tag with typical punctuate stain around the nuclear rim.

Furthermore it could be verified that nuclei were stripped from all remaining endoplasmic
reticulum (Fig.3-4). Application of the lipid dye DiIC12(3) (1,1'-didodecyl-3,3,3',3'tetramethylindocarbocyanine perchlorate, Molecular Probes, Invitrogen) revealed a
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continuous circular stain limited to the region of Nup49-GFP fluorescence. This indicated that
only the membrane of the nuclear envelope remained whereas isolations with previous
protocols yielded nuclei with remaining ER extending from nuclei (data not shown). This
ensured that with the new isolation, nuclei are fully accessible and not shielded from
substrates by remaining cellular membranes.
While Nup49-GFP fluorescence in NPCs appears as a so called punctuate stain, lipid dye
fluorescence is a continuous rim stain and thus is also a good indication of the conditions of
the nucleus and nuclear envelope (Fig. 3-4).

Figure 3-4: Yeast nucleus stained with lipid dye. A- Yeast nucleus with Nup49-GFP tag. B- Yeast
nucleus stained with 5 µg/ml lipid dye DiIC12(3). C- Merge of both images.

3.3.2. Permeability of isolated nuclei
Even though isolated nuclei appear round and morphologically intact further evidence was
needed that the nuclear membrane and the NPC indeed remain undamaged throughout the
isolation. It was shown that inert proteins and substrates larger than approximately 40 kDa or
with a radius larger than 5 nm cannot penetrate the nuclear envelope or translocate through
intact NPC (Paine et al., 1975; Peters, 1984). Therefore they should not be found inside
nuclei. However, both GFP (27 kDa) and BSA (67 kDa) have been shown to traverse the
NPC, but only at very low transport rates of 3 molecules NPC-1 s-1 µm-1 (Ribbeck and Gorlich,
2001) or 0.1 molecules NPC-1 s-1 µm-1 (Siebrasse and Peters, 2002) respectively.
To test whether this exclusion occurs, nuclei were incubated in various fluorescent
substrates. For these experiments it was most important to use highly soluble proteins with
hydrophilic character. Green or yellow fluorescent dyes were favored here over red
fluorescent dyes because red dyes tend to have a more hydrophilic character and therefore
dissolve not as well in aqueous buffers but adhere stronger to glass or the nuclear
membrane instead. Proteins that proved to be suitable for these experiments for example
were R-Phycoerythrin (R-PE), bovine serum albumin (BSA) or ovalbumin. R-Phycoerythrin is
a naturally fluorescent protein that can be isolated from red algae. It is highly stable,
extremely hydrophilic and has multiple subunits with 34 fluorescent units called bilin groups
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which give it a high absorbance coefficient. Dextrans of different sizes labeled with FITC
(Molecular Probes) did not freely diffuse in the suspension but showed strong adherence
either to nuclear membrane or –if small enough to penetrate- to chromatin (data not shown).
Large proteins as R-PE (240 kD) and BSA (67 kDa) labeled with Alexa 488 are excluded
from nuclei. Whereas areas around nuclei show bright fluorescence the nuclear interior
remains dark (Fig. 3-5).
By means of the DNA dye DRAQ5 it was discovered that chromatin is not uniformly
distributed in nuclei but is lacking in some areas. This shows that exclusion of substrates is
not caused by high density chromatin but in fact by the nucleus itself. To obtain further proof,
nuclei were probed with smaller proteins as well.

Figure 3-5: Yeast nuclei adsorbed to glass with different fluorescent proteins. A- Nup49-GFP
nuclei incubated with 1 µM BSA-Alexa 488, green fluorescence in the background is due to BSAAlexa488, punctuate stain surrounding nuclei to Nup49-GFP, no green signal is found inside nuclei. BDNA in nuclei stained with 5 µM DRAQ5. C- Merge of both images. D- Nucleus incubated with 250 nM
R-PE, no R-PE is found in the nucleus. E- DNA in nucleus stained with 5 µM DRAQ5. F- Merge of
both images, GFP fluorescence was omitted here because of low signal intensity and bleaching.

Nuclei do allow the entry of some smaller proteins. Ovalbumin (46 kDa, Fig. 3-6) or maltose
binding protein (40 kDa, data not shown) leak into nuclei either through slow diffusion
through the NPC or through minor ruptures in the nuclear envelope. In figure 3-6, ovalbumin
is found in a crescent shaped area inside the nucleus, the concentration inside is lower than
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outside. Very little signal is found in the nucleolus area. Thus the chromatin does not
constitute a significant barrier for these proteins, however the nucleolus due to its high
density does. This finding validates the preceding experiments with larger proteins.

Figure 3-6: Yeast nucleus on glass incubated with ovalbumin. A- Signal of 1 µM ovalbuminAlexa568. B- DNA in nucleus stained with 5 µM DRAQ5, nucleolus remains mostly unstained. CMerge of both images, again GFP fluorescence was omitted.

The thickness of the confocal plane, i.e. the axial length of the point spread function, in our
microscopic setup under the given condition is approximately 800 nm. Due to the small
diameter of nuclei such exclusion measurements can only be interpreted as an estimation of
permeability of the nuclear envelope as some of the observed fluorescence will be out of the
nucleus. Certainly very low concentrations of fluorophore-labeled protein cannot be detected.
Nevertheless the experiments allowed important insights into the constitution of the nuclear
membrane and NPCs in isolated yeast nuclei. We can conclude that nuclei are largely intact
and contain intact NPCs.
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3.3.3. Transmission electron microscopy of nuclei
To gain a higher resolution look at the condition of isolated nuclei transmission electron
microscopy was performed. In intact cells it is very hard to find fixation and staining methods
that deliver contrast of both the nucleus and the cell. Fixative does not penetrate through the
cell wall and adequate contrast of the nucleus can not be generated. Unlike the cell wall and
plasma membrane the nuclear envelope alone poses only a weak barrier so that fixatives
can evenly diffuse and bind to all structures.
Here, the nuclear interior including the envelope and NPCs can be displayed in an
exceptionally detailed manner with high resolution by staining of both membranes and
proteins. We found that some nuclei remained largely intact but disruption and clustering was
caused by centrifugation and fixation. In contrary, the nuclear envelope and NPC were
preserved well. When NPCs were sectioned through their centers even nuclear baskets
could be observed (Fig. 3-7 B) which is a rare event and outstanding result. However, it
remains unclear if ruptures of the membrane observed in many nuclei occurred during
fixation or were present beforehand. While whole nuclei may not have been preserved in the
isolation large pieces of envelope were available and should function well in the designed
transport assay. Thus, we concluded that the NPCs and large pieces of nuclear envelope
remain unaltered throughout the isolation process, which shows the value of the method
developed here.
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Figure 3-7: Transmission electron microscope (TEM) images of isolated yeast nuclei, all
acquired at the bottom of the pellet. A- Low magnification showing both round intact and clustered
or broken nuclei. B- High magnification of nucleus from the same section, dark structure on the left
constitutes the dense nucleolus compartment (N), fuzzy structures are chromatin (Ch) and tubular
structures in the middle display a section through nuclear microtubules (Mt). Small dots at the outside
of the nuclear envelope present ribosomes (R) bound to the outer nuclear membrane, nuclear
envelope double membrane (NE) is visible around the whole nucleus. C- Enlarged section displaying
a nuclear pore complex, the nuclear basket reaching into the nucleoplasm, nuclear envelope double
membrane is on both sides of the NPC.
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3.3.4. Scanning electron microscopy of nuclei
For an even more precise investigation of the nuclear envelope, scanning electron
microscopy (SEM) was performed. We found that many nuclei were washed off the silicon
waver during the fixation process. Sucrose in the buffer that could not be fully removed by
washing to avoid damage to the nuclei formed residues on the surface and partially on
nuclei. While the yield of clearly distinguishable nuclei was low, however, no ruptures of the
nuclei envelope were observed. Nuclei appear as round spheres and do not seem severely
altered or damaged by the preparation as can be seen in the example provided in figure 3-8.
NPCs were not clearly visible, as our fixation technique proved inadequate for this purpose.
In any event, visualization of yeast NPCs via SEM is not standardized and a very complex
process. In previously published protocols, only low numbers of NPCs could be preserved
(Kiseleva et al., 2007). Thus the absence of observable NPC was not unexpected and
cannot be interpreted as a sign of damage in the isolated yeast nuclei.

Figure 3-8: SEM image of an isolated yeast nucleus. The nucleus is largely round and reveals an
intact nuclear envelope.
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3.3.5. Determining DNA content in Nuclei Shells
Differences in chromatin content of shells and nuclei were estimated by fluorescent staining
of DNA and analysis with confocal scanning microscopy.
Yeast nuclei and nuclei shells derived from the same isolation were stained with 500 µM
DRAQ5. This concentration is 10-fold higher than previously concentrations used to ensure
that saturation of staining is reached. Images of the same size were acquired and stained
areas in nuclei were analyzed using ImageJ.
This relatively mild treatment extracts much of the DNA but maintains the morphology of the
nucleus. Shells showed a fluorescence intensity of only 42.5% ±15.5 compared to the
fluorescency intensity in untreated nuclei, indicating the predicted strong reduction of DNA
content while still maintaining the shape of a nucleus with a largely intact nuclear envelope.
Such shells can be used for assays with substrates that show strong binding to the
chromatin. If chromatin content is reduced, binding to the nuclear envelope can be measured
in an optimized way. Besides, due to their higher flexibility and lower rigidity membranes of
shells might possibly seal pores tighter, e.g. in OSTR assay chambers (see Chapter 6).

Figure 3-9: Yeast nuclei and nuclei shells with Nup49-GFP tag, DNA stained with DRAQ5. AGFP fluorescence. B- Stained DNA. C- Merge of both images. D- GFP fluorescence. E- Stained DNA,
fluorescence intensity is lower than in stained nuclei. F- Merge of both images; all images have been
smoothed using Gaussian blur (radius of 1 pixel).
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3.3.6. Binding of nuclear transport receptors to the nuclear envelope
To determine whether the isolated yeast nuclei exhibit transport competence and possess
functional NPCs, binding of fluorescently labelled transport receptors to the nuclear envelope
was analyzed. Two different transport receptors were used here, NTF2 and Kap95. NTF2
(Nuclear transport factor 2) is an essential receptor in nucleocytoplasmic transport for
RanGDP import (Ribbeck et al., 1998; Smith et al., 1998, see Introduction for greater detail).
NTF2 was expressed as a YFP fusion protein and added to the nuclei suspension in a final
concentration of 1 µM. YFP, the yellow fluorescent protein is a derivative of the green
fluorescent protein GFP and its emission peak is shifted to 527 nm from 509 nm in GFP
(Wachter et al., 1998).

Figure 3-10: Nuclei incubated with different nuclear transport receptors. A,B- Nuclei with 1 µM
NTF2-YFP wt, incubated for 30 min, YFP fluorescence can be observed here in a punctuate pattern
indicating binding to NPC. C- Nuclei with Nup49-GPF tag. E- Nuclei with 1 µM Kap95-Cy5, incubated
for 30 min. Like for NTF2 strong binding of the Karyopherin can be observed. F- Merge of images D
and E. All images have been smoothed using Gaussian blur (radius of 1 pixel).
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Characteristics of YFP emission allow spectral separation from GFP signal while working
with Nup49-GFP tagged nuclei. Furthermore excitation could be performed with low intensity
(AOTF setting of only 10%, PMT gain 900 V). Nup49-GFP was not visible with the settings
applied here (data not shown) so that we can conclude that the observable fluorescence is in
fact derived from NTF2-YFP only (Fig. 3-8, A and B). Very strong signals were found at the
nuclear envelope while the background of unbound protein remained extremely low, thus
indicating a very high affinity of NTF2 for the nucleus and NPCs. Moreover the same
punctate stain pattern was found at the nuclear rim that is found in Nup49-GFP nuclei (Fig. 38, B). This proves that the binding of NTF2 is actually taking place at the NPC. Inert proteins
do not exhibit strong binding to nuclei or enrichment at the nuclear envelope (Fig. 3-5) which
also highlights the specificity of the observed binding. Note that with a molecular weight of 27
kDa YFP increases the molecular weight of NTF2 to 40 kDa. Yet the protein exhibits strong
binding.
Equivalent experiments were conducted using the Importin β homolog in yeast, Kap95
(Seedorf and Silver, 1997, see Introduction) labeled with the fluorescent dye Cy5. Again,
very strong binding to the nuclear envelope was detected (Fig. 3-8, E). Also, Kap95 signal
colocalized with Nup49-GFP signal which showed that binding indeed occured at the NPC.
Both proteins tested were soluble and displayed a high affinity to nuclei and NPCs. As shown
before in permeability measurements, inert soluble proteins do not show eminent binding to
nuclei (as seen in figure 3-5 and 3-6) so we can conclude that the observed binding is indeed
specific.
These findings strongly suggest that nuclei isolated by the method described here are
competent for nuclear transport and contain intact NPCs.
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3.4.

Discussion and future directions

The objective to develop a gentle and rapid isolation protocol for yeast nuclei has been
fulfilled here. Substitution of lengthy gradient centrifugation steps with just one relatively short
sucrose gradient centrifugation helped to elegantly achieve two needs at the same time.
First, PVP which hindered attachment of nuclei and stopped substrates from diffusing could
be separated entirely from nuclei. Most importantly we achieved a surprisingly pure nuclei
suspension of more than satisfactory yield.
The isolation procedure was kept as gentle as possible by not pelleting nuclei and using
large volumes of lysis solution. The resulting final suspension was relatively dilute which
might be a downside for some applications. Not forming a gradient in between the two
sucrose layers of the gradient will help concentrate nuclei stronger but might result in
clustering of nuclei and damage of the nuclear envelope.
Various methods were deployed here to characterize the constitution of isolated nuclei. It can
be ascertained that the nuclear membrane is largely intact and freed from cellular
components such as endoplasmic reticulum. Transmission electron microscopy revealed that
even nuclear baskets can be observed. Their presence is a strong evidence for intact NPC.
The isolated nuclei display an extremely high affinity for transport receptors. Nuclear
transport receptors NTF2 and Kap95 bind to NPC in isolated yeast nuclei indicating that they
remain fully functional after isolation and freezing.
The method described here yields intact and pure nuclei in particularly short time. Ideally less
then one hour elapses between lysis of cells and freezing of nuclei in liquid nitrogen. Nuclei
can be preserved at -80°C for months and conveniently be thawed in small amounts when
needed. This is a perfect precondition to study nuclear transport in various yeast strains
including strains with modified NPC.

3.4.1. Working with mutant yeast cells
Assays with isolated nuclei containing genetically modified NPCs will be of highest interest in
NPC research. Preliminary nuclei isolations with FG deletions strains were performed
(Strawn et al., 2004). Strains chosen here contained high numbers of deletions to be able to
see significant differences (SWY3044 – 6 deletions: nup42∆FG, nup159∆FG, nup60∆FxF,
nup1∆FxFG, nup2∆FxFG, nup100∆GLFG; and SWY3065 – 7 deletions: nup42∆FG,
nup159∆FG, nup60∆FxF, nup1∆FxFG, nup2∆FxFG, nsp1∆FG∆FxFG).
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It proved that while these cells were viable and not defective for nuclear transport, the
generation times were dramatically elongated. Growth of cells took up to one week and cells
could not grow up to the same density which caused technical difficulties. Moreover, these
cells did not tolerate the spheroblasting step well and dead cells accumulated during this
step. Such cells did not lyse but instead collapsed around nuclei and subsequently
contaminated the final nuclei fraction. Ultimately nuclei were of poor quality as many were
deformed and broken or not completely detached from cells.
The isolation of nuclei with mutant NPCs is required to gain further insight into the
functionality of the NPC. But our findings derived from applying the isolation method to
mutant strains imply that a completely different approach might be needed here. Potentially
less affected strains containing fewer alterations of the NPC should be deployed to begin
with. In any case, development of such a technique will be a challenging and exciting project
of its own.
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4. Deletion of Mlp1 and Mlp2 leads to absence of the
nuclear basket in yeast
4.1.

Introduction

The nuclear basket is a highly flexible filamentous structure anchored to the nuclear pore
complex at the nucleoplasmatic face. This peculiar structure has been seen by electron
microscopy, (Jarnik and Aebi, 1991; Ris, 1997) but its function still remains largely unknown.
In vertebrates, the protooncogenic protein Tpr (translocated promotor region) localizes to the
nuclear basket. Tpr is a 267 kDa, rod-shaped protein which has been shown to play a role in
nuclear export as a putative binding site for Crm1 export complexes (Cordes et al., 1997;
Frosst et al., 2002; Kuznetsov NV et al., 2002). Tpr is thought to attach to the NPC via
Nup153 or Nup98 and has been suspected to reach into the nuclear interior in long filaments
(Fontoura et al., 2001; Krull et al., 2004).
In Saccharomyces cerevisiae Mlp1 and Mlp2 (Myosin-like protein 1 and 2) have predicted
secondary structural similarity to Tpr and therefore are thought to be Tpr homologs. They
localize to nuclear side of the NPC and have been shown to connect the nuclear interior and
the nuclear pore complex (Strambio-de-Castillia et al., 1999). The Mlp proteins have been
proposed to form a peripheral nuclear network (Fig. 4-1) with a function that is still not clear,
but it is likely both proteins are involved in nucleocytoplasmic transport (Kosova et al., 2000;
Strambio-de-Castillia et al., 1999).

