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Summary
Ran GTPase has a well characterized role in interphase and metaphase.
Due to high levels of RanGTP in proximity to chromatin, import receptors are
dissociated from nuclear localization signal (NLS) bearing proteins in interphase
and mitosis, thus facilitating both nuclear import and mitotic spindle assembly.
In this thesis we investigated if Ran GTPase regulates the nucleoporin Pom121
through a similar mechanism during post-mitotic nuclear reassembly.
We found that importin !/" interacts with both of the two predicted NLS
sites of Xenopus Pom121 and is released by RanGTP. Importin !/" binding is
completely abolished upon mutation of NLS sites, which also affected binding of
a group of nucleoporins to Pom121. The NLS sites and transmembrane domain
of Xenopus Pom121 are required for correct nuclear envelope (NE) localization
of Pom121 in human U2OS cell lines. In these cells, RNAi depletion of human
Pom121 greatly reduced cell viability and diminished the levels of a subset of
nucleoporins detected by the monoclonal antibody 414 (mAb414). The signal
was present, however, if the human Pom121 was knocked down in a cell line
stably expressing wild-type Xenopus Pom121, while cell viability remained low.
Furthermore, in the absence of human Pom121, stable expression of an NLS
mutant form of Xenopus Pom121 decreased cell viability even more than U2OS
cells depleted of endogenous Pom121. In cells depleted of human Pom121,
expression of NLS mutant Xenopus Pom121 restored mAb414 levels as
wildtype Xenopus Pom121 expressing cells. However, these NLS mutant
Xenopus Pom121 expressing cells displayed decreased nuclear import kinetics
compared to the cells expressing wildtype Xenopus Pom121. Electron
microscopy analysis showed that wild-type Xenopus Pom121 localized at the
NPCs in U2OS cells. In contrast, the NLS mutant Xenopus Pom121 localized in
cytoplasmic membrane stacks interestingly together with other NPC
components. Despite the presence of NPC components, these membrane
stacks lacked NPC-like structures.
Taken together, this data shows that the importin !/" binding sites on
Pom121 are important for the NE localization of the protein and its interaction
with other nucleoporins. A Pom121 mutant defective in importin binding results
in nuclear transport defective pores and induces the formation of cytoplasmic
membrane stacks which lack NPC-like structures. We propose that the importin
!/"-Pom121 interaction is important for the formation of proper NPC function
and structure at the NE and in cytoplasmic membrane stacks.
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Zusammenfassung
RanGTPase hat eine gut charakerisierte Funktion in Interphase und
Metaphase. Durch eine hohe Konzentration von RanGTP in der Nähe von
Chromatin werden Importrezeptoren von Proteinen, die eine
Zellkernlokalisationssequenz tragen, dissoziiert. Dies ermöglicht in Mitose den
Spindelaufbau und Zellkerntransport in der Interphase. In dieser Arbeit wird
untersucht, ob die GTPase Ran das Nucleoporin Pom121 in einer ähnlichen
Weise reguliert.
Wir haben herausgefunden, dass Importin !/"!mit jeder der beiden
vohergesagten Zellkernlokalisationssequenzen von Xenopus Pom121
interagiert und dass diese Interaktion durch RanGTP aufgehoben wird. Die
Mutation der Zellkernlokalisationssequenz unterbindet die Interaktion mit
Importin!/"!komplett und beeinträchtigt auch die Bindung von einer Gruppe von
Nucleoporinen an Pom121.Sowohl die Zellkernlokalisationssequenzen als auch
die Transmembrandomäne von Xenopus Pom121 werden für die korrekte
Zellkernmembran-Lokalisation von Pom121 in menschlichen U2OS Zellen
benötigt. RNAi Depletion von menschlichen Pom121 reduziert die Vitalität
dieser Zellen deutlich und vermindert das Signal einer Untergruppe von
Nucleoporinen, die durch den monoklonalen Antikörper 414 (mAB414)
detektiert werden. Jedoch ist das Signal klar erkennbar, wenn menschliches
Pom121 in Zellen depletiert wurde, die stabil das wildtyp Xenopus Pom121
expremieren. Die Zellvitalität bleibt dagegen in diesen Zellen niedrig.
Darüberhinaus vermindert die stabile Expression von einer in der
Zellkernlokalisationssequenzen mutierten Form von Xenopus Pom121 die
Zellvitalität in der Abwesenheit von humanen Pom121 noch stärker als die
alleinige Depletion von endogenen Pom121. In Zellen, deren menschliches
Pom121 depletiert wurde und die das in der Zellkernlokalisationssequenz
mutierte Pom121 expremieren, ist das Ab414 Signal genauso hoch wie in
Zellen, die wildtyp Xenopus Pom121 exprimieren. Doch diese das in der
Zellkernlokalisationssequenz mutierte Pom121 expremierenden Zellen zeigen
verlangsamte Import Kinetik verglichen zu den Zellen, die wildtyp Pom121
exprimieren. Elektronenmikroskopie-Analyse zeigt, dass wildtyp Pom121
interessanterweise in zytoplasmatischen Membranstapeln mit anderen
Kernporenkomponenten lokalisiert. Abgesehen von der Anwesenheit der
Bestandteile der Kernpore zeigen diese Membranstapel keine
kernporenähnlichen Stukturen.
Zusammendfassend zeigen diese Daten, dass Importin!/"Bindestellenvon Pom121 wichtig für die Lokalisation des Proteins an der
Zellkernmembran und seine Interaktion mit anderen Nucleoporinen sind. Eine
Pom121 Mutante, deren Importinbindung defekt ist, resultiert in
zellkerntransportdefekten Poren und induziert die Bildung von
zytoplasmatischen Membranstapeln die keine kernporenähnlichen Strukturen
aufweisen. Wir schlagen vor, dass die Importin!/" – Pom121-Interaktion für die
Bildung intakter Kernporenfunktion und -struktur an der Zellkernmembran und in
zytoplasmatischen Membranstapeln wichtig ist.
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1.1