Figure 4-1: Diagram of a Nucleus and TEM image of NPCs and nuclear baskets. A- The
presumable structure of the peripheral network constructed of Mlp proteins is displayed as the link of
chromatin and the nuclear pore complex (pink). (From Rout Laboratory Website,
http://www.rockefeller.edu/ labheads/rout/research.php). B- Yeast NPCs displayed by TEM
(transmission electron microscopy), adapted from reference (Fahrenkrog et al., 1998). Bar, 100 nm.
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Mlp1 is involved in RNA biogenesis and retention of unspliced mRNAs (Galy et al., 2004;
Vinciguerra et al., 2005), while Mlp2 has been desribed to bind to the yeast spindle pole body
and promote its efficient assembly (Niepel et al., 2005). However, very little is known about
the exact function of the yeast mlp proteins or their vertebrate homolog Tpr.
A double deletion strain lacking both Mlp1 and Mlp2 has been shown to be viable but
exhibited significant growth defects (Kosova et al., 2000; Strambio-de-Castillia et al., 1999).
It had previously been suspected that the double deletion strain lacks the nuclear basket
(M.P. Rout, C. Strambio-de-Castillia, personal communication) which would indicate that
Mlp1 and Mlp2 are key architectural constituents of the yeast nuclear basket. Additional
support of this assumption came from a computer derived structure of the NPC in which Mlp1
and 2 were not included. Interestingly, the resulting NPC structure did not contain a nuclear
basket, again supporting that Mlp proteins are a prerequisite to build the nuclear basket
(Alber, et. al, 2007).
Based on the excellent visibility of the nuclear baskets that we experienced previously in
isolated yeast nuclei by transmission electron microscopy (TEM, see Chapter 3) we decided
to approach this issue with large scale imaging of Mlp1 and Mlp2 deficient nuclei.
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4.2.

Experimental Setup

The previously described method for improved yeast nuclei isolation (see Chapter 3) was
applied to ∆mlp1/∆mlp2 yeast cells. As these mutations were present in a different strain
background (W303, see Chapter 2) suitable conditions for visualization of the nuclear basket
in this strain had to be established. Thinner sections and good staining of both protein and
membranes was needed to visualize NPCs and nuclear baskets. Furthermore we found that
preparation and fixation of nuclei needed to be performed in a much more careful way to
maintain the structural integrity of nuclei in the double deletion strain. All work presented in
this chapter was performed in the laboratory of Michael P. Rout, Laboratory of Cellular and
Structural Biology, at Rockefeller University, New York, USA, and in collaboration with
Caterina Strambio-de-Castillia, Institute for Research in Biomedicine, Bellinzona,
Switzerland.

4.3.

Results

Isolation of nuclei from wt W303 and ∆mlp1/∆mlp2 yeast cells yielded intact nuclei that
looked similar in phase contrast microscopy and both appeared as round dark spheres (data
not shown) indicating that mlp deletion did not lead to major changes in nuclear morphology.
While nuclei were assumed to be largely intact a slightly increased number of dead cells was
observed in the ∆mlp1/∆mlp2 in the nuclei suspension as compared to the wild type.

4.3.1. Increased fragility of the nuclear envelope
Nuclei were first processed using the same method that had proven to work well in wt
BY4743 nuclei (see Chapters 2 and 3). First, the nuclei suspension was diluted and then a
compact pellet was formed by high speed centrifugation followed by addition of fixatives.
After the initial spin, both wt and mutant pellets had roughly the same size and color but the
pellet from double deletion nuclei was slightly more opaque. After further processing, isolated
wt W303 nuclei looked largely intact to the same or even a higher degree than isolated wt
BY4743 nuclei when prepared for electron microscopy as described (Fig. 4-2, left, for
comparison see Chapter 3). Therefore, this strain background does not exhibit a higher
fragility during centrifugation and subsequent fixation. In contrast, ∆mlp1/∆mlp2 nuclei
appear completely disrupted. No intact nuclei are visible in the section displayed in figure 4-2
(right). As nuclei of both strains looked alike when observed with phase contrast microscopy
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after the isolation, these nuclei must have ruptured during the additional high speed
centrifugation step or during the different fixation steps. Those gross morphological
differences hence are due to the mlp deletions which dramatically increased the fragility of
the nuclear envelope. This might be caused by the absence of the Mlp protein network
located below the inner nuclear membrane and therefore a reduced connectivity between
chromatin, nuclear envelope and the NPCs.

Figure 4-2: Strong disruption of the nuclear envelope in ∆mlp1/∆mlp2 yeast nuclei. A lower
magnification TEM image provides an overview of the condition of wt and ∆mlp1/∆mlp2 yeast nuclei;
A- Most wt nuclei appear largely intact with nucleoli visible as black spheres inside grey nuclei that are
themselves surrounded by a darker stained nuclear envelope. The circle indicates an undisrupted
nucleus with an intact nuclear membrane. Bar, 2 µm. B- ∆mlp1/∆mlp2 nuclei are almost completely
disrupted. Some nucleoli still remain as dark spheres but others appear broken. Both images were
acquired in similar regions of the individual pellets. The circle indicates a disrupted nucleus, only the
nucleolus still has some structure. Bar, 2 µm.

4.3.2. Absence of nuclear basket structures
While the decreased stability of the nuclear envelope allowed some important insights into
effects caused by the absence of Mlp proteins, basket structures or NPCs could not be
detected with this preparation. Various modifications of the preparation and fixation process
were tested to obtain a method that would better preserve nuclei and nuclear structure in the
∆mlp1/∆mlp2 strain. We found that a low volume of high fixative concentrations added to the
nuclei suspension before the centrifugation avoided rupture of nuclei but still yielded a pellet
that was compacted and tight enough to be processed for following fixation and staining
steps.
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Figure 4-3: Absence of the nuclear basket in ∆mlp1/∆mlp2 yeast nuclei. Higher magnification
TEM images allow a more detailed analysis of the nuclear envelope with NPC and basket structures.
A- Exemplary section through a wt yeast nucleus displaying the darkly stained membranes of the
nuclear envelope. The chromatin can be recognized as dark and fuzzy structures inside the nucleus.
An inset area containing an NPC is enlarged below and clearly shows an NPC in between the
disconnected nuclear envelope with the basket visible underneath. The dark round structure
presumably represents an mRNP (messenger ribonucleoprotein) particle bound to the basket. B- In
the ∆mlp1/∆mlp2 yeast nucleus the morphology of the nuclear envelope seems unaltered but the
sectioned NPC clearly lacks any basket structures facing the nuclear interior.

Prepared under these conditions, ∆mlp1/∆mlp2 nuclei were much better preserved and the
nuclear envelope including NPCs could be imaged. Wt W303 nuclei were prepared with the
improved conditions as well. Obvious basket structures were frequently visible underneath
wild type NPCs as shown in figure 4-3. In some cases, chromatin in close proximity or large
cargo as mRNP (messenger ribonucleoprotein) particles, identifiable as dark round spheres,
concealed the view of the basket, especially in cases where the NPC was not sectioned right
through its center. However, no wildtype NPC without any denser structures underneath
were found.
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In contrast, no evidence for nuclear baskets was found in NPCs of ∆mlp1/∆mlp2 nuclei, but
there were many NPCs without any visible structures underneath (Fig. 4-3, right). As
observed in wt nuclei, NPC were not always clearly visible due to near chromatin or cargo
complexes in transit. But the overall structural density below the NPC was in any case lower
than in the wild type. As NPCs without basket structures were found in the double deletion
nuclei but not in wt nuclei, these findings further support a role for Mlp1 and Mlp2 in nuclear
basket formation.

4.3.3. Lower density beneath the NPC
While images of single NPCs delivered good examples of baskets - present in the wildtype
and absent in the double deletion strain- a more comprehensive insight should be gained by
montages of multiple NPC images. As mentioned before, baskets were not always clearly
visible because large cargo complexes such as mRNPs or chromatin in vicinity of the NPCs
often obstructed the view. By merging multiple images, a lower density beneath the NPC in
∆mlp1/∆mlp2 should be disclosed more clearly than possible with single images only.
Montages were generated by manual alignment of several NPC images as described earlier
(Alber et al., 2007b).
In the montages most structures appear as blurred and fuzzy material (Fig. 4-3, A). Clippings
of sectioned NPCs were positioned in the center for all montages (Fig. 4-3, B and C) and
therefore appear more clearly in the resulting montages. Strikingly, a dark structure of higher
density with a shape and morphology similar to the nuclear basket emerges under the wt
montage (Fig. 4-3, A, right). But in case of NPCs lacking Mlp1 and Mlp2 the opposite is the
case, a triangle shaped region beneath the NPC appears brighter, indicating a significantly
lower density (Fig. 4-3, A, left).
This lower density area provides additional evidence for the absence of the nuclear basket in
∆mlp1/∆mlp2 strains. Furthermore it shows that NPCs might be detached from other nuclear
components. The dark, semi-circle shaped structure that emerges underneath wild type
NPCs clearly shows that such montages are a suitable technique to display the nuclear
basket. This further underlines the significance of the lower density area in the deletion
strain.
All montages in figure 4-4 were rendered by Caterina Strambio-de-Castillia and were
provided by Michael P. Rout.
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Figure 4-4: Montages of NPCs in wt and ∆mlp1/∆mlp2. A- montages of 14 wt (right) layers and 23
∆mlp1/∆mlp2 layers with images of nuclear envelope and NPCs. While for the wt montages a blurred
yet basket-like structure underneath the NPC evolves the ∆mlp1/∆mlp2 montage shows an area with
a lower density underneath the NPC instead. Red dotted lines indicate the position of the nuclear
envelope and blue dotted lines indicate the expected position of the nuclear basket. B- 8 images of wt
NPC resulting in the montage of the right. C- 8 images of ∆mlp1/∆mlp2 NPC resulting in the montage
of the right. Courtesy of M.P. Rout, C. Strambio-de-Castillia, slightly adapted. All bars represent 100
nm.
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4.4.

Discussion

The improved isolation technique for yeast nuclei allowed the visualization of nuclear pore
complexes and the nuclear basket in high resolution by employing transmission electron
microscopy and thus helped to study the morphological changes caused by deletion of Mlp1
and Mlp2.
It was found that nuclear baskets in ∆mlp1/∆mlp2 nuclei appear to be absent and the density
below the NPC was lower in general. Conditions that left wild type nuclei undamaged caused
a complete rupture of nuclei in the deletion strains, thus revealing a significantly increased
fragility of the nuclear envelope. These findings support the existence of a peripheral network
that might be involved in linking NPCs to chromatin, the nuclear envelope and the spindle
pole body (also see Fig. 4-1). Without Mlp1 and Mlp2, this network is missing, causing a
decreased interconnectivity which consequently results in reduced stability. Yet even yeast
cells lacking both proteins remain viable which shows that cells have ways to compensate for
loss of Mlp1 and Mlp2 function probably due to redundant functions of other proteins.
The question of why there are two Mlp proteins in both Saccharomyces cerevisiae and
Schizosaccharomyces pombe but only one version of Tpr in vertebrates remains
unanswered. Unlike vertebrate cells, both budding and fission yeast undergo closed mitosis.
Therefore Niepel et al. (2005) propose a potential role for both Mlp proteins in signaling
between the nuclear envelope and the spindle pole body organizer to facilitate closed
mitosis. The authors furthermore suggest that all larger structures embedded in the nuclear
envelope –such as NPCs or spindle poly bodies (SPBs)- must be anchored in the Mlp
assembly or network. Our findings of the increased nuclear envelope fragility upon Mlp
deletion further support this assumption. It has further been suggested that Mlp proteins play
structural roles in the regulation of mitosis and are involved in organization of the nuclear
architecture which illustrates the complex relationship between NPCs and mitotic regulation
(De Souza et al., 2009).
A manuscript summarizing unpublished data about Mlp1 and Mlp2 including the above
mentioned results is in preparation, in collaboration with Mario Niepel, Caterina Strambio-deCastillia, Michael P. Rout and Reiner Peters.
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5. Quantifying transport receptor binding to the Nuclear
Pore Complex
5.1.

Introduction

Various models have been proposed to explain how selectivity in nucleoplasmic transport is
generated by the NPC. While the detailed mechanism is still under debate, all transport
models involve transient nuclear transport receptors binding to unstructured FG domains to
facilitate the translocation process trough the NPC while passive diffusion of non-binding
proteins is hindered in a size dependent manner (Frey and Gorlich, 2007; Lim et al., 2007;
Patel et al., 2007; Peters, 2005; Rout et al., 2003).
Affinities of nuclear transport receptors for FG domains have been quantified previously with
various binding assays. Chaillan-Huntington et al. (Chaillan-Huntington et al., 2000) found
that NTF2 binds yeast Nsp1 with a KD of ~1 µM. Ben-Efraim and Gerace (Ben-Efraim and
Gerace, 2001) described strong binding of Impβ1 to FG domains from Nup358, Nup62,
Nup58, Nup54 and Nup153 with KD´s ranging from 10-200 nM and first reported an affinity
gradient for importin β from the cytoplasmic to the nuclear side of the NPC transport channel.
Based on this finding they proposed the so called affinity gradient model of translocation.
Accordingly, high binding affinities were found in yeast for binding of Kap95 to FG domains
(Bayliss et al., 2002). Moreover, binding strength for Kap95 increased from Nup42 and
Nup100 to Nup1 from 1500 nM to values as high as 8 nM, again supporting the existence of
an affinity gradient inside the NPC (Pyhtila and Rexach, 2003). Structural analysis of Kap95
and Nup1 confirmed this high affinity as they revealed three different binding sites for Nup1
on Kap95 (Liu and Stewart, 2005).
Few attempts have yet been made to quantify the binding capacity of the NPC as a whole.
Recently, single-molecule fluorescence techniques (Tokunaga et al., 2008) and fluorescence
correlation spectroscopy (FCS, Paradise et al., 2007) have been used to estimate the
numbers of different nuclear transport components bound to NPCs. Paradise et al. found
approximately 104 Impβ1, 48 Impα, 43 Ran and 6 NTF2 molecules per NPC in living
neuroblastoma cells. Tokunaga et al. (2008) discovered two different affinities for binding of
Imp β to the vertebrate NPC in digitonin-permeabilized cells. The authors describe 7
molecules bound to high affinity binding (0.3 nM KD) spots and 110 molecules bound to lower
affinity (70 nM KD) binding spots.
Isolated yeast nuclei represent an ideal object for quantitative binding analysis as they are
fully accessible. Inspired by the work of Tokunaga et al. our motivation was to determine if
nuclear transport receptor binding to the yeast NPC could be quantified. As previously
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described in this work, isolated nuclei can be probed with different substrates in a manner
similar to permeabilized cells (see Chapter 3). In the assay introduced in this chapter, the
binding of fluorescently labelled nuclear transport receptors to yeast nuclei and NPCs was
analyzed in a quantitative manner. By means of far-field microscopy using a high sensitivity
CCD (charge coupled device) camera single fluorophores could be detected and
subsequently used as a calibration to ascertain the exact numbers of NPC-bound proteins at
a given concentration of substrate. Our aim was to determine the collective affinity and
binding capacity of the NPC for different nuclear transport receptors, derived from all
individual binding sites. We started with two import receptors from different families - the
Impβ1 homolog in yeast, Kap95, an import receptor for NLS-bearing substrates and NTF2,
the import receptor for RanGDP (see Introduction for greater detail).
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5.2.

Experimental design

Binding of fluorescently labeled transport receptors was measured in a quantitative manner.
In order to calculate the numbers of molecules bound to one NPC, various calibration
measurements had to be performed, as described in the following section.

5.2.1. Determining photon counts of single molecules
Kap95, NTF2 (WT) or NTF2 W7A I64A were labeled with Cy5 (GE Healthcare) and each
protein was diluted in 1 M sucrose/ BT Mg to a concentration of 0.5 nM. eGFP S65T (Heim et
al., 1994; Tsien, 1998) was diluted to 1 nM in the same buffer. 1 µl of each protein solution
was spread on a cover slip (18x18 mm) with continuous movement of a pipette tip until all
liquid evaporated. Glass slides were treated with a plasma cleaner at 70 % power for 4 min
and coated with 1 µl Poly-L-Lysine solution. Then, 3 µl of 1 M Sucrose/ BT Mg buffer were
added to a treated glass slide and the fluorescent protein-coated cover slip was applied.
Fluorescence was measured with the described inverted wide-field epi-fluorescence
microscope at room temperature. Cy5 labeled proteins were excited at 633 nm at an intensity
of 0.7 kW/cm2. For GFP excitation a 492 nm laser line at 1.7 kW/cm2 was employed. The
camera settings were in each case an exposure time of 30 ms, a preamplifier gain set to 4.9
and an electron multiplier gain of 150 (range 0-255). Series of 250 frames corresponding to
7.5 sec were recorded so that most fluorophores were photobleached at the end of the
series. To prevent premature fluorophore bleaching, the focus was adjusted in one field of
view. Then the lasers were switched off, another field of view was blindly positioned and the
series was recorded. Series with single molecules (see Fig. 5-1) were recorded before and
after each binding measurement to check for instabilities of the microscope system.

5.2.2. Binding of transport receptors to the NPC
Frozen drops of Nup49-GFP yeast nuclei were thawed slowly on ice and then mixed with the
appropriate concentration of fluorescently labeled protein. Samples were gently diluted in
ratios of 1:5 - 1:20 to leave a sucrose concentration high enough to keep nuclei stable.
Incubation for one hour at room temperature ensured that steady-state equilibrium was
reached while decreasing the viscosity of the high-sucrose buffer.
Poly-L-Lysine coated cover slips and BSA coated glass slides were prepared in order to
visualize these nuclei. Poly-L-Lysine provided a slightly improved adsorption of nuclei to the
cover slip and BSA prevented adherence of fluorescently labeled substrates to the glass
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slide. Poly-L-Lysine coating was performed on plasma cleaner treated slips as described
above. BSA coating was performed by adding 30 µl of 10 mg/ml solution to a circular area of
the glass slide, incubation for 10 min and subsequent removal of excess with a clean paper
cloth. 3.5 µl of nuclei suspension were pipetted on each coated cover slip and immediately
used for microscopy.
Nup49-GFP was excited with a blue laser (492 nm) to center nuclei within the visual field.
After the nuclei were in focus and centered, Cy5 fluorescence was imaged with a red laser
(633 nm). This prevented bleaching of Cy5 and laid the basis for quantitative fluorescence
analysis. Series of 2x9 frames with 30 ms exposure time were recorded, where 9 frames with
492 nm excitation detected Nup49-GFP fluorescence and 9 with 633 nm excitation detected
Kap95-Cy5 fluorescence. Excitation intensities again were 1.7 kW/cm2 for 492 nm and 0.7
kW/cm2 for 633 nm. For each concentration, series of 40-60 nuclei were acquired.
To avoid saturation of the camera and thus miss some signal intensity, measurements of
concentrations higher than 5 nM for Kap95-Cy5 and NTF2-Cy5 (WT) had to be performed at
lower gain. Signal amplification could be calculated according to measurements of
TetraSpeck fluorescent beads (Invitrogen) at different gain settings (data not shown). Our
data coincided with the manufacturer’s data concerning gain settings of the camera and thus
showed the feasibility of this approach.

5.2.3. Measurement of GFP in yeast nuclei and live yeast cells
To measure the GFP densitiy isolated Nup49-GFP yeast nuclei were prepared on cover slips
and glass slides as described above. For quantitative recording of GFP, nuclei were
incubated with labeled Kap95 as a marker for the nuclear envelope. The nuclei were
centered in the visual field by excitation of Cy5 with the 633 nm laser. Accordingly, GFP was
not prebleached and thus its fluoresence could be quantitatively recorded.
To compare the GFP density in isolated yeast nuclei and yeast cells, live haploid Nup49-GFP
and diploid cells with a single GFP-tagged copy of Nup49 (see Chapter 2) were grown to a
density of ~1 x 107 cells/ml and washed twice with ddH2O. To create a dense coverage of
immobile yeast, cover slips were coated with Concanavalin A, type VI. Concanavalin A is
lectin protein that binds sugar residues on the yeast cell wall and therefore served to
immobilize yeast cells. 10 µl of a 2.5 mg/ml solution were applied to a plasma cleaned cover
slip, incubated in a humid chamber for 10 min and then rinsed twice with ddH2O. Yeast cells
were applied to the cover slip and allowed to bind to Concanavalin A for 10 min. Unbound
yeast cells were removed by another two washes with ddH2O. As the cell wall was not
permeable for Kap95-Cy5, nuclei in intact cells could not be stained. For this reason, nuclei
were focused by excitation of GFP in one field of view and image series acquired in another,
“blindly” adjusted field of view.
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5.2.4. Data Analysis
Analysis of each image stack was performed with ImageJ (NIH), Origin (OriginLab) and
Excel (Microsoft). 4x4 pixel ROIs (Region of Interest) were used for all measurements.
Furthermore, only signals within 4.5 µm of the center of the field of view were considered for
analysis because the excitation laser beam had an approximately two-dimensional Gaussian
profile with a FWHM (full width at half maximum) of 9 µm. This approach ensured that the
analyzed fluorophores were excited with approximately the same intensity.
Single molecules were recorded for signal calibration. ROIs were set on visible bright spots
on the glass surface and background counts were subtracted from all ROIs. Only spots that
showed distinctive, stepwise bleaching were identified as single molecules and subsequently
used for statistics. If two distinct steps could be distinguished, the second step was
subtracted from the first step. Mean values and standard deviations were estimated with
Gaussian fits of histograms with bin sizes calculated according to published methods (Scott,
1979). For an estimation of the correlation of each fit the R2 values are indicated. The series
with single molecules yielded average values of the photon counts emitted by one molecule
of dye before bleaching. These values were applied for calibration, i.e. the calculation of
fluorophores per ROI. At least 50 examples of stepwise bleaching were used for statistics
each time.
For yeast nuclei, ROIs were placed on spots within the punctate rim stain that appeared
significantly brighter and thus were identified as NPCs. Of the nine recorded frames the one
with the highest signal intensity was used to account for probable movement of NPCs during
series acquisition. Again, background counts were subtracted from all ROIs.
Signal calibration with with single molecules enables the calculation of the fluorophor quantity
per ROI. To estimate the total amount of bound proteins the obtained values had to be
corrected for the individual degree of labeling (0.8 molecules of dye per molecule of Kap95;
0.8 for NTF2-GST (WT) monomer and 0.7 for NTF2-GST (W7A I64A) monomer).
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5.3.

Results

5.3.1. Photon counts of single molecules
Single GFP molecules or labeled proteins could be imaged in a widefield microscopic setup
as previously shown (Kubitscheck et al., 2005; Schmidt et al., 1999). We found that a protein
concentration as low as 0.5 nM leads to individual resolvable fluorescent spots suitable for
single molecule detection. Single Cy5 molecules, the fluorescent dye used for the
experiments, showed one step non-exponential, irreversible photobleaching as reported
earlier (Füreder-Kitzmüller E et al., 2005) and thus single fluorophores could be easily
identified based on their one-step bleaching behaviour. Time lapse series were recorded for
7.5 s, as after this time the majority of fluorophores were irreversibly bleached and no
fluorescence counts were recorded afterwards (see Fig. 5-1). Thus, the average camera
counts corresponding to the emitted photons of one molecule Cy5 before bleaching could be
confidently determined. GFP measurements were performed likewise.
For all measured proteins the degree of labeling with Cy5 was ascertained to be < 1
molecule of dye/ molecule protein (0.8 for Kap95-Cy5, 0.8 for NTF2-GST (WT) and 0.7 for
NTF2-GST (W7A I64A). This ensures that the bulk of proteins contain exactly one dye
molecule, while some contain zero and only a very small amount of protein molecules
contains two or more fluorophores. Hence, if two fluorophores were observed in the same
position –identifiable by bleaching in two distinctive steps- this could be caused by three
different situations. First, two proteins with one fluorophore each could be in very close
proximity on the glass surface. Second, two fluorophores could be coupled to just one protein
or, third, two proteins with one dye molecule could have formed a dimer. NTF2 forms dimers
with a reported dissociation constant from dimer to monomer in the micromolar range
(Chaillan-Huntington et al., 2001). For dilution of proteins to a low concentration of only 0.5
nM no substantial numbers of dimers should be found in the solution and subsequently on
the glass surface.
Essentially, for both NTF2 and Kap95 less then 6 % of measured ROIs showed double
steps. This finding indicates that most proteins are singularly scattered on the glass in a
monomeric state and contain one fluorophore each. Rarely, brighter spots appeared on the
glass surface but these were not considered for analysis. Double steps were employed for
statistical analysis of single molecule photon counts but were otherwise not considered.
Calibration measurements with single molecules were performed before and after each
series of measurement to assure that the laser remained adjusted throughout experiments.
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Figure 5-1: Single Kap95-Cy5 molecules on glass. A- Z-projection of average intensity in 250
frames, only signals inside the circle were considered for analysis, the square displays a ROI (region
of interest) with the size of 4x4 pixels, scale bar: 2 µm, enlarged section shows single pixels, only the
most central pixels were analyzed. B- First (left) and last (right) image of a typical series, acquired for
7.5 sec, in this example all fluorophores have been bleached. C- Stepwise bleaching of a single Cy5
molecule. D- Stepwise bleaching of two Cy5 molecules. E- Histogram representing the frequency
distribution of counts per single Kap95-Cy5 molecule (n=65), the mean value calculated by Gaussian
fit is 71.03 ± 31.85 counts per molecule. The mean value is given by the maximum and the standard
deviation by the half FWHM (full width at half maximum) of the Gaussian curve. R2= 0.9788.
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And overall mean of 63.5 ± 9.4 counts emitted off one molecule Cy5 before bleaching was
determined. Standard deviation in individual measurements had a mean value of 24.3 ± 9.3.
In case of GFP, only one measurement was performed for single molecules yielding 82.5 ±
34.7 counts before bleaching under the given conditions. In comparison to Cy5, GFP emitted
photons less evenly, which might be connected to blinking of single GFP-molecules but also
showed irreversible non-exponential one-step bleaching (data not shown).

5.3.2. Binding of Kap95 to the NPC in isolated yeast nuclei
A close-up view of a single Nup49-GFP tagged yeast nucleus revealed individual fluorescent
spots on the nuclear rim, which were identified as NPCs. When Kap95 labeled with Cy5 (~95
kDa) was added, similar fluorescence patterns were observed in the Cy5 detection channel.
(Fig. 5-2). Consequently, we concluded that Kap95 binds at the NPCs (also see Chapter 3).
Furthermore we saw that with increasing concentrations of Kap95 in the surrounding buffer,
the observed fluorescence intensity of Kap bound to the NPCs increased as well. This effect
was especially pronounced when low concentrations of protein, ranging from 0.1 to 250 nm,
were used. (Fig. 5-2, B).
Analysis of those spots confirmed the increased binding of Kap95 to NPCs with increasing
concentrations (see Table 5-1). Concentrations up to 250 nM could be analyzed, but when
higher concentrations were used, the intensity inside the nucleus increased and individual
spots could no longer be recognized. All experiments were performed without any proteins in
the buffer that might compete for binding spots on the NPC, but controls showed that Kap95
binding was not reduced upon the addition of 1 mg/ml BSA or ~150 mg/ml FBS (fetal bovine
serum) which indicates the high specificity of the observed binding.
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Figure 5-2: Binding of Kap95-Cy5 to yeast nuclei; A- Yeast nucleus with 10 nM Kap95-Cy5
centered in the field of view. Bar, 2 µm. B- Enlarged section reveals a punctuate rim stain, ROIs were
set on bright spots that appear to be NPC. C- GFP fluorescence in nucleus. Bar, 0.5 µm. D- Kap95Cy5 fluorescence in nucleus. E- Merge of both images.
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Concentration in nM

Kap95 per ROI

SD

n

0.125

7.9

3.0

108

1.25

40.6

12.4

110

2.5

55.1

18.8

104

5

188.4

51.5

115

10

398.7

114.8

117

25

947.1

364.9

121

50

1377.5

728.0

122

100

1925.8

955.7

108

250

2697.0

892.6

117

Table 5-1: Kap95 molecules measured per ROI in various concentrations. (SD= Standard
Deviation, n= number of analyzed ROIs)

5.3.3. Binding affinity of Kap95 for the yeast NPC
We obtained the number of bound molecules within one ROI (region of interest) as a function
of Kap95 concentration. Data was fitted with the hyperbolic function (5-1):

⎛
k ⎞
y = n1 ⋅ ⎜⎜1 − 1 ⎟⎟
⎝ k1 + x ⎠
5-1: Calculation of dissociation constant and maximum number of molecules bound assuming
one type of binding affinity
n1 = maximum number of molecules bound
k1 = dissociation constant (nM)
x = concentration (nM)

A dissociation constant for Kap95 of 75.7 ± 5.4 nM as an overall NPC affinity was found. The
maximum number of molecules bound per ROI was determined to be 3482 ± 102 (Fig. 5-3,
A). But if only concentrations from 0.125 - 2.5 nM were plotted and fitted with the same
hyperbolic function these values varied significantly (Fig. 5-3, B). A higher overall NPC
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affinity of 1.3 ± 0.13 nM and a maximum number of bound molecules of only 83 ± 3.6 was
discovered here. Furthermore, the fit for all concentrations (displayed in red in figure 5-3, C)
clearly digressed from values determined for concentrations 1.25 nM and 2.5 nM. Inspired by
the findings of Tokunaga et al. (2008) we therefore tested for the presence of two different
affinities by fitting the data with the following equation, which describes the binding curve as
a sum of two hyperbolic functions:

⎛
⎛
k ⎞
k ⎞
y = n1 ⋅ ⎜⎜1 − 1 ⎟⎟ + n2 ⋅ ⎜⎜1 − 2 ⎟⎟
⎝ k2 + x ⎠
⎝ k1 + x ⎠
5-2: Calculation of dissociation constant and maximum number of molecules bound assuming
two types of binding affinity
n1= maximum number of molecules bound for higher affinity binding,
k1= dissociation constant for higher affinity binding (nM)
n2= maximum number of molecules bound for lower affinity binding (nM)
k2= dissociation constant for lower affinity binding (nM)
x = concentration (nM)

In order to perform this fit, the parameters obtained for low concentrations in the first fit were
filled in for k1 and n1. Assuming a high affinity of 1.3 ± 0.13 nM, an additional lower affinity of
86.7 ± 8.8 nM was obtained. The maximum number of bound molecules in this case was
3509 ± 153 (curve not shown) therefore only slightly differing from the maximum number of
3482 molecules that was measured before. However, when comparing the course of both
curves in low concentration ranging from 0.1 to 5 nM (Fig. 5-3, C) the binding affinity of the fit
for all concentrations was not lower but actually higher at concentrations of 0.5 nM or more.
Therefore we decided that this second curve cannot be interpreted as a bona fide proof for
two different affinities for Kap95 binding to the NPC as no higher affinity is clearly present for
low concentrations. At any rate, the overall affinity of the NPC is presumable composed of
higher and lower affinity binding sites and we are not able to distinguish a distinct subset.
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Figure 5-3: Binding curve for Kap95-Cy5. A- Values for all measured concentrations (black dots)
and according fit (red), KD= 75.7 ± 5.4 nM, maximum number of molecules bound= 3482 ± 102.5, inset
square is displayed enlarged in C for better resolution of low concentrations. R2= 0.998. B- Values for
low concentrations and according fit (blue), KD= 1.3 ± 5.4 nM, maximum number of molecules bound=
83 ± 3.6. R2= 0.9996. C- Comparison of both fits in the range of 0.1-5 nM.
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5.3.4. Quantification of analyzed NPCs
To confirm whether effectively single NPC and not multiple, adjoining NPCs had been
evaluated, GFP fluorescence was measured to determine the number of GFP molecules,
and hereby the number of NPCs in each ROI. As mentioned earlier, all diploid nuclei used in
this assay contained one genomic copy of Nup49 tagged with GFP. As a result, the number
of GFP molecules should be exactly half of the number of Nup49 molecules. From various
experimental data a computer structure of the yeast NPC was constructed, which determined
that each NPC contains 16 copies of Nup49 (Alber et al., 2007). Consequently, each NPC
should be labelled with 8 GFP molecules in nuclei of diploid single tagged yeast.
In three independent experiments with a total of 477 analyzed signals, a mean value of
55.1 ± 19.8 GFP molecules per ROI was determined. This clearly shows that NPCs were not
discretely resolved as the expected value of GFP molecules in one NPC is 8. However, this
does not come as a surprise. The density of yeast NPCs varies during the cell cycle from 10
to 14.6 NPC/ µm2 in haploid cells (Winey et al., 1997). Thus, in equatorial optical sections of
nuclei and with a given lateral resolution of ~300 nm and an axial resolution of ~800 nm, the
measured area of nuclear envelope would be expected to contain multiple NPCs. This
inability to resolve individual NPCs has been reported previously (Kubitscheck et al., 2005a).
In HeLa cells with merely ~5 NPC/ µm2 the signals of NPC generally overlapped, especially
in axial direction. Only in regions of the cell nucleus with a lower density could single NPCs
be resolved (Kubitscheck et al., 2005).
With 55.1 molecules of GFP per ROI and presumably 8 molecules of Nup49-GFP per NPC,
we estimate an average of 6.9 NPCs per ROI. Accordingly, the maximum number of Cy5labeled Kap95 molecules bound per ROI can be divided by 6.9 to find a maximum of 506 ±
14.9 Kap95 molecules bound per NPC.
To verify that, according to our expectations, the number of GFP molecules per NPC is in
fact 8 in single tagged diploids, the density and distribution of GFP in live yeast cells was
measured. Haploid cells with all copies of Nup49 GFP-tagged as well as single-tagged
diploid cells with half the copies of Nup49 GFP-tagged were analyzed expecting values of 16
or 8 GFP molecules per NPC respectively.
Mean values of 18.2 ± 7.6 GFP molecules per ROI for diploid cells containing half the
number of tagged Nup49 copies and 57.8 ± 18.4 GFP per ROI for haploid cells containing
only Nup49-GFP were obtained (see Table 5-2). The number of GFP in haploid cells is three
times as high as in diploid cells, although only twice the number was expected. This
discrepancy can be explained by the closer proximity of NPCs. Concluding from these
numbers, diploid cells contain ~2.2 and haploid cells ~3.6 NPCs per ROI. However, another
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explanation is possible. 18 GFP molecules are found per ROI in diploid cells which is
remarkably close to 16. We must therefore consider of the possibility that each NPC may
contain 32 copies of Nup49, not 16.
From the data in table 5.2, it appears that the NPCs of isolated nuclei are three times denser
than NPCs in single-tagged live diploid cells (18.19 in comparison to 55.05). This is puzzling,
because these isolated nuclei originated in single-tagged diploid cells. At this point, we
suspected that in isolated nuclei NPCs tend to form clusters, possibly upon removal of
tethering factors in the cellular environment. This effect might be enhanced by shrinkage of
isolated nuclei which will have to be investigated further. When images were analyzed, the
NPC patterns in live yeast cells seemed more even, which again could indicate clustering of
NPCs in isolated yeast nuclei.