Architecture of nuclear envelope

1.1.1 Nuclear pore complexes
The nuclear pore complex (NPC) is a large protein assembly of roughly 125
MDa in vertebrates and 60 MDa in yeast (Hetzer et al, 2005). NPCs embedded
in the nuclear envelope (NE) mediate selective transport between the cytoplasm
and the nucleus. The NPC consists of multiple copies of approximately 30
different proteins named nucleoporins. Despite the number of components, the
architecture of the NPC is believed to be modular and simple (Devos et al,
2006). Domain fold analysis of nucleoporins revealed that the majority of
domain folds that form the NPC are divided into three categories: !-solenoid, "propeller and FG repeats, that are thought to be natively unfolded (Denning et
al, 2003; Devos et al, 2006). Alber et al. modelled the Saccharomyces
cerevisiae NPC using biochemical, structural and computational data (Alber et
al, 2007a; Alber et al, 2007b). Nucleoporins containing different domain folds
form a unit called the spoke, 8 of these spokes are connected to each other to
form the 8-fold symmetrical NPC (Figure 1A). Nucleoporins containing !solenoid and "-propeller structures were suggested to form the structural
scaffold of the NPC whereas the FG-repeat regions of nucleoporins locate at
the central part of the NPC and mediate transport events by binding to transport
receptors (Alber et al, 2007b; Bayliss et al, 2000). In addition to these soluble
nucleoporins, membrane nucleoporins exist which contain transmembrane
helices and are thought to link the NPC to the membrane.
The structure of the NPC has also been investigated at low resolution using
cryo-electron tomography (Cryo-ET). These studies were conducted on NPCs i
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Figure 1 Architecture of nuclear pore complex (NPC). (A) Modelled S. cerevisiae NPC architecture
and localization of NPC components in a single spoke. Modified from Alber et al, 2007. (B) Cryo-ET
reconstruction of D. discoideum NPC and indicated NPC substructures. Modified from Beck et al, 2004.
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solated in a functional state from Dictyostelium disciodeum (Beck et al, 2004;
Beck et al, 2007). According to Cryo-ET analysis, the NPC can be separated
into three basic structures: cytoplasmic filaments, nuclear basket and central
channel (Figure 1B). The NE region that interacts with the NPC (the pore
membrane) makes contact with a three-ring structure comprising cytoplasmic,
nuclear and spoke rings. Each spoke has a clamp-like shape where it is
attached to the membrane at two sites, possibly contributing to membrane
curvature at the pore membrane.
Several subcomplexes that form the NPC have been identified. A well-studied
nucleoporin subcomplex is the heptameric yeast Nup84-Nup133 complex
(yNup84, yNup133, yNup120, yNup85, ySec13, yNup145C and ySeh1)
(Lutzmann et al, 2002; Siniossoglou et al, 1996) and the homologous vertebrate
Nup107-160 complex (Nup107, Nup133, Nup160, Nup85, Nup37, Nup43,
Nup96, Sec13 and Seh1) (Belgareh et al, 2001; Loïodice et al, 2004).
Transmission electron microscopy analysis of the yeast complex showed that it
is formed as a Y-shaped structure with two arms composed of yNup85-ySeh1
and yNup120 and a slightly kinked elongated tail which consists of yNup145C,
ySec13, yNup84 and yNup133 (Lutzmann et al, 2002). Members of this
complex are composed of !-solenoid and "-propeller folds and it forms one of
the structural subunits of NPC (Alber et al, 2007b; Devos et al, 2006). Due to its
architectural similarity to clathrin, COPI and COPII coat complexes, this NPC
subcomplex is proposed to be involved in the curvature of the pore membrane
(Brohawn et al, 2008; Devos et al, 2004).
The transmembrane nucleoporin Ndc1 forms an interaction network with
several nucleoporins. In yeast, Ndc1 is complexed with two transmembrane
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nucleoporins, Pom152 and Pom34, via their cytosolic portions (Onischenko et
al, 2009). In addition, Ndc1 interacts with yeast Nup53/Nup59 and vertebrate
Nup53 via their C-terminal domains which contain an amphipathic !-helix, a
domain thought to mediate interactions with membrane. Through the interaction
with Nup53/Nup59, Ndc1 indirectly interacts with Nup170/Nup157 (Onischenko
et al, 2009). Vertebrate Nup53 physically interacts with Nup155 and Nup93 and
is part of a complex containing Nup205 (Grandi et al, 1997; Hawryluk-Gara et
al, 2005). This interaction network is thought to define the proteins proximal to
the pore membrane.
At the central channel of the NPC, a stable subcomplex, the Nup62 complex in
vertebrates or the Nsp1p complex in yeast, is positioned. This subcomplex
consists of FG repeat containing nucleoporins (vertebrate Nup62, Nup58,
Nup54, Nup45, and yeast Nsp1p, Nup49p, Nup57p) (Finlay et al, 1991; Grandi
et al, 1993). These nucleoporins interact with transport receptors via their FG
repeat regions (Bayliss et al, 2000).

1.1.2 Inner and outer nuclear envelope
The nuclear envelope is a double membrane continuous with the endoplasmic
reticulum (ER). It comprises the inner nuclear membrane (INM), the outer
nuclear membrane (ONM) and the pore membrane; each of these membranes
contain distinct structures and integral membrane proteins (Stewart et al, 2007),
Figure 2.
The composition of the ONM is similar to that of the rough ER. However, a
conserved family of proteins called Nesprins were recently identified as ONM
proteins (Zhang et al, 2001). Nesprin1 and Nesprin2 contain N-terminal actin
binding domains and a C-terminal KASH (Klarsicht, Anc1 and Syne Homology)
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Figure 2 Organisation of nuclear envelope (NE). Major components of NE including a
group of inner nuclear membrane (INM) and outer nuclear membrane (ONM) proteins and
their interaction with chromatin associated proteins, nuclear lamina and cytoskeleton are
schematically represented. Modified from Stewart et al, 2007.
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domain which is located within the perinuclear space, the 30 to 50 nm gap
between the INM and ONM. The KASH domain directly interacts with the SUN
domains of INM proteins such as Sun1 and Sun2 (Padmakumar et al, 2005;
Starr & Han, 2002). SUN proteins in turn interact with the nuclear lamina
(Haque et al, 2006), thereby creating a structural link between the nuclear
interior and the cytoskeleton, highlighting that the NE not only functions as a
barrier between cytoplasm and nucleus but also to anchor the nucleus to the
cytoskeleton. In addition, Sun1 in mammalian cells is reported to localize
around NPCs, however the functional importance of this finding is unknown (Liu
et al, 2007).
Another set of INM proteins are LEM (LAP2, Emerin, Man1) domain containing
proteins such as LAP2, Emerin, Man1 and LEM2 (Wagner & Krohne, 2007).
These proteins can interact with chromatin protein BAF (barrier-toautointegration factor) through their LEM domains and as well as A- and B-type
lamins via another domain (Cai et al, 2001; Furukawa et al, 1998). The lamin B
receptor (LBR) also interacts with B-type lamins and localizes to the INM
(Worman et al, 1990; Worman et al, 1988). Therefore INM proteins connect the
nuclear membrane with the nuclear lamina and chromatin while the ONM
proteins connect it with cytoskeleton and ER. INM proteins are thought to have
various other functions, ranging from gene regulation to signal transduction, but
the evidence for these functions will be not be discussed here.
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1.2

The RanGTPase system and its implications

1.2.1 The small GTPase Ran
Ran was identified in a teratocarcinoma cDNA library, in a screen to find Ras
GTPase-related genes using a conserved Ras domain oligonucleotide (Drivas
et al, 1990). It was then found as an active factor in a fraction of Hela cells that
stimulates protein import into the nucleus (Moore & Blobel, 1993). Like other
small GTPases, Ran has a low intrinsic GTP hydrolysis activity (Bos et al,
2007). Further studies identified factors that stimulate GTP hydrolysis by Ran
(GTPase activating protein, GAP) and mediate GTP exchange of Ran (GTPase
exchange factor, GEF). These factors are described in detail in the following
sections.
Ran mutants with different GTP binding or hydrolysis capacities were
constructed on the basis of the known properties of mutant Ras proteins and
analyzed (Krengel et al, 1990). A Ran mutant in which the glutamine residue at
amino acid 69 was mutated to leucine (RanQ69L) showed no GTP hydrolysis
activity in the presence of RanGAP (Bischoff et al, 1994). Small GTPases in the
GTP bound form are by convention described as being in the active state, since
in this form they can interact with their effector proteins (Bos et al, 2007).
Therefore, the RanQ69L mutant is a constitutive active form of Ran. When the
threonine residue at amino acid 24 of Ran was mutated to asparagine
(Kornbluth et al, 1994), RanT24N could still bind the RanGEF, RCC1, but a
dramatic reduction in GTP and GDP binding was observed and it was therefore
identified as an inactive mutant of Ran. By binding tightly to RCC1 RanT24N
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prevents wild-type Ran from doing so and thus acts as a dominant negative
inhibitor of wild-type Ran (Klebe et al, 1995; Kornbluth et al, 1994).
Ran functions in several cellular processes including nuclear transport, mitotic
spindle assembly and post-mitotic nuclear assembly. These functions are
discussed in detail in Section 1.2.5.