GFP per NPC

GFP per ROI

n

(expected values)

Yeast Nuclei

8

55.05 ± 19.8

477

live single tagged diploids

8

18.19 ± 7.6

200

live fully tagged haploids

16

57.83 ± 18.4

200

bottom of Yeast Nuclei

8

17.91 ± 6.4

247

Table 5-2: GFP density per ROI in isolated nuclei and live cells. (n= number of analyzed ROIs)

A different attempt to visualize single NPCs was to measure GFP fluorescence and thus
NPCs at the bottom of the sample, i.e. the flattened interface between the nucleus and the
glass surface. Distinctly lower NPC densities were found here with only 17.91 ± 6.4 GFP
molecules per ROI. Provided that each NPC contains 32 copies of Nup49 and therefore 16
molecules of GFP we in fact succeeded in the resolution of single NPCs in this case.
Furthermore, NPC densities in nuclei now appear similar to densities in live diploid cells
which contradicts previous considerations that nuclei in isolated yeast nuclei tend to form
clusters.
The exact stoichiometry of several Nups in both the vertebrate and yeast NPC remains a
subject of research (Alber et al., 2007 in comparison to Hsia et al., 2007). Therefore we have
to recognize a potential weakness of our method for calculating the total number of
molecules bound to each NPC. Twice the number of GFP molecules per NPC would result in
half the calculated number of NPCs, and thus twice the number of molecules bound per
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NPC. In the case of Kap95 this means not 506 but 1012 per NPC. Determining the exact
number of bound molecules is important because -deducing from the number of NPCs per
nucleus and the available intracellular concentration of Kap95- it would allow conclusions
about the degree of NPC saturation with Kap95 in vivo. If the number of NPC binding sites
for Kap95 exceeds the number of available Kap95 molecules the NPC would therefore not
be saturated and most free Kap95 would be constitutively bound to the NPC. On the other
hand, if the number of Kap95 exceeds the number of binding sites the NPC would be mostly
saturated with Kap95 and free Kap95 would be available in the cytoplasm and nucleoplasm.
To ascertain this situation more closely will therefore allow to find out how and where Kap95
functions and will help to dissect its role for the NPC itself (see discussion for greater detail).

5.3.5. Binding of NTF2 to the NPC in isolated yeast nuclei
The binding of an additional nuclear transport receptor, NTF2, to NPCs was analyzed in
concentrations from 0.1-1000 nM. All measurements were performed equivalent to
measurements of Kap95. Again, binding of the labeled protein to the NPC was already
observed at concentrations as low as 0.1 nM. The protein was used as a GST fusion protein
which significantly increased the original size of the NTF2 monomer from ~14 kDa to ~40
kDa. NTF2 functions as a dimer and imports two molecules of RanGDP into the nucleus.
Ran is a ~25 kDa protein in yeast (Gsp1, Saccharomyces Genome Database,
www.yeastgenome.org), about the same size as GST (~27 kDa). Thus the size of NTF2-GST
dimer with 80 kDa equals NTF2 with its natural cargo bound. Furthermore, the observed
binding strength for NTF2 will represent a minimal value. The increased bulkiness as well as
the absence of FG binding sites on GST could result in either lower or unaltered binding but
cannot be expected to enhance binding.
When the obtained concentrations were fitted we found clear evidence for one type of
binding. Plotting of low concentrations only did not yield any feasible fits (data not shown)
therefore we found no indication for an additional higher affinity binding as observed for
Kap95. We found a dissociation constant of 455 ± 23.3 nM between NTF2-GST and the
NPC. The maximum number of bound molecules was 4043 ± 86. Considering an average of
6.9 NPCs per ROI, this equals 587 ± 12.5 per NPC at most. This number is in the same
order of magnitude as the maximum binding capacity found for Kap95. However, the
measured overall binding affinity of NTF2 for the NPC was approximately 5 times lower than
for Kap95, probably reflecting differences in the function of both proteins. The intracellular
concentration of dimeric NTF2 is ~1 µM (Paradise et al., 2007, Chaillan-Huntington et al.,
2007) whereas the concentration of Kap95 is ~3 µM (Timney et al, 2006, Ghaemmaghami et
al., 2003). Thus, we can assume that the degree of saturation of the NPC for these proteins
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inside the cell is higher for Kap95 than for NTF2 due to both the intracellular concentration
and the dissociation constant.

Concentration in nM

NTF2 per ROI

SD

n

0.1

4.0

1.8

113

0.5

4.92

2.5

174

1

9.9

8.5

48

2.5

56.2

55.6

124

10

99.9

65.1

120

50

357.6

180.2

123

250

1451.5

572.9

121

1000

2774.3

964.4

125

Table 5-3: NTF2 (WT) molecules measured per ROI in various concentrations. (SD= Standard
Deviation, n= number of analyzed ROIs)
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Figure 5-4: Binding of NTF2 (WT) to isolated yeast nuclei. Inset square is displaying the lower
concentrations at a higher resolution, KD= 455 ± 23.3 nM, maximum number of molecules bound=
4043 ± 86. R2= 0.9996.

5.3.6. Reduced binding of mutant NTF2 (W7A I64A)
To validate our method for measuring dissociation constants between transport receptors
and the NPC, a mutant version of NTF2 was tested which should not be able to bind to the
NPC as strongly as the wildtype.
Two individual mutations of NTF2 have been reported earlier to reduce (W7A) or probably
even abolish (I64A) binding to the NPC (Bayliss et al., 1999; Cushman et al., 2004). In our
assay we applied double mutant NTF2 (W7A I64A) containing both of the above mentioned
amino acid exchanges. Therefore, we expected this protein to show significantly reduced
binding to the NPC.
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Figure 5-5: Binding of NTF2 (W7A I64A) to yeast nuclei. NTF2 (W7A I64A) displays a much lower
affinity to the nuclear envelope. Bar: 2 µm. GFPsignal (green) is on the left, Cy5 signal (red) in the
middle and merge of both images is on the right for each concentration. For 40 nM NTF2 (W7A I64A)
no binding to the nucleus is found, but all fluorophores appear to be bound to the glass surface
instead. For 640 nM very weak binding to the nucleus can be observed. The fluorescence of unbound
protein that surrounds the nucleus is clearly higher.

In fact the apparent binding to the NPC was extremely reduced as can be seen in figure 5-5
in comparison to wild type binding characteristics displayed in figure 5-6. At concentrations of
40 nM or below (data not shown) mutant NTF2 (W7A I64A) seemed to show no binding to
yeast nuclei at all, fluorophores adhered to the glass instead (see Fig. 5-5, top). Single
fluorophores can still be distinguished and rather evenly cover the glass surface. However,
binding to NPCs was not completely abolished. With increasing concentrations of the mutant
protein from 40 - 640 nM isolated fluorescent signals were observed that co-localized with
the GFP fluorescence of the nuclei but could rarely be identified as true binding events (data
not shown). At higher concentrations, > 640 nM, weak binding of NTF2 (W7A I64A) to the
NPC took place but was almost completely masked by the strong background fluorescence
caused by unbound protein.
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Figure 5-6: Binding of wildtype NTF2 to yeast nuclei. NTF2 strongly binds to nuclear envelope.
Bar: 2 µm. GFP signal is on the left, Cy5 signal in the middle and merge of both images is on the right
for each concentration. At 1 nM NTF2 some protein molecules appear to be bound to the glass
surface but most of them appear bound to the nucleus. For 10 nM concentration all visible Cy5
fluorescence is found at the nuclear rim in a punctuate pattern. With concentrations as high as 250 nM
some background fluorescence of unbound protein can be observed but the nuclear envelope displays
a higher signal intensity. The GFP signal acquired for 10 nM and 250 nM appears slightly blurred and
noisy because it was recorded at a lower gain.

In contrast, NTF2 (WT) revealed strong fluorescence signals located primarily at the nuclear
envelope at concentrations as low as 1 nM (Fig. 5-6, top). At 10 nM the nuclear envelope
was completely stained in a punctuate pattern (Fig. 5-6, middle). Discernible background
intensity was found for 250 nM as well caused by unbound protein, but was still very low
when compared to the high intensity of the NTF2 (WT) fluorophores detected at the nuclear
rim (Fig. 5-6, bottom).
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A binding curve for the double mutant could not be established. Binding strength was too
severely decreased so that signals could not be adequately detected with our method and
the resulting background fluorescence “swallowed” the signals (see Fig. 5-6, bottom).
This provides an excellent proof for the specificity of the previously described binding of
NTF2 (WT) and therefore gives us confidence for the specificity of Kap95 binding as well.
Furthermore it shows that fluorescent labeling with Cy5 did not influence Kap95 and NTF2
binding. Also, the strong interaction of two independent transport receptors but not of NTF2
(W7A I64A), rendered non-binding by two point mutations, is another indication for the
presence of undamaged NPC in isolated nuclei.
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5.4.

Discussion and future directions

Transport receptors Kap95 and NTF2 were found to bind tightly to NPCs as a whole, with
dissociation constants in the nanomolar range. Further on, large numbers of these proteins
seem to be bound at a time, thus indicating an important role not only for transport processes
but potentially for functionality of the NPC itself. Binding of an NTF2 mutant with two amino
acid exchanges, W7A and I64A, was severely decreased and in low concentrations even
completely abolished as was expected by the previously described individual mutations
(Bayliss et al., 1999; Cushman et al., 2004). The mutant bound the NPCs to weakly to be
quantified by our assay. Yet the strongly reduced binding in this negative control provided an
important validation of the assay introduced here. However, future measurements could use
NTF2 with only single amino acid exchanges to determine the degree of binding strength
reduction and the maximum number of proteins bound to NPC.
At the nanomolar concentrations used in our experiments, Kap95 and NTF2 were primarily
located at the nuclear envelope and not inside the nucleus. With increasing concentrations,
signal intensity inside the nucleus increased as well until the nuclear envelope could no
longer clearly be recognized. Higher concentrations of labeled protein could not be tested
with our method as the local signal intensity saturated the camera. We gained confidence
about the specificity of the measured binding, from measurements including up to 150 mg/ml
FBS as competing protein that did not lead to a decreased binding of Kap95.
Saturation of the NPC with Kap95, according to our data, occurs at concentrations of
5-10 µM, which corresponds to the intracellular concentrations (Timney et al., 2006). For
NTF2, higher concentrations are needed to saturate the NPC, but the intracellular
concentrations of the dimer are lower and in the order of 1 µM (Chaillan-Huntington et al.,
2001; Paradise et al., 2007). Hence we can suspect that more Kap95 than NTF2 is bound to
NPCs in vivo.
For Kap95 we calculated a maximum number of molecules bound to NPC of 506 ± 14.9,
while Tokunaga et al. report 110 +60/-40 molecules of Imp β per NPC. This more than 3-fold
discrepancy be can possibly be explained by differences in the content of remaining
endogenous protein. As previously mentioned, in digitonin-permeabilized cells, the cell
membrane is rendered permeable. While cell nuclei were now accessible for the added
fluorescent Imp β, endogenous Imp β likely remained bound to the NPC which resulted in a
lower number of fluorescent protein bound to NPC. On the contrary, we predict that our
isolated yeast nuclei are essentially stripped of the majority of nuclear transport receptors. To
test for this, we performed an immunoblot analysis of the yeast nuclei fractions with antiKap95 antibody in which we found no detectable amount of Kap95 (data not shown). This
indicates that no endogenous Kap95 remained bound to nuclei after the isolation and
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supports our assumption that all other transport receptors had been removed as well.
Consequently, NPCs in those isolated nuclei have a much higher binding capacity than
digitonized cells. Thus, isolated yeast nuclei represent a unique tool for such quantitative
binding measurements.
The question is raised if the NPC is capable of binding that many molecules at a time. About
one third of nucleoporins contain unstructured FG domains with up to 45 repeats each
(Suntharalingam and Wente, 2003). According to the NPC stoichiometry with nucleoporins
occurring in multiples of 8 (Alber et al., 2007b), several hundreds of FG domains with
thousands of repeats could provide enough binding spots for nuclear transport receptors.
Looking at the in vivo situation we find that each yeast cell contains an average of
approximately 60000 molecules of Kap95 which relates to a concentration ~3 µM (Timney et
al., 2006). As the average NPC number in yeast throughout the cell cycle is 120 this results
in ~498 Kap95 per NPC. This is remarkably close to our finding of 506 Kap95 molecules
bound per NPC. Yet due to competition of different karyopherins in the cell for access to the
NPC it is unlikely that all Kap95 is simultaneously bound and therefore our in vitro data has
to be considered an upper limit for Kap95 binding to the NPC. Following up on our previous
considerations (see 5.3.4) the NPC would therefore be almost saturated with Kap95 but
some free unbound Kap95 would be present as well. But if the actual number of binding sites
at the NPC is doubled from ~506 to ~1012 the concentration of free protein would be
significantly decreased. Consequently, from the correct number of binding sites at the NPC
we will be able to conclude whether Kap95 functions mainly at the NPC or if free protein in
the cytoplasm is required for its function. However, further analysis of the binding of
competing transport receptors is needed before a final conclusion can be drawn here.
Interestingly, the binding affinity for the overall NPC determined with our method was 75 nM
which is in good agreement to the 70 nM observed for the Kapß1 homologue in mammalian
cells (Tokunaga et al., 2008). This further supports the assumption that aberrations in the
observed maximal numbers of bound molecules are due to residual endogenous protein.
Differing from the findings by Tokunaga et al. we found no clear evidence for additional high
affinity binding separable from the overall affinity. Fitting of low concentrations did yield a
higher affinity of 1.3 nM with a maximum number of bound molecules of 12.6 per NPC. But
due to the course of the binding curve which showed no higher affinity than the overall
binding affinity for low concentrations we did not interpret this finding as a prove for two
different affinities for the binding of Kap95. Thus we assume that 75 nM is the combined
affinity of all FG-nups for Kap95 and includes bindings sites with clearly higher affinity as in
Nup1 with a KD of 8 nM as well as binding sites with much lower affinity as in Nup42 with a
KD of 1.5 µM (Pyhtila and Rexach, 2003c). This overall affinity will not resolve single high
affinity binding sites but can provide a broader picture of the NPC instead which will also
allow important insights.
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It has to be considered that single NPCs could not be analyzed in our assay due to the
resolution of the microscope in combination with the NPC density in yeast. However, the
number of NPCs in single analyzed spots could be feasibly derived from the number of GFP
molecules. We assumed a Nup49 stoichiometry of 16 molecules per NPC for calculations
and therefore 8 molecules of GFP in our single tagged diploid nuclei. But this number is not
necessarily set in stone and further experimental data will have to be awaited to ultimately
determine the number of molecules bound to each single NPC (see 5-3).
Based on the experimental setup signals for Nup49-GFP and transport receptors labeled
with Cy5 were similar in pattern and relative intensity but could not be directly compared. To
focus nuclei, either Nup49-GFP or Cy5 was bleached before the other fluorescent signal
could be quantitatively recorded. Probable movement of NPCs during the measurements has
to be taken into account as well. For each color, 9 images with 30 ms integration time each
were acquired hence the resulting series had a duration of 270 ms. In previous
measurements not shown here we found visible movement of NPCs in nuclei series when
series with 100 images with 5 ms integration time each were acquired each s over a time
period of 100 s. Even though this time was significantly longer then 270 ms and the observed
movement of NPCs was not quantified this aspect has to be considered. Movement would
result in dislocation of NPCs and therefore the analyzed ROIs would misfit the signals.
The assay introduced in this chapter offers the possibility of various future experiments and
modifications. Additional experiments could be implemented for further evaluating the binding
of transport receptors to the NPC. For example it has been previously shown that
cyclohexane-1,2-diol treatment collapsed FG repeat domains in vitro (Lim et al., 2007) and
eliminated the NPC barrier in vivo (Ribbeck and Gorlich, 2002; Shulga and Goldfarb, 2003).
Consequently, we can expect abolished or reduced binding in our assay as well.
Different transport receptors display different binding affinities for the different types of FG
repeat domains. For instance, Kap95 binds strongly to FG domains of both Nsp1 and
Nup100, whereas NTF2 binds more weakly to Nup100 (Bayliss et al., 2002; Clarkson et al.,
1997; Strawn et al., 2001). We found a significant difference in NPC binding strength for
Kap95 and NTF2 which corresponds to the biological function of those proteins. To begin
with, additional nuclear transport receptors could be analyzed for their individual affinities
and, most importantly, competitive binding assays with two or more transport receptors could
be performed. Inside the cell a large abundance of transport receptors competes for binding
sites at the NPC and thus competitive binding assays will far better account for the in vivo
situation. A microscope setup with three different lasers would be advantageous for such
competitive assays with GFP tagged nuclei as two proteins could be fluorescently labeled
and simultaneously monitored, also in the absence or presence of RanGDP and RanGTP.

83

These measurements require the expression and purification of different kaps in an active
form, which is a complex and challenging task as each protein requires certain conditions.
Also, proteins must be labeled with fluorescent dyes and it has to be ensured that this
labeling does not affect their function. Proteins are labeled with fluorescent dyes via chemical
coupling, for example to the cysteine groups of proteins as described here. As this is a
modification of different amino acid residues of the protein it could potentially influence its
function, for example the binding to certain other proteins might be affected. The degree of
labeling in our samples was <1 so that only one cysteine residue in each protein was coupled
to a dye which can be judged as a minor modification. The high binding affinities we
observed and the confirmed absence of binding in mutant NTF2 (W7A I64A) allowed us to
assume that the applied proteins were unaltered by this labeling.
Paradise et al. (2007) addressed this issue in detail for their FCS (fluorescence correlation
sprectroscopy) analysis and compared labeled and unlabeled proteins with surface plasmon
resonance analysis. Thus, it could be shown that neither Impα, the vertebrate homologue of
Kap60, nor NTF2 were affected by the labeling, but <25 % of Ran molecules were unable to
bind to NTF2. This is another strong indication for the functionality of the labeled proteins we
tested and the feasibility of assays with fluorescently labeled proteins in general. Concluding
from these findings it should be said that in future assay Ran should be either used as the
unlabeled component or analyzed for possible inactivation before use.
As previously mentioned, Kap95 has a very high abundance in yeast with an average of
about 60000 molecules per cell (Timney et al., 2006). By comparison, only 2130 molecules
per cell are found for Kap104, 15500 for Kap121, 38300 for Kap123 and 7080 for Crm1 (for
protein abundance data see Ghaemmaghami et al., 2003).
Kap95 reportedly forms a heterodimer with Kap60 which then binds NLS bearing substrates
(Cook et al., 2007; Enenkel et al., 1995). Although some NLSs are directly bound by Kap95
(Palmeri and Malim, 1999) most Kap95 mediated import processes require Kap60.
Remarkably, only 2790 molecules of Kap60 are found per cell, and this brings up the
question about the reasons for this approximately 18 fold excess of Kap95 over its binding
partner. Combining this excess with the finding of large numbers of Kap95 bound to the NPC
it can be concluded that Kap95 might constantly be bound to the NPC and thus generate a
“coat” for the NPC inner channel. Substrates could bind to Kap95 via Kap60 and then “float”
along this coat. Different transport receptors will be bound to the NPC too, but to a lesser
extent. In addition, the passive diffusion of non-NLS binding proteins might be hindered by
such a coat so that it might contribute to or even establish the permeability barrier of the
NPC. Recently, artificial nanopores have been constructed that mimic nucleocytoplasmic
transport (Jovanovic-Talisman et al., 2008). NPC-transport selectivity and retention of inert
molecules was reconstituted in the presence of both FG repeat domains and nuclear
transport receptors, which is another indication that these are needed for selective transport
through the NPC.
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Deducting from this findings we might have to start thinking of a new role for nuclear
transport receptors as essential, yet mobile components of the NPC.
A manuscript summarizing the results described in this chapter is in preparation. (Preliminary
title: “Quantified transport receptor binding to the NPC in isolated yeast nuclei”, Julia C. Farr,
Martin Kahms, Michael P. Rout and Reiner Peters)
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6. Optical in vitro Analysis of transport through the yeast
nuclear pore complex
6.1.

Introduction

6.1.1. Optical single transporter recording (OSTR)
Optical single transporter recording (OSTR) is a fluorescent technique for studying transport
kinetics of transport through pores in membrane patches. The technique was developed by
Reiner Peters (Tschodrich-Rotter and Peters, 1998) and has been used to analyze transport
through nuclear pore complexes in Xenopus laevis oocyte nuclei as well as molecular fluxes
through nanopores in artificial bilayers (Hemmler et al., 2005). Concerning nuclear transport,
permeability of the NPC for various substrates was determined and most importantly, nuclear
transport, especially export through NPCs, could be monitored (Keminer et al., 1999;
Keminer and Peters, 1999; Siebrasse et al., 2002). Thus, this technique provided a
quantitative method for measuring transport flux through NPCs in an easily controllable
system.
Practical implementation of this method in the case of Xenopus NPCs involves the manual
dissection of oocytes to isolate nuclei. Isolated nuclei are then attached to a porous array in a
test chamber and broken open to remove the nucleoplasm and expose the nuclear side of
the NPCs.
Xenopus nuclei present an ideal subject for these kind of studies because of their large size
(250 µm diameter) and high density of NPCs (50 NPC/ µm2, Peters, 2003). NPC densities in
other vertebrate cells are lower - for example HeLa cells contain 5 NPC/ µm2 (Kubitscheck et
al., 2005). Transport through multiple NPCs can be simultaneously analyzed with confocal
microscopy by measuring the change of fluorescence intensity over time within membrane
covered cavities of the porous arrays, termed test compartments (TC). Passive
permeabilities of inert substrates or translocation rates of nuclear transport receptors can be
analyzed with this method and thus, the permeability of single nuclear pores can be
determined (Baumgärtel VM, 2008; Keminer and Peters, 1999).
However, a downside of Xenopus laevis is that they cannot be genetically modified. Mutant
cargoes can be included in assays, but NPCs must remain in their wild type state. This is in
particular a limitation in nuclear transport research since the study of mutant NPCs will allow
deeper insights and conclusions about how selectivity of transport is truly achieved.
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Figure 6-1: Experimental setup for optical transport measurements in Xenopus laevis oocyte
nuclei. A- Stage VI oocyte. B- Cleaned, isolated nucleus, A,B- Acquired by light microscopy.
C- Attached nucleus (in control substrate). D- Contact area of nucleus and test compartment (TC)
array. E- TC attached nuclear envelope. F- TC at boundary of nuclear envelope covered area,
C-F- Acquired by confocal laser scanning microscopy, adapted from reference (Peters, 2003).
G- General principle of OSTR, a membrane is attached to a microarray of small TCs, transport
substrate and control substrate are added and translocation of substrates into the cavities is detected
by confocal microscopy in an optical plane below the membrane (Tschodrich-Rotter and Peters,
1998). H- Detailed overview of setup. Filters are sealed by mineral oil and nuclear envelope is tightly
attached. The nuclear side of NPCs is exposed to a larger chamber volume (Keminer et al., 1999).

6.1.2. Adapting and applying OSTR to Saccharomyces cerevisiae
Our intention was to adapt the technique of OSTR to measure molecule fluxes through yeast
NPCs. Genetic manipulation within this model system is already well established and can be
easily performed due to short generation times and homologous recombination strategies
(Sherman F., 1997). Thus, adapting this system to work with yeast would enable the study of
transport through mutant NPCs.
Different mutations of the NPC have been described and characterized. For example, Shulga
et al. found that export rates for the Kap95/Kap60 complex were significantly increased when
Nup188 or Nup170 were deleted (Shulga et al., 2000). But mainly FG repeats have been
modified to gain further knowledge about the NPC function. Surprisingly, the deletion or
88

6. Optical in vitro Analysis of transport through the yeast nuclear pore complex

swapping of assymmetrical FG repeats did not lead to any detectable defects in import or
export (Zeitler and Weis, 2004). Deletion of Nup1 FG repeats led to a decreased binding
affinity for Kap95-Kap60 cargo complexes. Nup1∆FG cells showed defects in Kap95
localization but remained capable of nucleocytoplasmic transport (Pyhtila and Rexach,
2003). Most captivating are the findings of Susan Wente’s laboratory that more than half of
the mass of FG repeat domains can be deleted without causing lethality in yeast. Strains
lacking all five asymmetric FG repeats are still viable and show only temperature sensitivity
and minor defects in growth. However, certain combinations of symmetric FG domains were
proven to be essential (Strawn et al., 2004). Also, by global analysis of FG domain
requirements in mRNA export and protein import, Terry and Wente (Terry and Wente, 2007)
concluded that independent transport routes exist for messenger RNA export and protein
import.
These findings revealed a high degree of redundancy of FG domains in the nuclear pore
complex and the existence of multiple transport pathways.
Optical analysis of transport in isolated nuclei allows a much more detailed examination of
transport processes and possible effects of alterations of the NPC than in vivo studies.
Instead of examining viability, effects on growth, or localization of nuclear transport receptors
at the nuclear envelope, transport rates of individual substrates can be determined. Thus,
even minor effects are detectable with this sensitive technique. It is also conceivable that
mutant NPCs exhibit a higher permeability for inert substrates, which might also cause
problems for cell viability. In both cases, effects on transport rates for specific transport
receptors and alterations of passive permeability, cells might be able to compensate for such
disturbance and possible impacts on nuclear transport might not be detectable in an in vivo
experiment. Therefore, optical in vitro transport analysis represents a very precise system to
study even minimal effects of mutations. One can have a much closer look at the NPC to
learn more about the effects of mutations and thus the transport mechanism.
The practical implementation of this assay in yeast poses a challenging task. Owing to the
much smaller nuclear diameter of 1.4-2 µm (haploids) or 2-3 µm (diploids) respectively,
nuclear envelope cannot be prepared manually in the test chamber as is done with Xenopus
nuclear envelopes. Isolation of nuclei in suitable conditions was an intricate project itself (see
Chapter 3), and was carried out meeting the requirements of an optical in vitro assay. As
manual positioning of nuclei was not possible, a technique had to be developed to affix nuclei
on test compartments and create a tight seal with the nuclear envelope on the porous
polycarbonate membrane.
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6.2.

Experimental setup in yeast

Available surface area in yeast nuclei is strongly reduced in comparison to Xenopus nuclei.
Nuclei isolated from yeast are in different cell cycle stages and NPCs might slightly differ in
each stage (D'Angelo and Hetzer, 2008). Furthermore the density of NPCs is lower in yeast,
ranging from 10 to 14.6 NPC/ µm2 depending on the cell cycle stage (Winey et al., 1997). We
pursued an assay that consists of one nucleus per cell compartment based on the available
pore diameters in polycarbonate filters. Transport through NPCs in multiple nuclei can be
measured simultaneously whereas in Xenopus laevis large membrane patches cover
multiple test compartments so that multiple NPCs in one nucleus are studied at a time.
Diameters of test compartments used in this work were 400, 600 and 800 nm. PC filters were
translucent for visible light, so that laser scanning could be performed through the filters.

Figure 6-2: Scheme of an optical transport assay in yeast. A polycarbonate filter is mounted on a
glass cover slip. Several nuclei cover one test compartment each and confocal scanning of the test
compartments is performed.

The measuring chamber was assembled on a glass surface as described in figure 6-3. We
found that pulling the PC filter along the surface of a glass slide enhanced capillary forces
and helped mounting nuclei onto filter pores by suction as described in greater detail in
section 6.1.3. Substrates were added to drops of nuclei suspension or buffer on the filter.
Thus a large buffer reservoir was avoided and minimal volumes of both nuclei suspension
and substrates could be used. Once the nuclear membrane was tightly attached to the PC
filter surface, transport substrates could be added and measurements started. Inert control
substrates had to be included in all measurements to verify tight sealing of nuclear envelope
on PC filters in every single test compartment (Fig. 6-3, B). To remove chromatin and
prevent shielding of the inner nuclear membrane nuclei can be ruptured at this stage, e.g. by
adding DNase. This way, export of substrates can take part through the NPCs.
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Figure 6-3: Schematic overview of preparation of yeast nuclei on PC filters; A- A drop of nuclei
suspension is put on a PC filter on a cover slip, the nuclei suspension leaks through the filter pores
due to capillary forces and the filter is pulled with tweezers on a thin oil layer. B- The pulling
movement creates a suction force that directs nuclei onto the filter pores, by sealing with oil closed
test compartments are derived. Nuclei are then opened and the inner nuclear membrane is exposed.
All measurements include both inert control substrate and transport substrate with different fluorescent
labels. C- The inner nuclear membrane and nuclear baskets are exposed so that export
measurements can be performed if the nuclear membranes tightly cover the PC filters. The test
compartment is then sealed with oil so that no leakage under the filter can occur and volumes are
defined. Fluorescence intensity is detected in the middle of the compartment. The schematic diagram
of the NPC is adapted from reference (Pante and Aebi, 1996); all figures are not drawn to scale.

PC filters with different filter pore diameters were chosen to be tested with yeast nuclei.
Deducing from the known diameter of yeast nuclei we can calculate the area covering each
test compartment, which leads to the number of NPCs available for transport measurements.
As shown in table 6-1, 400 nm PC filters might allow analyzing single NPCs. This way, actual
single transporter measurements can be theoretically realized due to the reduced area
density of NPCs in yeast.
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Diameter in nm

Area in µm2

approximate NPC number

200

0.031

0.31 - 0.45

400

0.126

1.26 - 1.84

600

0.282

2.82 - 4.12

800

0.503

5.03 – 7.34

Table 6-1: Approximation of NPC number in membrane patches covering test compartments
for different TC diameters. All numbers are calculated assuming 10 NPC/µm2 during late anaphase
as a minimal value and 14.6 NPC/µm2 during S phase as a maximum value.

6.2.1. Attachment of nuclei
As described in figure 1-A nuclei were localized to pores in PC filters by mild suction forces.
Flow of nuclei suspension was caused by capillary forces occurring in filter pores and could
be enhanced by drawing PC filters on a smooth surface such as glass.
Glass cover slips were cleaned using 70 % (v/v) ethanol or glass cleaner. A thin film of high
viscosity oil was spread on one side of the glass by a fine brush and a PC filter was put flat
on the opposite side of the glass.
PC filters were used either untreated or coated with 0.01 % (w/v) Poly-L-Lysine. Filters were
treated in a plasma cleaner at 50 % power for 4 min. Then approximately 1 µl of Poly-LLysine solution was applied to an area of 20 mm2 of the filter and immediately streaked with a
thin pipette tip to reach an even coating. When all remaining solution had evaporated filters
could be dryly stored for several days and used when needed. If necessary filters were cut
into pieces of appropriate size using very sharp scissors. Alternatively, PC filters were coated
with Cell Tak (BD Biosciences). This solution contains polyphenolic proteins from the marine
mussel Mytilus edulis, which is used by the mussel to anchor itself to solid substrates. Thus it
resembles a “natural glue”. Following the manufacturer’s instructions, the CellTak solution
was either used pure or diluted in 0.2 M Na bicarbonate pH 8.3. It was established that 1 µl
of pure solution was appropriate per 80 mm2 of PC filters. If the solution was diluted, 5 µl
were dissolved in 150 µl of buffer and used in a ratio of 1 µl per 15 mm2. After all remaining
liquid evaporated, filters were washed by pure ddH2O and 100 % (v/v) ethanol in both cases.
Then filters could either be used immediately or stored at 4°C within a dry chamber for up to
two days.
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Nuclei suspension was freshly thawed on ice shortly before experiments. It was either used
pure or diluted in a ratio of 1:1 in a suitable buffer. Buffer used were either 0.5 M sucrose/ BT
Mg or BT Mg buffer without sucrose. Alternatively nuclei were diluted in Mock3 buffer 0.4 M
sucrose (10 mM Hepes (pH 7.3 adjusted with KOH), 90 mM KCl, 10 mM NaCl, 2 mM CaCl2,
1 mM HEDTA).
10 µl of nuclei suspension were put onto the filter and allowed to leak through filter pores. As
soon as the suspension leaked through the filter onto the glass, filters were pulled along the
glass to localize nuclei to the pores by suction.
Once the nuclei are fixed to the PC filter pores, test compartments of a defined volume have
to be established to allow calculation of flux rates. PC filter pores had to be sealed at the
bottom to prevent any leakage flows underneath the PC filters. Dragging the filters onto a
thin layer of high viscosity oil both sealed the filter pores and immobilized the filters on the
glass surface.

Figure 6-4: Preparation of an open test chamber using PC filters with 600 nm filter pores. A- A
600 nm PC filter placed on a cleaned glass slide with an oil film in a square shaped area. B- 10 µl of
nuclei suspension are put on the PC filter. C- After dragging on the cover slip the PC filter immobilized
on cover slip. D- An aluminum holder is attached to the cover slip, the circular opening surrounds the
measuring chamber. E- 10 µl of nuclei suspension directly after addition to a 400 nm filter. F- The
nuclei suspension after it slowly leaked through the pores and onto the glass surface.

Afterwards an aluminum holder was attached onto the glass cover slip with silicone grease.
As the described setup was assembled on a cover slip the buffer reservoir was facing
upwards. It was accessible to add or remove substrates and was thus termed open setup.
Notably, in the open setup scanning was performed through PC filters. This slightly
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influenced the image quality within TCs through abberations, but still nuclei sealing the filter
pores and fluorescence increase in test compartments could be detected well with this setup.
Alternatively a closed setup could be generated by using a glass slide for assembly and
sealing the top of the filter with a cover slip. Consequently, the buffer reservoir and the PC
filter surface were facing downwards and laser scanning measurements were performed
through the cover slip. Setup assembly and subsequent measurements were performed at
room temperature.

6.2.2. Probing PC filters with dyes and substrates
PC filters were assembled on a glass slide and buffers containing various fluorescent
substrates were added directly to the filter. The setup was sealed with a cover slip and
applied for microscopy. Alternatively, a chamber was assembled as described in section
6.1.3. and the nuclei suspension substituted with sucrose/ BT Mg of concentrations varying
from 1 to 2 M sucrose. Fluorescent substrates were diluted in sucrose/ BT Mg buffer with
different concentrations of sucrose to test diffusion in this system.

6.2.3. Measurements of diffusion and transport kinetics
Directly after the assembly of the test chamber, microscopic measurements were started.
Images of the PC filter surface were acquired to determine which of the test compartments
had been patched with a nucleus. Both Nup49-GFP fluorescence of the nuclear pore
complexes and a transmitted light image of the PC filter pores were recorded on the surface
and a merged image served to identify which test compartments had been patched with
nuclear envelope and which remained open.
Subsequently the plane was adjusted to a depth of approximately 5 µm below the surface.
Image size was either 100 x 100 µm (zoom 1.4 when working with a 100 x objective) or 87 x
87 µm (2x zoom when working with a 63x objective) at 512x512 pixels. This provided both a
sufficiently high number of observable TCs and a suitable resolution. Then fluorescent
substrates were added carefully by pipetting them into the buffer reservoir on top of the filter.
Scanning was started immediately to observe early increase in fluorescence in the test
compartments. Image series were acquired for 10 or 20 min, with scans every 20 s and
twofold averaging. To make sure that large substrates were excluded, but small substrates
can freely diffuse into test compartments, two different control substrates were needed in
initial stages of experiments to evaluate the system. This was supposed to help in detecting
possible clogged pores that would otherwise falsify measurements.
In this setup a maximum of three different fluorescent substrates could be employed. The
TCS SPE microscope scans all channels sequentially with only one photomultiplier (PMT).
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Hence it would be possible to include even more, differently labelled substrates. But
emission maxima of fluorescent dyes or proteins used had to be set apart far enough to allow
spectral separation. Also, fluorescent crosstalk needed to be avoided to not falsify results.
Consequently, only three different colors at most could be measured in one experiment.