1.2.2 RanGEF
The only known RanGEF, RCC1, was identified as a complementing factor for
premature chromosome condensation defects in a temperature sensitive
BHK21 cell line (tsBN2) (Ohtsubo et al, 1987; Ohtsubo et al, 1989). Using
antibodies that recognise the kinetochore , RCC1 was affinity purified together
with Ran (Bischoff et al, 1990). Further studies with recombinant proteins
showed that RCC1 mediates GTP exchange on Ran (Bischoff & Ponstingl,
1991). The crystal structure of RCC1 showed that it is a seven bladed propeller
and RanGTP binds on one side of the propeller, opposite to the side where
RCC1’s chromatin binding domain is located (Renault et al, 1998).
RCC1 is a nuclear protein in interphase (Ohtsubo et al, 1989). The mechanism
of how it is imported into the nucleus is poorly understood. It has been shown
that RCC1 possesses a functional monopartite NLS at its N-terminal end to
which importin '3 can bind (Köhler et al, 1999; Nemergut & Macara, 2000).
However deletion of this N-terminal region does not affect its nuclear
localization, indicating the presence of a second mechanism for RCC1 import.
In mitosis, RCC1 localizes predominantly on chromatin and is subjected to
phosphorylation and methylation on its N-terminal tail (Chen et al, 2007;
Hutchins et al, 2004; Li & Zheng, 2004). Loss of these modifications disrupts its
stable localization on mitotic chromatin to some extent. Both methylation and
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phosphorylation of RCC1 are required for spindle assembly and proper
chromosome segregation in cells. RCC1 binds directly to histones H2A and
H2B on chromatin (Nemergut et al, 2001). The chromatin association of RCC1
results in the production of high RanGTP levels close to chromatin in both
interphase and mitosis.

1.2.3 RanGAP
Following the discovery of Ran, it was of interest to identify GAPs (GTPase
activating proteins), which enhance its low intrinsic GTPase activity. A protein
called RanGAP1 was identified using recombinant Ran coupled to the nonhydrolysable GTP analogue GTP#S has Ran GAP activity (Bischoff et al, 1994).
RanGAP1 had a high GAP activity when tested with wild-type Ran but not with
RanQ69L (Bischoff et al, 1994). RanGAP1 localizes to the cytoplasmic face of
NPCs (Mahajan et al, 1997). Coutavas et al. identified a RanGTP binding
protein named RanBP1 that coactivates RanGTPase together with RanGAP1
(Coutavas et al, 1993). RanBP1 can bind to RanGTP via its Ran-binding
domain. In a yeast two-hybrid screen, a nucleoporin RanBP2 (Nup358) was
found as a Ran interacting protein. RanBP2 has four Ran binding domains and
several FG repeats (Yokoyama et al, 1995). RanBP2 forms a complex with
SUMO-1 conjugated RanGAP1 (Mahajan et al, 1997; Matunis et al, 1996).
SUMO-1 modification of a lysine residue on the C-terminal region of RanGAP1
is necessary for it’s binding to RanBP2 and therefore its targeting to the NPC.
The SUMO1-RanGAP1-RanBP2 complex is required for nuclear import function
in mammalian culture cells (Matunis et al, 1998). Both RanBP2 and RanGAP1
predominantly localize on the cytoplasmic face of NPCs (Mahajan et al, 1997;
Matunis et al, 1996). Therefore RanGAP1 activity specifically localizes to the
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cytoplasmic side of the NPC, which is important for ensuring low RanGTP levels
in the cytoplasmic compartment.

1.2.4 Transport receptors
Transport receptors belong to a protein family called the importin & family, which
can be divided into two subfamilies: the import receptors (importins) and the
export receptors (exportins) (Cook et al, 2007). Importins bind, either directly or
via adaptor proteins, to the nuclear localization signal (NLS) of cargo molecules
that are transported into the nucleus (Adam & Gerace, 1991; Görlich et al,
1995; Moroianu et al, 1995; Weis et al, 1995). The importin-cargo complex is
dissociated in the nucleus upon RanGTP binding to importins (Rexach & Blobel,
1995). Conversely, exportins form a complex with their cargo molecules through
their nuclear export signal (NES) in the presence of RanGTP in the nucleus and
this complex is then dissociated in the cytoplasm by RanBP1 and RanGAP1
(Fornerod et al, 1997; Kutay et al, 1997).
Importin & family members all have a similar domain architecture consisting of
HEAT repeats that are repeats of two antiparallel !-helices (Cook et al, 2007);
(Andrade et al, 2001). HEAT repeats are stacked together in these proteins that
gives them a flexible structure, helping them to interact with their numerous
cargo proteins and binding partners.
The earliest discovered member of this family is importin &. Importin & consists
of 19 HEAT repeats packed in a way to form two C shaped arches resulting an
S-like conformation (Cingolani et al, 1999; Fukuhara et al, 2004). Several cargo
molecules and the adaptor protein importin ' bind to the concave inner surface
of its C-terminal arch (Cingolani et al, 1999). Upon cargo binding, importin &
acquires a more compact shape. The RanGTP and cargo binding regions either

22
partially or completely overlap. In this way the binding of RanGTP causes the
dissociation of cargo (Lee et al, 2005).
Importin ' is an adaptor protein between NLS-containing cargo molecules and
import receptor importin " (Görlich & Kutay, 1999; Görlich et al, 1994). It
consists of 10 tandem ARM repeats and an importin & binding domain that
mediates its interaction with importin & (Conti et al, 1998). ARM repeats are
composed of three '-helices, two of which are arranged in an antiparallel
fashion while the third helix lies roughly perpendicular to the other two
((Andrade et al, 2001). Importin ' has a slightly curved shape; like importin & it
binds to the NLS sequence of cargo molecules with its concave inner surface
through two binding sites, major and minor.
The importin ' export receptor CAS (yeast Cse1p) has a similar architecture to
importin &, consisting of several tandem HEAT repeats (Cook et al, 2005; Kutay
et al, 1997). However the conformation of CAS is more compact in the unbound
state and the protein acquires a more open conformation when it is in complex
with importin ' and RanGTP (Cook et al, 2005; Matsuura & Stewart, 2004). The
crystal structure of Cse1p-RanGTP-importin ' revealed that importin ' can only
bind Cse1p when the importin ' IBB is bound to the NLS binding domain in the
same molecule. This mechanism would prevent the re-export of importin 'cargo complexes back to the cytoplasm (Matsuura & Stewart, 2004).
The export receptor CRM1, composed of HEAT repeats, has a slightly twisted
ring-like structure in which its N- and C-termini lie in close proximity to one
another (Dong et al, 2009a; Dong et al, 2009b). Leucine rich NES-carrying
cargo binds on the outer convex surface on two sites, one of which is also the
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target site of the CRM1 inhibitor Leptomycin B. Like CAS, CRM1 forms a
trimeric complex with RanGTP and export cargo.

1.2.5 Functions of RanGTPase system thoughout cell cycle
1.2.5.1

Nuclear transport

Transport receptors belong to a protein family called the importin & family, which
can be divided into two subfamilies: the import receptors (importins) and the
export receptors (exportins) (Cook et al, 2007). Importins bind, either directly or
via adaptor proteins, to the nuclear localization signal (NLS) of cargo molecules
that are transported into the nucleus (Adam & Gerace, 1991; Görlich et al,
1995; Moroianu et al, 1995; Weis et al, 1995). The importin-cargo complex is
dissociated in the nucleus upon RanGTP binding to importins (Rexach & Blobel,
1995). Conversely, exportins form a complex with their cargo molecules through
their nuclear export signal (NES) in the presence of RanGTP in the nucleus and
this complex is then dissociated in the cytoplasm by RanBP1 and RanGAP1
(Fornerod et al, 1997; Kutay et al, 1997).
Importin & family members all have a similar domain architecture consisting of
HEAT repeats that are repeats of two antiparallel !-helices (Cook et al, 2007);
(Andrade et al, 2001). HEAT repeats are stacked together in these proteins that
gives them a flexible structure, helping them to interact with their numerous
cargo proteins and binding partners.
The earliest discovered member of this family is importin &. Importin & consists
of 19 HEAT repeats packed in a way to form two C shaped arches resulting an
S-like conformation (Cingolani et al, 1999; Fukuhara et al, 2004). Several cargo
molecules and the adaptor protein importin ' bind to the concave inner surface
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of its C-terminal arch (Cingolani et al, 1999). Upon cargo binding, importin &
acquires a more compact shape. The RanGTP and cargo binding regions either
partially or completely overlap. In this way the binding of RanGTP causes the
dissociation of cargo (Lee et al, 2005).
Importin ' is an adaptor protein between NLS-containing cargo molecules and
import receptor importin " (Görlich & Kutay, 1999; Görlich et al, 1994). It
consists of 10 tandem ARM repeats and an importin & binding domain that
mediates its interaction with importin & (Conti et al, 1998). ARM repeats are
composed of three '-helices, two of which are arranged in an antiparallel
fashion while the third helix lies roughly perpendicular to the other two
((Andrade et al, 2001). Importin ' has a slightly curved shape; like importin & it
binds to the NLS sequence of cargo molecules with its concave inner surface
through two binding sites, major and minor.
The importin ' export receptor CAS (yeast Cse1p) has a similar architecture to
importin &, consisting of several tandem HEAT repeats (Cook et al, 2005; Kutay
et al, 1997). However the conformation of CAS is more compact in the unbound
state and the protein acquires a more open conformation when it is in complex
with importin ' and RanGTP (Cook et al, 2005; Matsuura & Stewart, 2004). The
crystal structure of Cse1p-RanGTP-importin ' revealed that importin ' can only
bind Cse1p when the importin ' IBB is bound to the NLS binding domain in the
same molecule. This mechanism would prevent the re-export of importin 'cargo complexes back to the cytoplasm (Matsuura & Stewart, 2004).
The export receptor CRM1, composed of HEAT repeats, has a slightly twisted
ring-like structure in which its N- and C-termini lie in close proximity to one
another (Dong et al, 2009a; Dong et al, 2009b). Leucine rich NES-carrying
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cargo binds on the outer convex surface on two sites, one of which is also the
target site of the CRM1 inhibitor Leptomycin B. Like CAS, CRM1 forms a
trimeric complex with RanGTP and export cargo.
1.2.5.2

Mitotic spindle assembly

During cell division, chromosome alignment and segregation by the mitotic
spindle are crucial (Walczak & Heald, 2008). The major component of the
mitotic spindle apparatus is microtubules, that have been suggested to be
generated by signals emanating from both centrosomes and chromosomes
during mitotic spindle assembly. Several factors such as chromosomes, motor
proteins and microtubule associated proteins organise microtubules into a
structure with two poles and an equator where the chromosomes align (Karsenti
& Vernos, 2001).
The chromosome associated RanGEF, RCC1, was shown to induce
microtubule nucleation by the production of GTP form of Ran (Carazo-Salas et
al, 1999; Ohba et al, 1999). The function of RanGTP in mitotic spindle assembly
was further characterized using the constitutively active Ran mutant RanQ69L,
that induces microtubule nucleation, while the inactive form of Ran, RanT24N,
inhibits this process (Carazo-Salas et al, 2001). Ran regulates spindle assembly
through import receptors. The presence of excess importin ' or importin &
inhibits microtubule nucleation and spindle assembly (Gruss et al, 2001;
Nachury et al, 2001). An approach to identify importin targets involved in spindle
assembly revealed the spindle assembly factor TPX2 (Gruss et al, 2001). TPX2
promotes microtubule nucleation around chromatin in early steps of mitotic
spindle assembly in cells and in the Xenopus egg extract system (Gruss et al,
2001; Gruss et al, 2002; Schatz et al, 2003). Importin ' binds to the NLS
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sequence of TPX2; an NLS mutant of TPX2 is constitutively active in
microtubule assembly (Schatz et al, 2003). Another factor identified to be a
binding partner of importins is NuMA (Nachury et al, 2001). Importin & interacts
with NuMA via importin ' and this interaction is regulated by RanGTP.
Following the identification of TPX2 and NuMA as RanGTP regulated factors,
several spindle assembly factors were shown to interact with importins such as
microtubule-associated proteins Maskin, NuSAP, Xnf7, HURP (Albee et al,
2006; Koffa et al, 2006; Maresca et al, 2005; Ribbeck et al, 2006; Sillje et al,
2006), kinesin motor proteins XCTK2, Kid (Ems-McClung et al, 2004; Tahara et
al, 2008), mRNA export factor Rae1 (Blower et al, 2005) and cyclin-dependent
kinase Cdk11 (Yokoyama et al, 2008).
RanGTP ensures the release of spindle assembly factors from importins in
proximity to chromatin. In both mitotic Xenopus egg extract and mitotic human
cells, RanGTP exists in a gradient with high levels close to chromatin and low
levels far from chromatin (Caudron et al, 2005; Kalab et al, 2006; Kalab et al,
2002). Interestingly, the mechanism by which Ran functions in spindle assembly
is similar to nuclear transport: importins bind to spindle assembly factors via
their NLS sequences and these factors are dissociated from importins by
RanGTP. This shows that the same cellular machinery can be utilized in
different processes using a similar mechanism.
1.2.5.3

Nuclear envelope and pore complex reassembly

In higher eukaryotes, upon entry into mitosis, the NE and NPCs break down to
allow formation of the mitotic spindle. At the end of anaphase the NE and NPCs
reform around chromatin (Kutay & Hetzer, 2008). Upon mitotic exit, removal of
Aurora B kinase from chromatin by the ATPase p97 leads to chromatin
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decondensation and nuclear envelope assembly (Ramadan et al, 2007). Upon
initiation of NPC assembly, the nucleoporin Mel-28/ELYS binds to chromatin, at
least in part via its AT hook DNA binding domain (Franz et al, 2007; Galy et al,
2006; Gillespie et al, 2007; Rasala et al, 2006; Rasala et al, 2008). Recruitment
of Mel-28 and the Nup107-160 complex form prepore structures on the
chromatin that are thought to be precursors of NPCs (Walther et al, 2003a). In
addition, INM proteins are recruited around chromatin and bind directly to
chromatin, possibly via their positively charged cytoplasmic portions (Ulbert et
al, 2006). The vertebrate-specific transmembrane nucleoporin Pom121 is one
such membrane component that is recruited following Nup107-160 complex;
this recruitment is a signal of NPC assembly progression (Antonin et al, 2005).
In addition the conserved transmembrane nucleoporin Ndc1 is required for NPC
assembly and, similarly to Pom121, the absence of Ndc1 both in vivo and in
vitro leads to NPC formation defects.
Absence of the Ndc1 interaction partner Nup53 also inhibits the assembly of
NPCs; this inhibition can be complemented by addition of either recombinant
full-length Nup53 or by addition of a region of Nup53 which interacts with
Nup155, indicating that the Nup53-Nup155 interaction is important in this
process (Hawryluk-Gara et al, 2008). Although Nup155 is thought to be
recruited later than the Nup107-160 complex and Pom121, its depletion from
the Xenopus egg extracts system blocks membrane fusion and NPC assembly
(Franz et al, 2005). Nup62 complex members are integrated into the NPC at a
similar time point as Nup155, and association of this complex completes a
minimal pore structure that is sufficient for nuclear import (Dultz et al, 2008;
Franz et al, 2005).
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The data described above was largely obtained in vitro using Xenopus egg
extract. Similar findings have been obtained in vivo. Knockdown of the majority
of nucleoporins from C. elegans embryos via RNAi caused nuclear morphology
defects and embryonic lethality, indicating a requirement for these proteins in
early embryonic stages of C. elegans development (Galy et al, 2003). The highresolution temporal sequence by which nucleoporins join newly formed NPCs in
anaphase has been studied in mammalian cells (Dultz et al, 2008). The
sequence