6.2.4. Data Analysis
Data was analyzed with ImageJ and Origin. Regions of interest (ROIs) were positioned on
test compartments to evaluate the fluorescent intensity inside. In measurements including
yeast nuclei two different categories of ROIs were defined, open and patched test
compartments. Fluorescence intensity was measured and background fluorescence was
removed. Mean values and standard deviation were calculated and plotted.
Some non-specific leakage of inert substrates into test compartments was expected. For
example, in measurements with Xenopus laevis nuclei a test compartment was considered
adequately patched when it contained less than 30 % of the fluorescence intensity found in
open TCs (Viola Baumgärtel, personal communication). A similar criterion was included in
our assays - TCs were considered tightly patched only if they contained less than 50 % of the
fluorescence intensity of open TCs as an initial threshold value.
Furthermore it had to be ensured that pores patched with nuclear membrane are
impermeable for control substrates too large to traverse the NPC, but will at the same time
let in substrates small enough for passive diffusion through the NPC. A second criterion was
established, in respect of potential inhomogeneity in the nuclear suspension. Test
compartments clogged with parts of broken nuclei or even vesicles could falsify
measurements. To avoid this, only nuclei-patched test compartments that are both
permeable for small substrates but at the same time impermeable for large substrates were
used for analysis. TCs were counted as functional if they contained at least 30 % of the
fluorescence of small substrates in open TCs. For faster analysis a script for Origin in which
the above mentioned thresholds were implemented and could be modified was programmed
by Philipp Lehrich, a diploma student in our lab.
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6.3.

Results

6.3.1. Properties of polycarbonate filters
Pores in polycarbonate filters are randomly distributed (Fig. 6-5) but are uniform in size and
perpendicular to the surface. Confocal scanning could be performed through the filters
without severely affecting image quality. A transmitted light detector was used to visualize
pores in filters.

Figure 6-5: Distribution of pores in PC filters. A- PC filter with 400 nm pore size in a 100x100 µm
field. B- PC filter with 800 nm pore size, in a 87x87 µm field. Both A and B are transmitted light images
scanned in XY direction. C- A 800 nm filter with 11 µm thickness scanned in XZ-direction, one pore on
the right is sectioned through its center. Note that the transmitted light detector does not yield confocal
resolution and pores seem contorted.

6.3.2. Diffusion and distribution of dye and protein in pores
PC filters were probed with different fluorescent substrates to determine whether they are
suitable for the designed assay system with regard to optical translucency and accessibility
of pores. High sucrose concentrations were included in the particular buffers to mimic
conditions in which yeast nuclei later on had to be used. First experiments aimed to analyze
if diffusion of substrates into the pores occurs and if these substrates distribute
homogenously in the pores. A small fluorescent dye, Alexa 488 (~0.5 kDa), and the large
fluorescent protein R-PE (240 kDa) were used. It was found that both the fluorescent dye
and the large fluorescent protein were evenly distributed in the buffer reservoir and filled out
the filter pores (Fig. 6-6). Fluorescence was homogeneously distributed in all pores, which
are perpendicular to the surface. Concentration at the bottom of the pores seemed to be
slightly increased, probably due to the higher density of the added substrate. This was
especially the case for Alexa488 while R-PE was more evenly distributed throughout the
TCs. Notably, no fluorescence was leaking out of the test compartments which clearly
demonstrates that sealing with oil worked effectively and closed test compartments could
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truly be generated. From these measurements it was concluded that pores in PC filters are
suitable for our assay system. Subsequently, all images were acquired 5 µm below the PC
filter surface to obtain constant conditions.

Figure 6-6: Distribution of fluorescent substrates in test compartments. A-H - 800 nm PC filters
imaged with confocal scanning microscopy with different fluorescent substrates. A-D- Images were
acquired with scanning in XY direction. A- Distribution of 1 µM Alexa488 dye in 1 M sucrose/ BT Mg.
B- 250 µg/ml R-PE in 1 M sucrose/ BT Mg. C- Transmitted light image of filter pores acquired in the
same plane than A and B. D- Merge of A-C, the resulting yellow color indicates an even distribution of
both substrates in the filter pores. E-H- Images were acquired with scanning in XZ direction.
E- Distribution of 1 µM Alexa488 dye in 1 M sucrose/ BT Mg. F- Distribution of 250 µg/ml R-PE in 1 M
sucrose/ BT Mg. G- Transmitted light image of filter pores. H- Merge of E-G; again an even distribution
of both dye and protein can be observed with a slightly higher concentration of Alexa488 at the
bottom.
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6.3.3. Kinetics of passive diffusion into PC filter pores
Subsequent measurements were performed to timely resolve increase of fluorescence in
TCs. Diffusion rates determined for inert proteins into open TCs were supposed to help
distinguish leakage flows from active transport through the NPC. Leakage flows underneath
the membranes have to be taken into account, but it can be expected that they are much
slower than translocation through the NPC in which transport rates can reach up to ~100
molecules NPC-1 s-1 µm-1 (Siebrasse and Peters, 2002).
Chambers were assembled as described earlier. Instead of nuclei suspension 1 M sucrose/
BT Mg buffer was used. R-PE dissolved in 1.25 M sucrose was added to the drop and
confocal scanning was started immediately. Due to its higher density, the fluorescent solution
sank to the surface of the PC filter and then filled the pores. High sucrose concentrations,
needed to keep nuclei intact, have a significantly higher viscosity than aqueous buffers and
thus slowed down the diffusion rates.
It was observed that fluorescence levels remained low for several minutes at the beginning of
each measurement. In the example given (see Fig. 6.1-7), almost no R-PE fluorescence was
observed in TCs during the first three minutes of the series. Then fluorescence intensity
increased, reached its maximum after about seven minutes and remained at this level.
Apparently the concentration equilibrium between buffer reservoir and test compartment was
reached at this time. Interestingly, observed times for arrival of dye in the TCs and the course
of the curves differed slightly in every measurement.
It is noteworthy that fluorescence intensity was not at the same level in all TCs. High
viscosity of solutions was accounted as the reason for these deviations. However, when all
sucrose was omitted standard deviations remained high (data not shown). This implies that
even though perpendicular to the surface and uniform in size, PC filter pores have some so
far unrecognized attributes that cause irregularities in substrate distribution. Another reason
could be the random distribution of pores or uneven fluxes in the buffer reservoir.
The size of proteins did not influence diffusion rates in this setup. Replacing R-PE (240 kDa)
with smaller fluorescently labelled BSA (67 kDa) did not significantly accelerate the increase
of fluorescence in TCs (data not shown).
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Figure 6-7: Measurements of passive diffusion of an inert fluorescent protein into 600 nm TCs
without nuclei. A- Scheme of the experimental setup, a 10 µl drop of sucrose buffer was added to a
PC filter piece, the confocal plane was then adjusted, and immediately after adding 2 µl R-PE
scanning was started. B- Merge of the transmitted light image and of R-PE fluorescence at the
beginning of the series, no R-PE can be observed in the pores. C- Merge at the end of the series after
10 min, the test compartments contain clearly visible R-PE signals. D- Increase of fluorescence
intensity in TCs (n=16) during the time series, scanning was performed every 20 s for 10 min, data
was analyzed using ImageJ and Origin, background fluorescence was subtracted from every TC.
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6.3.4. Attachment of nuclei
Evaluation of the number of TCs patched with nuclei in a field of view (100x100 µm or
87x87 µm) was performed by acquiring transmitted light and fluorescence images of the PC
filter surface. Transmitted light images of the PC filter surface displayed the filter pores as
dark holes. These images were merged with images of Nup49-GFP fluorescence to analyze
the position of nuclei relative to the filter pores. Nuclei were visible as ring shaped,
punctuated patterns and were in many cases co-localized with the dark filter pores. That
these nuclei were actually affixed on top of these pores was confirmed by images acquired at
higher magnification. An example is shown in figure 6-8, F-G where the nuclear envelope
was even visible by transmitted light and appeared to be flatly attached to the PC filter
around the pore. DNA staining revealed that chromatin was centered on the very top of the
pores. This suggested that nuclei might even be slightly extended into some pores. Confocal
scanning in XZ direction added to this impression, illustrated in figure 6.1-8K.
These findings indicated that nuclei are not only located on the pores, but also, that the
nuclear membrane essentially forms a tight patch with the nuclear membrane when nuclei
are sucked into the pores. In most cases the nuclear envelope was not observable by
transmitted light. Nuclei could be visualized by their GFP fluorescence or equally well by
staining with DNA dye DRAQ5. This fact could prove valuable when untagged nuclei will be
used for the assays.
All tested pore sizes proved functional in this assay. The area filter pore density decreased
from 400 to 800 nm PC filters. A higher pore density could represent an advantage for the
assays as more TCs can be measured at a time. However, nuclei attachment was more
efficient in 600 and 800 nm PC filters so these sizes were preferred in experiments. This can
possibly be explained not only by the larger pore sizes but also by the reduced thickness of
the filter (only 11 µm in comparison to 17 µm in 400 nm filters). Also larger pore diameters
proved beneficial for microscopy, subsequent analysis and placement of ROIs. Even larger
pore diameters of 1 µm did not work well, probably due to reduced capillary forces.
Furthermore, we assumed that this diameter might be too large for nuclei to form a tight
patch to the PC filter as nuclei were fully sucked into the filter pores and no nuclear envelope
was available to adsorb to the PC filter surface.
It was also tested how tight the binding of nuclei to the membrane was. Gently exchanging
buffer in the buffer reservoir removed many nuclei, indicating that binding of nuclei was often
not firm.
The number of nuclei bound to pores could be increased and the binding could be improved
to some degree by coating PC filters with Poly-L-Lysine. Diluting nuclei to decrease viscosity
of the solution proved advantageous as well, as this apparently increased capillary and
suction forces.
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Figure 6-8: Yeast nuclei on PC filter pores; A- Yeast nuclei with Nup49-GFP tag. B- A 400 nm PC
filter transmitted light image in the same position than nuclei. C- Merge of both images revealing the
position of nuclei on the filter pores. D- Nup49-GFP yeast nuclei in higher magnification. E- Nuclei
stained with DRAQ5. F- Transmitted light image of filter pores with attached nuclei, the arrow is
pointing at a blurred image of the nuclear envelope can be recognized surrounding the filter pores. GMerge of images D-F. H- Yeast nucleus with Nup49-GFP tag on a PC filter. I- Yeast nucleus stained
with DRAQ5. J- PC filter surface as a transmitted light image. K- Merge of images H-J. H-K acquired
with XZ scanning, note that nucleus is not visible in this case.
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6.3.5. Passive diffusion in nuclei patched PC filter pores
Hitherto presented measurements served to evaluate the feasibility of PC filters for the
projected assay system. We demonstrated that nuclei could be attached to PC filters and
empty filters were shown to be adequate porous arrays for the intended assay. At this point
nuclei were included in the assays and passive diffusion of inert substrates into test
compartments was studied.

6.3.5.1. Kinetics of diffusion
As in previous measurements R-PE was used as a control substrate because its large size
that should prevent passage through the NPC even if passive permeability would have been
slightly changed upon nuclei isolation. The diluted nuclei suspension was assumed to
contain a sucrose concentration of ~1 M so that the denser R-PE suspension could sink onto
the PC filter surface. Densities of sucrose solutions were ~1.13 g/cm3 for 1 M and ~1.16
g/cm3 for 1.25 M (Barber, 1966). Before addition of substrates, GFP-fluorescence and
transmitted light images of the filter surface were acquired and merged to ascertain which
TCs had been patched, as described earlier. Then scans of all three channels (GFP, R-PE
and transmitted light) were recorded every 20 sec for 20 min. The last image of R-PE
fluorescence was merged with the initial merged image of the filter surface. Consequently,
transmitted light image and GFP fluorescence were obtained before the series on the filter
surface, and R-PE fluorescence at the end of the series 5 µm below the surface. The
obtained image served as a visual control and was subsequently used for categorizing TCs
as open or patched. In addition, it helped to determine whether the position of the filter
remained stable throughout the measurement. Contrast of the R-PE image was linearly
adjusted to improve the image.
A typical example of such a measurement is illustrated in figure 6-9. Filter pores were
covered with nuclei. At the end of the image series, most of the nuclei patched TCs
contained less fluorescence than open TCs. This made clear that patching was at least tight
enough to create a perceptible difference between open and patched TCs. It was noticed
that contrary to the experiments without nuclei, not all of open TCs contained fluorescence.
This can only be due to components of the nuclei suspension clogging some pores. It has to
be suspected that vesicles have formed in the suspension or that other cellular debris
clogged the TCs which might cause some setbacks for the experiments. Open pores that did
not contain visual amounts of R-PE fluorescence were not counted as open pores and thus
not included in the data analysis.
Increase of fluorescence in the open TCs was to some extent slowed down when nuclei were
included in the measurements. In the given example, fluorescence was barely detectable in
the open TCs before seven minutes and then increased until the end of the series. Increase
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slowed down after 15 min, but unlike in measurements without nuclei, a stable level was not
attained. In patched TCs an increase with a similar time constant could be monitored but to a
lesser extent. At the end of the series, patched pores contained about half of the
fluorescence detected in open pores. None of the patched pores contain as much R-PE
substrate as the open pores.

Figure 6-9: Diffusion of R-PE into nuclei patched and open TCs. A- Merged image of Nup49-GFP
fluorescence in nuclei and transmitted light image of PC filter surface. B- Merge of different confocal
planes at different times. Image A was acquired at the beginning of the time series at the surface of
the filter pores and merged with an image of R-PE fluorescence 5 µm below the PC filter surface that
was acquired after the series. C- Plot of fluorescence increase for both open (n= 18) and patched TCs
(n= 8) in 20 min time series. 2 µl of R-PE were added in a concentration of 250 µg/ml. The error bars
display the standard deviation.
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Yet, we judged fluorescence in patched pores as still relatively high at this point, considering
that R-PE with a molecular weight of 240 kDa is a relatively large protein and should only be
able to diffuse through relatively large gaps. In most experiments fluorescence in patched
TCs was even higher then in the example given below. We sought for ways to create a
tighter seal between the PC filter surface and the nuclear envelope and to improve
reproducibility of the experiments.

6.3.5.2. Improved attachment of nuclei
Many different approaches were attempted to improve the attachment of nuclei to PC filter
pores. The aim was to create a tight seal so that inert substrates could not leak through.
Ideally the NPC would represent the only way for molecules to reach test compartments.
Furthermore, an improved attachment would prevent nuclei from detatching with gentle
buffer fluxes.
When PC filters were modified in an effort to improve attachment, we had to ensure that the
modification did not alter the accessibility and properties of the filter pores. Various chemical
modifications with glutaraldehyde, chemical crosslinkers or silane treatment did not improve
attachment of nuclei neither on glass nor on PC filters. Hence, different coatings were tested
and we found that polyphenolic proteins extracted from a marine mussel (BD CellTak)
improved the tightness of patching between the nuclear envelope and the PC filter surface
significantly. Figure 6-10 shows that the fluorescence level in patched TCs remained close to
zero whereas the fluorescence increase of open TCs showed similar characteristics than
observed before. However, standard deviation of the fluorescence in open TCs was
considerably increased by this coating and probable clogging of some TCs. The essential
next step at this point was to test if coated PC filters were still functional in our transport
assay. It needed to be ensured that fluorescence was actually excluded from patched TCs by
the nuclear envelope and not by clogging effects.
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Figure 6-10: Diffusion of R-PE into nuclei patched and open TCs using PC filters coated with
Cell Tak. A- Merged image of Nup49-GFP fluorescence in nuclei and transmitted light image of PC
filter surface. B- Merge of different confocal planes at different times, image A was acquired at the
beginning of the time series at the surface of the TC filter and was merged with an image of R-PE
fluorescence 5 µm below the PC filter surface acquired after the series. C- Plot of time series for 20
min displaying the increase of fluorescence in open TCs (n= 14) and constant fluorescence in patched
TCs (n= 9). 2 µl of R-PE were added in a concentration of 250 µg/ml, the plot is slightly jagged and
then declining at the beginning due to XZ drift and subsequent readjustment.
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6.3.5.3. Evaluation of test compartments
To evaluate if patched TCs were still permeable for small substrates as expected for NPCs, a
second control substrate was introduced. α-Lactalbumin (α-LA) labeled with the fluorescent
dye Alexa 568, is a small, hydrophilic protein with a molecular weight of only 14 kDa. Thus it
should be easily able to traverse through the NPC. However, diffusion through patched pores
can be expected to be decelerated in comparison to open TCs because of the much smaller
diameter of the NPC in comparison to the open filter pores. Again R-PE was included as a
large control substrate. Additionally, a small fluorescent dye, Atto 637, was used. Neither the
NPC nor the interface of nuclear envelope and PC surface should pose a significant barrier
for this 817 Da molecule. Hence in these measurements three different fluorescent
substrates were used simultaneously.
Of all patched TCs, only those that contained less then 50 % of the final fluorescence
intensity of the mean value for R-PE found in open TCs were assumed to be tightly sealed.
In the provided example, only two TCs fulfilled this criterion (P4 and P13, individually
plotted). All open TCs and only patched TCs (P4 and P13) were plotted in 6-11-A. Every
individual patched TC was plotted for α-LA and Atto637.
Fluorescence increase in TCs in this example was relatively steep for R-PE. Increase of
Atto637 was very fast at the beginning, reaching its maximum after about 1 min. Then it
declined and reached a stable level after about 4 min. Probably this previously unnoticed
phenomenon occurred when the dye, dissolved in a higher sucrose solution “fell” down into
the TCs and met no barrier owing to its small size. Sucrose and dye concentrations then
evened out and a concentration equilibrium between TCs and buffer reservoir formed. When
larger substrates, e.g. α-LA, were used, as expected this was not observed.
Unexpectedly only one of the identified patched TCs was permeable for Atto637. As
mentioned earlier no hindrance should exist for such a small molecule, yet the TC seemed to
be inaccessible. Accordingly, no α-LA entered this particular TC either. However, the
remaining TC contained about 30 % of α-LA fluorescence of the final fluorescence measured
for the mean value of open TCs which can be interpreted as diffusion mostly through the
NPC. This time series could only be recorded for 7 min. Then drift in XZ direction occurred so
that all subsequent images were acquired in the wrong focal plane and thus could not be
considered for data analysis.
We also found that substrates were interchangeable, e.g. R-PE could be replaced by BSA or
immunoglobulines type G (IgG). Instead of α-LA, GFP with 27 kDa was used or other
fluorescent dyes instead of Atto637 with similar results.
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Figure 6-11: Diffusion of R-PE, α-Lactalbumin-Alexa568 and Atto637 into patched (P1-P18) and
open TCs. A- merge of different confocal planes at different times, nuclei and PC filter surface were
acquired at the beginning of the time series, R-PE fluorescence 5 µm below the PC filter surface was
acquired after the series. B-D- time series for 7 min displaying the increase of fluorescence in open
TCs (n= 17) and patched TCs (n= 18), B- R-PE fluorescence, mean value (MO) of open TCs is in pink,
and 2 patched TCs (P4 and P13) containing less then 50 % of fluorescence are in violet. C- Atto637
fluorescence, mean value of open TCs is in pink, the 2 patched TCs which met the criterion are
displayed in green. D- α-Lactalbumin-568 (α-LA) fluorescence displayed as in C; 2 µl containing 250
µg/ml R-PE, and 5 µM each of Atto637 and and α-LA-568 were added before the series.