of

recruitment

of

individual

nucleoporins

or

nucleoporin

subcomplexes in live cells is consistent with the in vitro data described above.
Apart from nucleoporins, other factors have also been shown to affect NPC
assembly. For example, knockdown of the LEM domain interacting chromatin
protein BAF or temperature up-shift of worms harbouring a temperature
sensitive BAF mutation blocks nuclear assembly (Gorjánácz et al, 2007).
Knockdown of Vrk-1, a kinase that phosphorylates BAF, also blocks nuclear
assembly (Gorjánácz et al, 2007).
RanGTPase is involved in NE and NPC assembly. Both in vitro and in vivo, the
absence of Ran causes severe defects in nuclear assembly (Askjaer et al,
2002; Walther et al, 2003b). In addition the Ran mutant RanQ69L, that is unable
to hydrolyse GTP, inhibits nuclear assembly and induces formation of
cytoplasmic pore complex structures, called annulate lamellae (Walther et al,
2003b). In C. elegans, knockdown of Ran system components results in nuclear
assembly defects and NPC components that are dispersed mainly in the
cytoplasm as aggregates (Askjaer et al, 2002). In the Xenopus egg extract
system, the excess or lack of the import receptors importin ' and " blocks
nuclear assembly. Importin ' exerts its effect in part via its NLS-containing
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interaction partners (Hachet et al, 2004; Walther et al, 2003b). Despite these
data, it is not yet well understood whether the role of Ran GTPase in nuclear
assembly acts through a mechanism analogous to that described in nuclear
transport and mitotic spindle assembly. The goal of this thesis was to
investigate the role of Ran, importins and certain nucleoporins in nuclear
assembly in more detail.

1.3

Aims of this thesis

The aims of this thesis are summarised below:

•

to find out if the transmembrane nucleoporin Pom121 is regulated by
Ran GTPase during postmitotic nuclear reassembly and if this regulation
is mediated by import receptors.

•

to characterise the possible interaction of Pom121 with import receptors
in vitro using RanGTP and importin binding mutants and to further
investigate how this interaction affects Pom121-nucleoporin interactions.

•

to investigate the function of the possible Pom121-importin interaction in
vivo using human cell lines and EGFP fusion proteins of full-length
Pom121 and importin binding mutants and to further investigate potential
phenotypes associated with importin binding mutants.

•

to investigate the effect of Pom121 importin binding mutants on NE and
ER ultrastructural morphology using electron microscopy.
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Chapter 2

Materials and Methods

31

2.1

Materials

2.1.1 Reagents
Acetic acid
Merck (Darmstadt, Germany)
30% Acrylamide/bisacrylamide solution, 37.5:1 Biorad (München, Germany)
Adenosine 5’-triphosphate (ATP) Sigma-Aldrich (Steinheim, Germany)
Agarose
Invitrogen (Karlsruhe, Germany)
Albumin bovine Sigma-Aldrich (Steinheim, Germany)
Ampicillin
Grünenthal (Aachen, Germany)
Ammonium chloride
Merck (Darmstadt, Germany)
Ammonium peroxodisulfate Sigma-Aldrich (Steinheim, Germany)
Bench MarkTM Prestained Protein Ladder Invitrogen (Carlsbad, USA)
Bromophenol blue (3’,3’’,5’,5’’-tetrabromophenolsulfonephthalein) SigmaAldrich (Steinheim, Germany)
Calcium chlorid
Merck (Darmstadt, Germany)
Cells-to-cDNA™ II Kit Ambion (Austin, USA)
CO2 Independent Medium Without Glutamine, Without Phenol Red
Invitrogen (Paisley, UK)
CompleteTM EDTA-free Protease Inhibitor Cocktail Roche (Mannheim,
Germany)
Coomassie brilliant blue G-250 Sigma-Aldrich (Steinheim, Germany)
Creatine phosphate Roche (Mannheim, Germany)
Cycloheximid (3-(2-(3,5-dimethyl 2-oxocyclohexyl) 2-hydroxyethyl)
glutarimide) Sigma-Aldrich (Steinheim, Germany)
L-Cysteine
Merck (Darmstadt, Germany)
Cytochalasin B
Sigma-Aldrich (Steinheim, Germany)
4’,6-Diamidino 2-phenyindole (DAPI) Sigma-Aldrich (Steinheim, Germany)
1-(4,5-Dimethoxy 2-nitrophenyl)ethyl ester (A23187) Invitrogen (Karlsruhe,
Germany)
Dimethyl sulfoxid (DMSO) Merck (Darmstadt, Germany)
1,1'-Dioctadecyl-3,3,3',3'-tetramethylindocarbocyanine perchlorate
(DiIC18) Invitrogen (Karlsruhe, Germany)
1,4-Dithio L-threitol (DTT) Merck (Darmstadt, Germany)
Dulbecco modified Eagle’s medium (DMEM) Invitrogen (Paisley, UK)
Ethanol
Merck (Darmstadt, Germany)
Ethidium bromide Serva (Heidelberg, Germany)
Ethylenediamine-N,N,N',N'-tetraacetic acid (EDTA) Sigma-Alrich (Steinheim,
Germany)
Foetal bovine serum (FBS) Invitrogen (Paisley, UK)
FuGENE®6 Transfection Reagent Roche Diagnostics GmbH (Mannheim,
Germany)
Geneticin 50 mg/ml Invitrogen (Paisley, UK)
L-Glutamine 200mM
Invitrogen (Paisley, UK)
Glutaraldehyde (50% aqueous solution) Sigma-Aldrich (Steinheim,
Germany)
Glutathione Sepharose 4 Fast Flow GE Healthcare (Freiburg, Germany)
Glycerol (87% aqueous solution) Merck (Darmstadt, Germany)
Glycine
Merck (Darmstadt, Germany)
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Glycogen (source: oyster) Amersham Bioscience (Braunschweig,
Germany)
Guanosine 5’-diphosphate (GDP) Sigma-Aldrich (Steinheim, Germany)
Guanosine 5’-triphosphate (GTP) Merck (Darmstadt, Germany)
HiPerFect Transfection Reagent QIAGEN (Hilden, Germany)
Hydrochloric acid, 37% (HCl) Merck (Darmstadt, Germany)
Human chorionic gonadotropin (hCG) Sigma-Aldreich (Steinheim,
Germany)
4-(2-Hydroxyethyl)piperazine-1-ethansulfonic acid (HEPES) Sigma-Aldrich
(Steinheim, Germany)
Imidazole
Sigma-Aldrich (Steinheim, Germany)
Intergonan (PMSG) Intervet (Unterschleißheim, Germany)
Isopropyl !-D-thiogalactopyranoside (IPTG) Sigma-Aldrich (Steinheim,
Germany)
Kanamycin
Serva (Heidelberg, Germany)
Leptomycin B, Streptomyces sp. Calbiochem (La Jolla, USA)
Magnesium chloride
Merck (Darmstadt, Germany)
Magnesium acetate
Merck (Darmstadt, Germany)
Methanol
Merck (Darmstadt, Germany)
Milk powder
Frema Reform (Lüneburg, Germany)
Ni-NTA
QIAgen (Hilden, Germany)
Nucleotides (dNTP) PEQlab (Erlangen, Germany)
OptiMEM
Invitrogen (Paisley, UK)
pEGFP vectors
Clontech (Carlsbad, USA)
pGEX-KG vector EMBL, Protein Expression and Purification Facility
16 % Paraformaldehyde EMS (Hatfield, USA)
Penicillin, Streptomycin (5000 U/ml, 5 mg/ml) Invitrogen (Paisley, UK)
PFU turbo polymerase Stratagene (La Jolla, USA)
Phenylmethylsulfonyl fluoride (PMSF) Sigma-Aldrich (Steinheim, Germany)
Poly-L-Lysine solution Sigma-Aldrich (Steinheim, Germany)
Potassium acetate
Merck (Darmstadt, Germany)
Potassium chloride
Merck (Darmstadt, Germany)
TM
Protein A Sepharose CL-4B GE Healthcare (Freiburg, Germany)
Protein Molecular Weight Standards GE Healthcare (Freiburg, Germany)
QIAquick® PCR Purification Kit QIAGEN (Hilden, Germany)
QIAquick Gel Extraction Kit QIAGEN (Hilden, Germany)
Restriction enzymes New England Biolabs (Ipswich, USA)
Silver nitrate
Sigma-Aldrich (Steinheim, Germany)
Sodium cloride
Merck (Darmstadt, Germany)
Sodium dodecylsulfate
Serva (Heidelberg, Germany)
Sucrose
Merck (Darmstadt, Germany)
T4-DNA ligase
New England Biolabs (Ipswich, USA)
Taq polymerase
Roche (Mannheim, Germany)
N,N,N",N"-Tetramethylethylenediamine (TEMED) Sigma-Aldrich (Steinheim,
Germany)
Thrombin
Novagen (Darmstadt, Germany)
Titer Max Gold adjuvant Sigma-Aldrich (Steinheim, Germany)
Triton X-100
Sigma-Aldrich (Steinheim, Germany)
0.5 % Trypsin EDTA 1x Invitrogen (Paisley, UK)
Tween®-20, Sigma-Ultra Sigma-Aldrich (Steinheim, Germany)
Vectashield® mounting medium H-1000 Vector Laboratories (Grünberg,
Germany)
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Western LightningTM Chemiluminiscence reagent PerkinElmer Life Science
(Boston, USA)

2.1.2 Buffers and solutions
AB (acetate buffer)

20 mM HEPES, pH 7.4
100 mM KOAc
3 mM KCl
50 mM EGTA
150 mM Sucrose

Coomassie staining solution

0.2% (w/v) Coomassie brilliant blue
40% (v/v) Ethanol
10% (v/v) Acetic acid

Cysteine buffer

2% (w/v) Cysteine in 0.25x MMR
adjusted to pH 7.8 with NaOH

Coomassie destain solution

20% (v/v) Ethanol
10% (v/v) Acetic acid

6x DNA loading buffer

0.25% (w/v) Bromphenol blue
0.25% (w/v) Xylene cyanol FF
40% (w/v) Sucrose

GST-wash buffer

1 mM EDTA in PBS

GST elution buffer

50 mM Glutathione in GST-wash buffer
pH 7.4

Laemmli sample buffer (4x)

40% (v/v) Glycerol
240 mM Tris, pH 6.8
8% (w/v) SDS
1 mM DTT
0.02% (w/v) Bromphenol blue

MMR buffer

5 mM HEPES, pH 8.0
100 mM NaCl
2 mM KCl
1 mM MgCl2
2 mM CaCl2
0.1 mM EDTA

Ni-wash buffer

20 mM Tris, pH 7.4
500 mM NaCl
8 mM Imidazole

Ni-elution buffer

20 mM Tris, pH 7.4
500 mM NaCl
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400 mM Imidazole
PBS (phosphate buffered saline)

137 mM NaCl
2.7 mM KCl
10 mM NaHPO4,
2 mM KH2PO4
adjusted to pH 7.4

S250 buffer

10 mM HEPES, pH 7.5
250 mM Sucrose
50 mM KCl
2.5 mM MgCl2

SDS running buffer

25 mM Tris
192 mM Glycine
0.1% (w/v) SDS

Silver stain fixation buffer

50 % Methanol
12 % Acetic acid
0.0185 % Formaldehyde

Silver stain post-fixing

0.2 g/l Na2S2O3x5H2O

Silver stain developer

60g/l Na2CO3

Silver stain stop solution

50 mM EDTA

Silver stain staining solution

0.02 g/l AgNO3

Wet blot transfer buffer

25 mM Tris
200 mM Glycine

2.1.3 Primers and oligonucleotides
pom121xl213Bam : CCGCCGGATCCGCTCCACAGCCAAATGTGGTA
pom121xl334Bam : CCGCCGGATCCATGGAAGCCAGTCGGGCAAG
pom121xl409Xhobw : GGCGGCTCGAGTTACTATCTGCTGGAGCTCAAGGAG
pom121xl452Xho : GGCGGCTCGAGTCATTATTTCATGGTCTCTTGAGAAGG
pom121xl619Xho : GGCGGCTCGAGTCATTATTTTGTTTGGCCTGATCCCAG
pom121xlBsrG1FW : GGCGGTGTACATGGAAGGGGGCTGCTGCTG
pom121stopNotRV : AATAAGCGGCCGCTCATTACTTCTTACGTGGATGTGG
pom121xlSTOP282fw : GAAGATCCATGTGCTTAATGATCAGTTCTTAGAGCCCTC
pom121xlSTOP282rv : GAGGGCTCTAAGAACTGATCATTAAGCACATGGATCTTC
pom121xlaa49XHO : GGCGGCTCGAGATGTACAGGAGCTCAGGGAGG
pom121xlaa1050XmaRV : AACAACCCGGGTTACTTCTTACGTGGATGTGGAC
pomhs448BamHIfor : ATTGGATCCATGGCAGCAGACAGGGAGTCCCAGGGA
pomhs647XhoIrev : AATCTCGAGCATGGATGGAGCAGGGATCAGCCCCAG
dendranucsln1fw :
AAGAAGAAGAAGGCACAGGGCGCAGGTGGTGGTCCGTTGCAGCTGCCG

dendranucsln1rv :
TGCGCCCTGTGCCTTCTTCTTCTTTGGATCCGCCGCTTCGTCACCGAA
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dendranucsln2fw :
AAGAAAACCGCCGCACCTAGAAAAGGTGGTGGTCCGTTGCAGCTGCCG