Of 18 analyzed TCs patched with nuclear membrane, one TC was recognized as permeable
for the two small substrates while preventing to some degree passage of the larger
substrate. Subsequently transport measurements could theoretically be performed utilizing
this TC. But to actually accomplish this experiment in this field of view would involve
removing all remaining fluorescence substrate while leaving the setup unaltered. Technically
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this would be hard to accomplish and hence somewhat unlikely to achieve. The yield of
patched TCs adequate for measurements of nuclear transport proved to be very low
throughout various measurements. In most experiments either few TCs were tight enough for
large substrates or many were impermeable for small substrates. Different coating
techniques or substrates did not help to improve this situation. In initial experiments with
nuclear transport receptors we could not distinguish between transport processes and
passive diffusion (data not shown).
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6.4.

Discussion

In this work, a basis was laid to establish an assay for optical in vitro measurements of
transport through the NPC in isolated nuclei of Saccharomyces cerevisiae. Similar to the
technique of optical single transporter recording (OSTR), isolated nuclei were attached to
porous arrays and the diffusion of fluorescently labeled substrates into the pores was
measured with timely resolution.
It was demonstrated that PC filters pose an adequate substrate on which to immobilize and
analyze yeast nuclei. A GFP molecule fused to the nucleoporin Nup49 enabled visual
analysis of nuclei and identification of their position on the filter. If untagged nuclei were
used, DRAQ5 was well suited for staining of DNA and thus visualizing nuclei. With a simple
setup it was possible to position nuclei on PC filter pores with three different diameters (400,
600 and 800 nm).
Initial experiments involved evaluation of PC filters and diffusion of substrates in high
sucrose buffers. These experiments showed PC filters were an adequate material for such
measurements as they evenly filled with control substrates and the diffusion processes could
be timely resolved. Test compartments in PC filters were then patched with nuclear
membrane and by this means inert control substrates were hindered in their diffusion into
these compartments. Coating of PC filters with mussel proteins considerably improved
attachment of nuclei. Significant differences in open and patched test compartments could be
observed and measured in our assay system.
Optical in vitro analysis of transport cannot be carried out yet. The yield of test compartments
that were impermeable for large but permeable for small control substrates was exceedingly
low and stable conditions could not be generated. The possible reasons why the
development of this assays had to be left incomplete are diverse.
Possible explanations can be seen in inadequate materials. The binding of nuclear envelope
to the PC filters was most likely inadequate for the intended measurements. Patching in most
cases was not very firm. Despite our best efforts, nuclei could be easily removed by washing.
Polycarbonate filters are covered with a PVP layer to make them more hydrophilic and
wettable. No information could be obtained from manufacturers about the properties e.g.
thickness of this layer or if it could be removed. Hence the exact chemical composition of PC
filters remained unknown which caused difficulties for chemical modification. PVP might have
prevented tight enough binding of the nuclear membrane or hinder access to the PC. In our
hands membranes could not be modified by treatment with various chemicals which might be
due to the PVP coating.
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Experiments with chemical crosslinkers did not improve binding of nuclei to glass or to
polycarbonate. A potential explanation can be seen in the inhomogeneity of the nuclei
suspension. Potential chemical coupling sites might have been inactivated by remaining
soluble protein before nuclei even made contact to the PC filter surface. Which of these
reasons accounts for our lack of success in chemical modification remains uncertain.
Sputtering of PC filters with thin gold layers has been applied recently to immobilize proteins
via an engineered cysteine and thus assemble artificial nuclear pores (Jovanovic-Talisman et
al., 2008). However, yeast nuclei did not bind stronger to gold-treated PC filters. Again this
indicates that other proteins in the nuclei suspension might block binding sites before nuclei
can reach their vicinity.
Another discovery was that experiments designed to follow the diffusion of substrates out of
TCs did not succeed. Passive diffusion rates should be analyzed to establish a system for
measuring import through the NPC. However, fluorescence could only be washed out of PC
filter pores to a certain degree. This fact remained unchanged even when all sucrose was
omitted. This means that substrate diffusion out of TCs can not be quantitatively measured
which comprises difficulties for future import measurements. Only high aspect ratios of radius
and length or some stickiness of the pores previously unobserved can be accounted for this
phenomenon at this point.
As mentioned above, a coating of mussel proteins clearly improved attachment of nuclei to
the PC filters. At the same time the coating strongly increased fluorescence deviations
especially in open TCs. The coating might have been too thick or the mussel proteins may
have aggregated in the filter pores. it is possible that other byproducts of the nuclei isolation
adhered to the TCs more strongly with the coating than without. However, a thinner layer of
the coating did not help to reduce these clogging effects.
Some reasons why the development of this assay system could not be brought to a final
conclusion are to be found apart from PC filters, for instance in an inhomogenous nuclei
suspension. When nuclei suspension was included in experiments, some clogging of TCs
occurred. Even though isolated nuclei were ascertained as pure, some aggregates of cellular
debris or even vesicles might have formed and went unnoticed due to their lack of
fluorescence. Clogged TCs represent a severe difficulty as they would reduce fluorescence
intensity in the TCs and thus lead to false results.
Of course the major remaining problem was a consistent weakness of the seal between the
nuclear envelopes and PC filter.
If we have a closer look at the outer nuclear envelope we find that it is covered by large
numbers of ribosomes (see TEM images in chapter 3). These might spatially hinder the
adherence of the membrane. Attempts to remove ribosomes from isolated nuclei with
puromycin (H. Krebber, personal communication) did not succeed. Ribosomes could be
removed from cells just before the isolation but we refrained from this step as it would
constitute an interference that might severely damage cells.
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In OSTR with Xenopus laevis oocyte nuclei, buffers with a certain concentration of calcium
ions of 3 µM proved crucial for absorption of nuclear envelopes to the porous array (R.
Peters, personal communication). Here, most experiments were performed in low salt
sucrose buffers at pH 6.5, similar to yeast cytosol, which had been shown to stabilize nuclei
and the nuclear envelope (M.P. Rout, personal communication). Dilution of nuclei in this
buffer, Mock3, did not have a perceptible effect on nuclei or firmness of patching. But
naturally a buffer appropriate for Xenopus might not necessarily work in Saccharomyces
cerevisiae. Also, Xenopus laevis oocyte nuclei swell in Mock3 buffer (Peters, 2003) until their
diameter is nearly doubled (V.M. Baumgärtel, personal communication). If yeast nuclei were
diluted in buffers of lower osmolarity than 1 M sucrose, we observed a separation of the
outer nuclear and the inner nuclear membrane in phase contrast light microscopy. Therefore
we must conclude that in case of yeast nuclei, swelling has to be strictly avoided to not
damage the nuclear envelope.
In future experiments further investigation of appropriate buffers should be carried out to
determine if a difference in nuclear envelope behavior can be observed.
Another conceivable explanation why there was no observable difference between inert and
specific molecules is to be found in NPC composition. Our experiments show that Nup49 is
exclusively detectable in the nuclei fraction. This fact indicated that all nucleoporins are still
tethered to the NPC as the central Nup49 belongs to the highly mobile fraction of
nucleoporins and thus would be among the first to dissociate in a degrading NPC (Rabut et
al., 2004).
But additional factors could be required for NPCs to maintain their functionality. In
experiments with fluorescently labeled Kap95, we found an extremely high affinity of the NPC
for this karyopherin molecule (see chapter 5). A mean value of up to ~360 molecules appear
to be bound to each NPC. Furthermore a large abundance of 51700 - 60000 Kap95
molecules have been reported for average yeast cells which equals a physiological
concentration of approximately 5 µM (Ghaemmaghami et al., 2003; Timney et al., 2006).
Values determined for NTF2 binding to NPCs were similarly high (see chapter 3). In
combination, these findings strongly suggest that binding of this large abundance of proteins
might be essential for the NPC functionality. Transport receptor binding to FG domains might
not only be required for nucleoplasmic transport but might actually generate the exclusion
limit for inert, non NLS containing molecules in the first place. This assumption is supported
by recently described artificial nanopores that mimic NPCs (Jovanovic-Talisman et al., 2008).
It was found that strong flux reduction of control proteins occurred only in the presence of
nuclear transport receptors.
It can easily be imagined that this “coating” of transport receptors was removed during the
isolation process due to the large excesses of buffer volumes and probably even during the
centrifugation steps. In the manual dissection of Xenopus laevis oocyte nuclei washes were
much gentler so that fewer molecules were removed here. This could explain why assays
work in Xenopus but not in yeast. Probably nuclei can be “repaired” and functionalized again
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by addition of these factors, possibly by previous incubation in a cytosol extract. As a matter
of fact it was shown that Dictyostelium discoideum nuclei are import competent in a cytosol
containing environment (Beck et al., 2004). From the fact that NPCs still contain an
extremely high affinity for transport receptors we can be confident that they could be
refunctionalized once they become complemented by transport receptors.
However, we did not reach to a situation in our experiments where it could be determined if
transport receptors were actually missing. The yield of adequate TCs remained very low.
Patched pores in a field of view that were both impermeable for large substrates but
permeable for small substrates were very hard to find. In many experiments pores clogged or
on the contrary nuclei did not patch pores tightly enough to exclude control substrates at all.
The reproducibility in assays was low and variances high. Substrate fluxes into TCs were
inhomogeneous even in preliminary measurements without nuclei. When nuclei were
included these variations increased even further. Technical limitations posed another
noteworthy difficulty. More than half of the measurements had to be discarded when the
adjusted focus of the microscope drifted in XY or, more often, in XZ direction.
Approaching the various issues might prove especially challenging and complex as many
different variations have to be tested at one time. If one of the modifications improved the
tightness of nuclei attachement to the PC filter, e.g. a different buffer, it could remain unseen
if at the same time NPCs in nuclei are not functional. Thus the work presented in this chapter
can only be interpreted as initial but important steps towards optical in vitro transport
measurements in NPCs of isolated yeast nuclei. A continued development of this assay will
be essential for analysis of mutant NPCs and, in the future, might prove itself valuable for
high throughput screening of various mutations.

6.5.

Outlook

Once the right technique to form a tightly seal of nuclei on the array surface is found, further
work must be done to determine how to gently rupture the nuclear envelope to open nuclei
and thus expose the inner nuclear membrane. As mentioned earlier this can be achieved
with DNase but care has to be taken that the treatment remains mild to avoid excessive
breakage of the attached membrane.
Additionally, different attempts could be undertaken to improve the sealing of the nuclear
envelope to the array surface.
Other materials might be better equipped for the yeast nuclear envelope. Demands on such
a material are high as it must contain small uniform pores and needs optical properties such
as high transmission rates in the range of 480-700 nm and low autofluorescence. TeflonAF™
(Du Pont, Hamm, Germany) fulfills these optical requirements. When arrays in this material
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were coated with SiO2 they proved inferior to when working with Xenopus laevis nuclei (V.M.
Baumgärtel, personal communication). The construction of such arrays by nano imprinting or
focussed ion beam (FIB) is still laborious and time-consuming. Until now, those arrays are
not available in larger numbers but could be applied to yeast nuclei in the future.
All coating techniques applied before were meant to generally improve adherence to the PC
filter surface but did not regard specific characteristics of the yeast nuclear envelope. An
approach to specifically attach nuclei to a surface is to genetically engineer yeast strains with
outer nuclear membrane proteins that contain TAP or PA tags. Conveniently, as for GFP, a
large number of yeast strains are available with TAP tags fused to different proteins for
biochemical analysis from a data bank (http://www.openbiosystems.com). Protein A exposes
a very high affinity for immunoglobulins type G (IgG, Ey et al., 1978). Thus surfaces could be
inexpensively coated with any IgG and would bind only nuclear membranes with high
specificity which might bring a breakthrough for attachment.
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7. Conclusions and future directions
7.1.

Summary

In this thesis work, an improved method for the isolation of pure and intact nuclei from the
budding yeast Saccharomyces cerevisiae was developed to analyze the function and
structure of the yeast NPC with different techniques. Nuclear pore complexes in these nuclei
contained an endogenous fluorescent label that allowed us to observe NPCs by fluorescent
microscopy. Biochemical characterization showed that nuclei could be strongly enriched with
no significant amount of cytosolic proteins present. Structural analysis revealed that isolated
nuclei contained a largely undamaged nuclear envelope, were freed of all remaining
endoplasmic reticulum and that structural elements such as the nuclear basket were
preserved. Additionally, binding analysis showed that these NPCs displayed a high affinity for
nuclear transport receptors so we drew confidence that the NPCs in these nuclei were
undamaged. Separating these nuclei from the surrounding cytoplasm rendered these intact
NPCs accessible for transport and binding assays. Thus, this isolation procedure provided
unprecedented access to the yeast nucleus and NPCs that are usually shielded by an
impermeable cell wall (Chapter 3).
This optimized isolation procedure enabled us to perform structural analysis of NPCs with
transmission electron microscopy (TEM) of wildtype nuclei and of nuclei isolated from yeast
strains which had been depleted of the proteins Mlp1 and Mlp2. It was possible to prepare
NPCs in a way that rendered the basket structures in this strain well visible. Our findings
provide additional evidence that the absence of the nuclear basket is caused by the deletion
of these proteins and furthermore indicate that Mlp1 and Mlp2 are involved in linking the NPC
to the inner nuclear membrane and the spindle pole body (Chapter 4).
Single molecule fluorescence microscopy allowed us to quantitatively analyze the binding of
two nuclear transport receptors, Kap95 and NTF2, to NPCs in isolated nuclei. Thus, the
overall binding affinity and binding capacity for each of these proteins could be determined.
For Kap95, we found a dissociation constant of 76 nM and 506 binding sites within a single
NPC. For NTF2, the determined binding affinity of the NPC was lower with a KD of 455 nM.
The total number of binding sites per NPC was calculated to be 587 for NTF2. Strongly
diminished binding of a mutant version of NTF2 (W7A I64A) gave us confidence about the
specificity of our binding measurements (Chapter 5).
While further work is needed to fully develop an OSTR-based assay to monitor transport
through yeast NPCs, an important basis was laid. A method to attach isolated nuclei to a
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porous array was found and the suitability of this array was tested with passive diffusion
measurements with or without nuclei (Chapter 6). This assay will allow us to screen mutant
NPCs for specific defects in nuclear transport and therefore help to understand the function
of particular nups in distinct translocation pathways. This knowledge will help us in our
ultimate goal to construct artificial NPCs mimicking the selectivity of the natural counterpart.

7.2.