dendranucsln2rv :
TTTTCTAGGTGCGGCGGTTTTCTTTGCGCCCTGTGCCTTCTTCTTCTT

dendranucnls1fw :
AAGAGACCTGCAGCCACCAAAAAGGGTGGTGGTAGATCCATGAACACC

dendranucnlsrv :
CTTTTTGGTGGCTGCAGGTCTCTTTGGATCCGCCGCTTCGTCACCGAA

dendranucnls2fw :
GCAGGCCAGGCAAAGAAGAAGAAAGGTGGTGGTAGATCCATGAACACC

dendranucnls2rv :
TTTCTTCTTCTTTGCCTGGCCTGCCTTTTTGGTGGCTGCAGGTCTCTT

dendrarevnes1fw :
CCGTTGCAGCTGCCGCCGCTGGAAAGATCCATGAACACCCCGGGAATT

dendrarevnes1rv :
TTCCAGCGGCGGCAGCTGCAACGGACCACCACCTTTCTTCTTCTTTGC

dendrarevnes2fw :
CGTCTGACTCTGGATGGTGGTGGTAGATCCATGAACACCCCGGGAATT

dendrarevnes2rv :
ACCACCACCATCCAGAGTCAGACGTTCCAGCGGCGGCAGCTGCAACGG
nusAfw : ACCCAAGCTTATGAAAGAAATTTTGGCTGT
nusArv : CGCGGATCCGCCGCTTCGTCACCGAACCA

p121hsUK : CAGUGGCAGUGGACAUUCAtt
luciferasecontrol : UCGAAGUAUUCCGCGUACGtt

2.1.4 Antibodies
mAb414: Monoclonal mouse antibody raised against the nuclear pore
complex mixture (Davis & Blobel, 1986), obtained from Covance (Richmond,
USA). (Dilution 1:2000 in Immunofluorescence microscopy)
Anti-Pom121 hs: Generation and purification of this rabbit polyclonal antibody
is described in Methods in detail. In Immunofluorescence microscopy it was
used at a dilution of 1:25, in western blotting at a dilution of 1:500.
Anti-GFP: This rabbit polyclonal antibody was a kind of Dr. Andreas Jaedicke.
Anti-Nup205: This rabbit polyclonal antibody was a kind of Dr. Wolfram
Antonin (Franz et al, 2007).
Anti-Nup160: This rabbit polyclonal antibody was a kind of Dr. Wolfram
Antonin (Franz et al, 2007).
Anti-Nup155: This rabbit polyclonal antibody was a kind of Dr. Cerstin Franz
(Franz et al, 2005).
Anti-Nup93: This rabbit polyclonal antibody was a kind of Dr. Wolfram Antonin
(Franz et al, 2007).
Anti-Importin !: This rabbit polyclonal antibody was generated using an
antigen of 6xHis tagged full-length importin ! protein as described in Methods
section in detail.
Anti-Importin ": Rabbit polyclonal antibody raised against importin ",
obtained from Abcam (Cambridge, UK).
ECLTM anti-rabbit IgG horseradishperoxidase linked whole antibody from
donkey (GE Healthcare) (Dilution 1:5000)
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ECLTM anti-mouse IgG horseradishperoxidase linked whole antibody from
sheep (GE Healthcare) (Dilution 1:5000)
Alexa Fluor® 546 goat anti-mouse/rabbit IgG Invitrogen (Eugene, USA)
(Dilution 1:2000)
Alexa Fluor® 635 goat anti-rabbit IgG Invitrogen (Eugene, USA) (Dilution
1:2000)
Alexa Fluor® 633 goat anti-mouse IgG Invitrogen (Eugene, USA) (Dilution
1:2000)

2.1.5 Bacterial strains
XL1Blue: genotype: recA1 endA1 gyrA96 thi-1 hsdR17 supE44 relA1 lac
(F’proAB lacIqZDM15 Tn 10 (Tetr)) (Stratagene).
BL21(DE3): genotype: F- ompT hsdSB (rB-mB-) gal dcm (DE3), a lambda
prophage carrying the T7 RNA polymerase gene (Novagene).
BL21(DE3)[prep4]: genotype: F- ompT gal[dcm][lon] hsdSb (rB-mB-) with DE3, a
lambda prophage carrying the T7 RNA polymerase gene, with prep4, for protein
expression (Qiagen).

2.2

Methods

2.2.1 Molecular cloning
2.2.1.1

PCR

PCR reactions were prepared on ice containing following reagents: 5 µl 10x Taq
polymerase buffer, 5 µl dNTPs (2 mM), 10 µl forward primer (0.5 mM), 10 µl
reverse primer (0.5 mM), 37 µl H2O, 50 ng of DNA template, 0.8 µl Taq
polymerase, 0.2 µl Pfu turbo polymerase. The reaction was thermocycled as
follows:
1 cycle

95 ºC

5 min

5 cycles

95 ºC

30 sec

50 ºC

30 sec

72 ºC

1min/1 kb length

95 ºC

30 sec

56 ºC

30 sec

25 cycles
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1 cycle

2.2.1.2

72 ºC

1min/1 kb length

72 ºC

5 min

cDNA preparation

All the reagents used in this experiment were obtained from Cells-to-cDNA II Kit
(Ambion, USA). U2OS cells were used for the preparation of cDNA. Pelleted 1.2
x 105 U2OS cells were washed once with ice-cold PBS and resuspended with
100 µl ice-cold Cell Lysis II buffer and 4 µl RNase inhibitor (10U/ µl). The
resuspension was incubated for 10 min at 75 ºC to inactivate RNases in the
cells. After cooling down the cell lysate, 4 µl DNase I (2U/ µl) was added and
then it was incubated at 37 ºC for 30 min. To inactivate DNase I, the sample
was then incubated at 75 ºC for 5 min. An RT-PCR reaction was assembled
including 5 µl of cell lysate, 4 µl dNTP mix (2.5 mM), 2 µl oligo(dT) primers (50
µM) and 16 µl nuclease-free H2O. This mixture was then heated at 70 ºC for 3
min and cooled down on ice for 1 min. The remaining RT reagents were then
added (2 µl 10x RT buffer, 1 µl M-MLV Reverse Transcriptase, 1 µl RNase
inhibitor). The reaction was then incubated at 42 ºC for 30 min and then at 95
ºC for 10 min. PCR amplification was performed using this RT reaction. 5 µl RT
reaction was mixed with 5 µl 10x PCR buffer, 4 µl dNTP mix (2.5 µM), 33 µl
nuclease-free H2O, 2 µl PCR primers (10 µM each) and 2 U Taq polymerase.
The PCR reaction was cycled as follows:
1 cycle

94 ºC

2 min

35 cycles

94 ºC

30 sec

60 ºC

30 sec

72 ºC

30 sec

72 ºC

5 min.