Conclusions and future directions

Our initial goal was to develop an in vitro transport assay for measuring transport through the
yeast NPC by adapting the technique of OSTR (optical single transporter recording). OSTR
is especially useful to analyze export processes (Peters, 2006, Siebrasse et al., 2002) such
as the export of different RNAs (Bradatsch et al., 2007; Baumgärtel VM, 2008). With our in
vitro transport assay we planned to study mRNA export and ultimately how specific
mutations of the NPC interfere with RNA translocation.We encountered various difficulties in
this ambitious project that could not all be solved in the given time and did therefore not
come as far as to actually study nuclear transport. However, we made substantial progress
toward the ultimate goal of adapting OSTR to yeast nuclei.
First, the protocols for the isolation of nuclei had to be improved. Preexisting protocols for the
isolation of yeast nuclei (for example see Kipper et al., 2002) contained the water soluble
polymer PVP in the final nuclei suspension which prevented diffusion of substrates and the
attachment of nuclei. By modifying this isolation method we could not only avoid PVP in the
final suspension but could also accelerate the isolation procedure significantly. The time
between cell lysis and freezing of nuclei could be reduced from ~12 hours to only one hour
which also improved the integrity of NPCs.
The next step was to find an appropriate porous array for these measurements. Track etched
polycarbonate filters proved suitable for confocal laser scanning measurements concerning
their optical translucency. Nuclei could be attached to the pores of these filters with relative
tightness. Pores with diameters of 400, 600 and 800 nm were found to be accessible for
passive diffusion with or without nuclei attached to the pores. But we discovered that control
substrates with a hydrodynamic radius which exceeded the NPCs permeability barrier were
still able to enter the pores by passive diffusion. We assumed that the nuclear membrane
was not forming a tight seal with the PC filter and tried to address this issue. Some
improvement was achieved, but the seal was still not sufficient to prevent all leakage. Lastly,
the low reproducibility and the very high deviations of our measurements prevented us from
moving on to the originally intended transport measurements.
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To further promote the development of the in vitro transport assay or yeast OSTR we aim to
next test different appropriate buffers. The development of new porous arrays made of
materials other than polycarbonate with optical translucency might bring a breakthrough if the
nuclei can be attached more tightly to those arrays.
Despite evidence indicating that our isolated NPCs were undamaged, it cannot be excluded
that the yeast NPCs were altered during the isolation in an unexpected and undetected way.
We assume that due to large excesses of buffer and high speed centrifugation all soluble
transport receptors were removed. By immunoblot analysis no residual Kap95, a highly
abundant nuclear transport receptor in yeast, could be detected in the nuclei fraction which
supported this assumption further.
However, evidence suggests that the soluble transport receptors may play a crucial role in
NPC function. We have seen that transport receptors have a very high affinity for the NPC as
a whole. These affinities are such that the NPC binding sites are predicted to be saturated
with transport receptors at in vivo concentrations. So the term “soluble” transport receptor
might be somehow misleading as they might constitute an essential part of the NPC. Even
though these transport receptors are soluble and must be mobile to transport cargo, they
could be involved in establishing the permeability barrier because of their abundance and
bulkiness. Therefore, by carefully removing all soluble transport receptors, we may have
rendered our isolated nuclei unfunctional even though they still contained all their immobile
components. To support this hypothesis, the more gentle isolation of Xenopus laevis nuclei
that were used for previous OSTR analysis might have left behind some transport receptors
so that Xenopus NPC were still functional and contained an intact permeability barrier as
shown for example in (Keminer and Peters, 1999). To test for this assumption, the isolated
nuclei should be incubated with high concentrations of transport receptors before the
experiments, in a cytosolic extract or with purified protein, to replenish NPCs with transport
receptors. Such a treatment might be able to “repair” the NPCs and to reconstitute the
permeability barrier.
Even though our initial aim of analyzing nuclear transport through yeast NPCs in vitro did not
yet come to its conclusion, we found that the isolated yeast nuclei provide a unique object of
study for several interesting applications and enthralling future assays. For example, the
structure of these nuclei could be clearly visualized using TEM (transmission electron
microscopy) and the optimized nuclei isolation and fixation procedure could be extended to
analyze structural alterations upon nup-deletion or mutation. The potential absence of all
transport receptors in NPCs of isolated yeast nuclei that appear as a clear disadvantage for
OSTR measurements could prove advantageous for other assays.
NPCs in mammalian cells are typically accessed by digitonin-permeabilisation (Adam et al.,
1992) or microinjection (Feldherr and Feldherr, 1960) and therefore still contain large
amounts of endogenous proteins. In fluorescence assays with labeled proteins these
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endogenous proteins would remain bound to NPCs to a certain extent which gives rise to an
undefined system. In contrast, the method provided here yields nuclei with NPCs that are
presumably stripped free of all soluble transport receptors that otherwise are constitutively
bound. Thus, these yeast nuclei are a unique object of study. In subsequent OSTR
measurements we could for example analyze which kaps are able to re-establish the
permeability barrier and which concentrations are needed to do so.
A microscope setup with single molecule sensitivity enabled us to determine the average
photon counts emitted of one dye molecule at a given condition. With this means we could
calibrate our binding measurements of Kap95 and NTF2 in a quantitative way. Thus, we
could not only determine the binding affinity but also the maximum number of binding sites
within the NPC for each protein. Our conditions can certainly be considered as “artificial” as
inside the cell an abundance of different transport receptors competes for these binding sites
and we analyzed the binding of only one protein at a time. But exactly this isolated analysis
could be an advantage for solving the role transport receptors play at the NPC and will help
to understand the mechanism of translocation.
Zilman et al. (2007) calculated that for effective transport through the NPC the affinity of a
transport receptor to the NPC should be inversely correlated with its concentration.
Therefore, highly abundant transport receptors are predicted to have a lower affinity for the
NPC. However, our findings so far do not support this hypothesis. The intracellular
concentration of NTF2 is ~3 times lower than of Kap95 - but in our measurements its affinity
for the NPC was ~6 times higher. Certainly we need to analyze more different kaps and also
nuclear export receptors to come to a final conclusion here. It also has to be considered that
Kap95 and NTF2 are structurally unlike and fulfill relatively different functions. NTF2 imports
only one cargo, RanGDP, into the nucleus, while Kap95 functions together with Kap60 in
importing proteins with a classical NLS. So the comparison of two different kaps might be
more instructive to answer the question if there is a correlation of kap abundance and kap
affinity for the NPC. For example, the abundance of Kap121 is low with only 18000
molecules when compared to Kap95 with about 60000 molecules in an average yeast cell
(Timney et al., 2006). If significant differences in the binding strengths of these two proteins
and other kaps were found we were able to conclude if there is a positive or negative
correlation between the binding affinity and the abundance.
Different single molecule fluorescence microscopy experiments with isolated yeast nuclei can
also provide important clues about how nuclear transport receptors function in cargo
translocation processes. The dwell times for these receptors or their cargoes at the NPC
could be analyzed in yeast and compared to previous measurements in mammalian cells
(Dange et al., 2008; Yang et al., 2004; Kubitscheck et al., 2005) to test for potential
differences between specied.
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Potential future experiments to measure the mobility of these transport receptors at the NPC
could be performed by adding labeled receptors to nuclei saturated with unlabeled receptors.
If fast increase of fluorescence was observed one could conclude that the NPC bound
fraction is highly mobile. But a slow increase of fluorescence would indicate that transport
receptors remain bound to NPCs for a longer period of time. These kap residence times
could then be compared among each other to test for different subgroups and also with the
residence times measured previously for nups (Rabut et al., 2004). This direct comparisons
would enable us to evaluate the degree in which transport receptors remain at the NPC and
potentially could be regarded as an additional part of the NPC.
A different approach to address the exchange rates of transport receptors at the NPC could
be photobleaching experiments. After bleaching of all fluorophores at the NPC the kinetics of
the subsequent recovery of fluorescence could be measured. A fast recovery might indicate
that cargo translocation requires the binding and unbinding of transport receptors at the
NPC. But slow recovery might show that transport receptors shuttle cargo while they remain
bound to the NPC and possibly only move within it.
Additionally, OSTR inspired measurements with single molecule resolution in which transport
through NPC into a test compartment is observed might reveal the directionality of transport
and show if transport receptors move away from the NPC during translocation processes.
These experiments could help to answer the question if transport receptors mediate
nucleocytoplasmic transport while they are constitutively bound to the NPC or if soluble
unbound states in the cytoplasm and nucleoplasm are required for cargo translocation.

7.3.

Implications for nuclear transport

Most models for NPC selectivity assume that the flexible unstructured domains of FG-nups
are directly involved in establishing the permeability barrier which restricts passive diffusion
through the NPC – by entropic exclusion, polymer brush or hydrogel formation (Peters, 2005,
Rout et al., 2000, Ribbeck and Gorlich, 2001, Lim et al., 2006). The soluble nuclear transport
receptors are believed to bind their cargo in the cytoplasm and nucleoplasm and transiently
bind to these FG-nups during the cargo translocation process.
But at physiological conditions, transport receptors are bound to NPCs in large numbers as
found in this study and by others (Paradise et al., 2007, Tokunaga et al., 2008). Micromolar
concentrations of nuclear transport receptors are found in vivo (Paradise, et al., 2007,
Timney, et al. 2006). Therefore, the in vivo concentration of transport receptors exceeds the
effective binding affinities of FG repeats and transport receptors which mostly were found to
be in the nanomolar range (Ben-Efraim and Gerace, 2001, Pythila and Rexach, 2003). In this
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study, we found even larger numbers of transport receptors bound to NPC and determined
that the apparent affinity of the overall NPC for these transport receptors was in the
nanomolar range as well. These findings indicate that at physiological conditions the FG
domains of the NPC are saturated with transport receptors.
Lim et al. (2007) attached recombinant FG domains to gold particles and found that FG
domains form a polymer brush with a height of approximately 30 nm. Interestingly, the
presence of nanomolar concentrations of Impβ1 caused the FG domains to collapse to about
one third of their previous length. As the physiological concentrations of Impβ1 of and other
kaps are in the micromolar range (Timney et al., 2006) the FG domains would be
permanently collapsed by transport receptors. In combination with the high local
concentration of transport receptor binding sites with at least 3500 FG repeats inside the
yeast NPC (Strawn et al., 2004) and probably even higher numbers in vertebrate NPCs,
these collapsed FG domains might provide a coherent layer to which nuclear transport
receptors can bind in high numbers and therefore evenly and densely coat the NPC. Only
proteins that can bind to this layer of transport receptors, for example proteins that carry an
NLS or NES, are shuttled through the NPC. Therefore, nuclear transport receptors can be
considered a substantial part of the NPC and are essential for its selectivity, whereas the FG
domains would potentially contribute to the permeability barrier in a more indirect way.
Such a coherent layer of FG domains and transport receptors does not agree with most of
the current models for NPC selectivity. For example in Brownian affinity gating (Rout et al.,
2000) filamentous FG domains are required for the rejection of non-binding molecules by
entropic exclusion –but the observed collapse of FG domains upon transport factor binding
does not support this mechanism because FG domains need to be extended to function as
entropic barriers. Also the reversible collapse model (Lim et al., 2007) relies on FG domains
that are mainly in their extended orientation. A hydrogel, as designated in the selective phase
model (Ribbeck and Gorlich, 2001), could not be maintained if continuously loaded with
hundreds of transport receptors molecules. In contrast, the reduction of dimensionality model
(Peters, 2005) already predicted that the FG domains resemble a coherent layer on the wall
of the transport channel.
In a modified version of the reduction of dimensionality model, the loose network of peptide
chains that was predicted to reject small molecules by entropic exclusion would be replaced
by a coherent layer of nuclear transport receptors on a smooth, semi-fluid coating of
collapsed FG domains. The thickness of this layer would reduce the diameter of the central
channel for non-FG-binding molecules and accordingly restrict their passage. The diameter
of the resulting tube would be 5-10 nm and could be used for passive diffusion of molecules
smaller than this. This model is further supported by an experimental approach monitoring
transport through nanopores lined with FG-nups. These experiments revealed that NPC-like
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transport specificity in FG-coated nanopores depended on the presence of nuclear transport
receptors (Jovanovic-Talisman et al., 2008).
The original version of the reduction of dimensionality model describes that cargo is bound
by soluble transport receptors, but that these receptor-cargo complexes once bound to an
FG layer, move in a random two-dimensional walk. The efficiency of transport can be
achieved because this two dimensional movement is much faster than a three dimensional
diffusion. Movement through the channel could potentially occur as the transport receptors
switch between the different FG binding sites. For example, up to ten different binding sites
for FG repeats were predicted for Kap95 (Isgro and Schulten, 2005). Thus, transport factors
may move by “rolling” along a layer of FG repeats as if it were a conveyer belt. Cargo is
released in the presence of RanGTP in the nucleus (import) or by RanGTP hydrolysis in the
cytoplasm (export).
But the recent findings concerning the binding affinities, abundance of transport receptors
and the numbers of NPC-bound transport receptors suggest the modified version of the ROD
which opens up the possibility of a different transport mode than conventionally described. In
this scenario, transport receptors remain bound to the NPC, but are not stationery. They
continuously cycle within the NPC, picking up their particular cargo at one of the channel
entrances and releasing it by interaction with RanGTP at the other entrance.
This mechanism could explain why there are many different karyopherin types. Each NPC
would potentially contain a “mixture” of different kaps and other transport receptors that
describe different transport routes. It is conceivable that the abundance of each kap might be
related to the relative flux of its cargo, as was found by Timney et al. (2006) .
The robustness of nuclear transport that can compensate for enormous losses of FG repeats
(Strawn et al., 2004) is well compatible with this model of nuclear transport. Transport
processes would come to a halt if large holes in the FG layer occurred but a mere reduction
of the density would not cause major effects because the density of binding sites would still
be high enough. The translocation of very large cargoes such as mRNP complexes must
occur via a slightly different mechanism in which the inner channel has to expand.
There might be different patterns of transport receptors in each NPC as different transport
receptors bind to different FG repeats. These patterns might correlate to the different
transport pathways that have been suggested previously and would also explain the
necessity for some combinations of symmetric FG domains (Strawn et al., 2004). It is also
conceivable that NPCs are functionally different. For example, some NPCs might
predominantly import RanGDP and thus have more NTF2 bound, while others might have a
higher degree of Kap95 bound, and transport NLS-cargoes. Kaps of lower abundance might
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not be found in some NPCs at all. If this is the case, there must be some way of signaling
between NPCs that regulates the concerted function of the entire NPC population in a cell.
In vertebrates and other organisms with open mitosis, these mechanisms are certainly much
more complex then in the budding yeast. Karyopherins are involved in nuclear envelope
breakdown at the onset of mitosis but also in the insertion of new pores into the nuclear
envelope at different stages of the cell cycle (for review see Kutay and Hetzer, 2008).
Different points of regulation of nucleocytoplasmic transport have been described. For
example it has been found that some karyopherins are expressed only in certain tissues and
the ability of a cargo to interact with its transport receptor can be influenced by modifications
such as phosphorylation, methylation and ubiquitylation (Kau et al. 2004). The number of
functional pores varies throughout the cell cycle and it is unclear if all pores are created
equal (Feldherr and Akin, 1994, for review see (Gorlich and Kutay, 1999; Kau et al., 2004).
Recent findings revealed that NPCs in postmitotic cells lose nucleoporins that cannot be
replaced anymore due to oxidative damage. This deterioration led to an increased NPC
permeability especially in older cells (D'Angelo et al., 2009). Therefore a loss of the NPC
permeability barrier could be a critical event in the aging process of a cell and defective
NPCs might be involved in human pathologies.
Future insights into the organization of nucleocytoplasmic transport will provide a more
complete picture of the diversified role the nuclear pore complex plays in the regulation of
cellular functions.
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Abbreviations
Standard abbreviations used throughout this work include chemical symbols, SI units as well
as one and three letter amino acid codes. Non-standard abbreviations are explained in the
text upon first citation and are listed in the following:

AFM
AOTF
Bis Tris
BSA
BT Mg
°C

atomic force microscopy
acousto-optical tunable filter
bis(2-hydroxyethyl)amino-tris(hydroxymethyl)methane
bovine serum albumine
bis tris magnesium buffer
degrees in celcius

cLSM
cryoEM
cryoET
ddH2O

confocal laser scanning microscopy
cryoelectron microscopy
cryoelectron tomography

DIC
DNA
DMSO
DTT
EDTA
e.g.
ER
FBS
FITC
g
GDP
GFP
eGFP

double distilled water
differential interference contrast
desoxyribonucleic acid
dimethyl sulfoxide
dithiothreitol
ethylenediaminetetraacetic acid
For Example, exempli gratia
endoplasmic reticulum
fetal bovine serum
fluorescein isothiocyanate
relative centrifugal force
guanosine -5´- diphosphate
green fluorescent protein
enhanced Green Fluorescent Protein

GTP

guanosine -5´- triphosphate

HEPES
i.e.
INM
IPTG
Kap
KD
mRNA
mRNP

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
that is, id est
inner nuclear membrane
isopropyl-β-D-thiogalactopyranoside
karyopherin
dissociation constant
messenger ribonucleic acid
messenger ribonucleoparticle

NA
NE
NES
NLS
NPC
NTF2

numerical aperture
nuclear envelope
nuclear export signal
nuclear localization signal
nuclear pore complex
nuclear transport factor 2

Nup
OD600
ONM
PAGE
PIC
PBS
PMT
PVP
Ran
R-PE
rpm
RT
RNA
RNP
SDS
SEM
SMFS

nucleoporin
optical density at a wavelength of 600 nm
outer nuclear membrane
polyacrylamide gel electrophoresis
protease inhibitor cocktail
phosphate-buffered saline
photo multiplier
polyvinylpyrrolidone
ras related nuclear protein
R-Phycoerythrin
revolutions per minute
room temperature
ribonucleic acid
ribonucleoprotein
sodium dodecyl sulfate
scanning electron microscopy
single-molecules force spectroscopy

TCEP
Tris
TEM
WM
WT
YPD
YFP
eYFP

tris(2-carboxyethyl)phosphine
tris(hydroxymethyl)aminomethane
transmission electron microscopy
Wickerham´s Media
wild type
yeast extract peptone dextrose
yellow fluorescent protein
yellow fluorescent protein
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