1 cycle
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2.2.1.3

Constructs

PCR purification and Gel extraction kits were used according to manufacturer’s
instructions (Qiagen, Germany).

pssGp210-EGFP-Pom121 xl (aa. 1-1050)
The full-length Xenopus Pom121 fragment (aa. 1-1050) was amplified using the
primers pom121xlBsrG1FW and pom121stopNotRV. As a template, pFastBacHTb-Pom121 (1-1050) vector was used (Antonin et al, 2005). PCR product was
purified from an agarose gel with Gel extraction kit (Qiagen, Germany) and both
purified PCR product and pssGp210-EGFP vector containing Gp210 signal
sequence and EGFP sequence (a kind gift of Dr. Jan Ellenberg’s Lab) were
digested with Bsr GI and Not I restriction enzymes (NEB, USA) and later
purified with PCR purification kit (Qiagen, Germany). pssGp210-EGFP vector
and Pom121 fragment were ligated using T4 DNA ligase and ligation product
was used for the transformation into E. coli XL1Blue strain. Plasmid DNAs
prepared from the colonies were confirmed by restriction digestion and
sequencing.

pssGp210-EGFP-Pom121 xl NLS mutant (aa. 1-1050)
This vector was a kind gift of Dr. Wolfram Antonin.

pEGFP C3-Pom121 xl (aa. 49-1050)
The Xenopus Pom121 fragment (aa. 49-1050) was amplified using the primers
pom121xlaa49XHO and pom121xlaa1050XmaRV. pssGp210-EGFP-pom121xl
(1-1050) was used as a template. PCR product was purified from an agarose
gel with Gel extraction kit (Qiagen, Germany) and both purified PCR product
and pEGFP C3 vector were digested with Xma I and Xho I restriction enzymes
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and later purified with PCR purification kit (Qiagen, Germany). pEGFP C3
vector and Pom121 fragment were ligated using T4 DNA ligase and the ligation
product was used for transformation into E. coli XL1Blue strain. Plasmid DNAs
prepared from the colonies were confirmed by restriction digestion and
sequencing.

pEGFP C3-Pom121 xl NLS mutant (aa. 49-1050)
The Xenopus Pom121 fragment (aa. 49-1050) was amplified using the primers
pom121xlaa49XHO and pom121xlaa1050XmaRV. pssGp210-EGFP-Pom121xl
(aa. 1-1050) NLS mutant was used as a template. PCR product was purified
from an agarose gel with Gel extraction kit (Qiagen, Germany) and both purified
PCR product and pEGFP C3 vector were digested with Xma I and Xho I
restriction enzymes and later purified with PCR purification kit (Qiagen,
Germany). pEGFP C3 vector and Pom121 fragment were ligated using T4 DNA
ligase and ligation product was used for transformation into E. coli XL1Blue
strain. Plasmid DNAs prepared from the colonies were confirmed by restriction
digestion and sequencing.

pssGp210-EGFP-Pom121 xl (aa. 1-682)
This vector was a kind gift of Dr. Wolfram Antonin.

pssGp210-EGFP-Pom121 xl (aa. 1-282)
The vector expressing Xenopus Pom121 fragment (aa. 1-282) was generated
by introducing a stop codon after aa 282 using site directed mutagenesis. The
mutagenesis primers were pom121xlSTOP282fw and pom121xlSTOP282rv.
PCR amplified vector was used for transformation into E. coli XL1Blue strain.
Plasmid DNAs prepared from the colonies were confirmed by sequencing.
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pGEX KG- Pom121 xl (aa. 213-409)
The Xenopus Pom121 fragment (aa. 213-409) was amplified using the primers
pom121xl213Bam and pom121xl409Xhobw. PCR product was purified from an
agarose gel with Gel extraction kit (Qiagen, Germany) and both purified PCR
product and pGEX KG vector were digested with Bam HI and Xho I restriction
enzymes and later purified with PCR purification kit (Qiagen, Germany). pGEX
KG vector and Pom121 fragment were ligated using T4 DNA ligase and ligation
product was used for transformation into E. coli XL1Blue strain. Plasmid DNAs
prepared from the colonies were confirmed by restriction digestion and
sequencing.

pGEX KG- Pom121 xl (aa. 334-452)
The Xenopus Pom121 fragment (aa. 334-452) was amplified using the primers
pom121xl334Bam and pom121xl452Xho. PCR product was purified from an
agarose gel with Gel extraction kit (Qiagen, Germany) and both purified PCR
product and pGEX KG vector were digested with Bam HI and Xho I restriction
enzymes and later purified with PCR purification kit (Qiagen, Germany). pGEX
KG vector and Pom121 fragment were ligated using T4 DNA ligase and ligation
product was used for transformation into E. coli XL1Blue strain. Plasmid DNAs
prepared from the colonies were confirmed by restriction digestion and
sequencing.

pGEX KG- Pom121 xl (aa. 334-619)
The Xenopus Pom121 fragment (aa. 334-619) was amplified using the primers
pom121xl334Bam and pom121xl619Xho PCR product was purified from an
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agarose with Gel extraction kit (Qiagen, Germany) and both purified PCR
product and pGEX KG vector were digested with Bam HI and Xho I restriction
enzymes and later purified with PCR purification kit (Qiagen, Germany). pGEX
KG vector and Pom121 fragment were ligated using T4 DNA ligase and ligation
product was used for transformation into E. coli XL1Blue strain. Plasmid DNAs
prepared from the colonies were confirmed by restriction digestion and
sequencing.

pGEX KG- Pom121 xl (aa. 213-452)
The Xenopus Pom121 fragment (aa. 213-452) was amplified using the primers
pom121xl213Bam and pom121xl452XhoI. PCR product was purified from the
gel with Gel extraction kit (Qiagen, Germany) and both purified PCR product
and pGEX KG vector were digested with Bam HI and Xho I restriction enzymes
and later purified with PCR purification kit (Qiagen, Germany). pGEX KG vector
and Pom121 fragment were ligated using T4 DNA ligase and ligation product
was used for transformation into E. coli XL1Blue strain. Plasmid DNAs prepared
from the colonies were confirmed by restriction digestion and sequencing.

pGEX KG- Gp210 xl (aa. 214-275)
This vector was a kind gift of Dr. Wolfram Antonin.

pGEX KG-Pom121 hs (aa. 448-647)
Human cDNA from U2OS cells were prepared as described in Methods section.
The human Pom121 fragment (aa. 448-647) was amplified using the primers
pomhs448BamHIfor and pomhs647XhoIrev. PCR product was purified from the
gel with Gel extraction kit (Qiagen, Germany) and both purified PCR product
and pGEX KG vector were digested with Bam HI and Xho I restriction enzymes
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and later purified with PCR purification kit (Qiagen, Germany). pGEX KG vector
and Pom121 fragment were ligated using T4 DNA ligase and ligation product
was used for transformation into E. coli XL1Blue strain. Plasmid DNAs prepared
from the colonies were confirmed by restriction digestion and sequencing.

pQE70-Importin !
This vector was a kind gift of Dr. Dirk Goerlich.

pQE60-Importin "
This vector was a kind gift of Dr. Dirk Goerlich.

pNusA-NLS-NES-Dendra2
The pDendra2 vector was a kind gift of Dr. Jan Ellenberg. Nucleoplasmin NLS
sequence and Rev NES sequence was inserted into this vector by site directed
mutagenesis method using the primers dendranucnls1fw, dendranucnls1rv,
dendranucnls2fw, dendranucnls2rv, dendrarevnes1fw, dendrarevnes1rv,
dendrarevnes2fw, dendrarevnes2rv. Mutagenesis was completed in four
subsequent reactions. PCR amplified vectors were used for transformation into
E. coli XL1Blue strain. Plasmid DNA prepared from the colonies were confirmed
by sequencing. NusA sequence was amplified using the primers nusAfw and
nusArv. pET28m vector was used as a template. PCR product was purified from
an agarose gel with Gel extraction kit (Qiagen, Germany) and both purified PCR
product and the vector were digested with Bam HI and Hind III restriction
enzymes and later purified with PCR purification kit (Qiagen, Germany). The
vector and NusA fragment were ligated using T4 DNA ligase and ligation
product was used for transformation into E. coli XL1Blue strain. Plasmid DNAs
prepared from the colonies were confirmed by restriction digestion and
sequencing.
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pNusA-SLN-NES-Dendra2
The pDendra2 vector was a kind gift of Dr. Jan Ellenberg. Nucleoplasmin NLS
sequence and Rev NES sequence was inserted into this vector by site directed
mutagenesis method using the primers dendranucsln1fw, dendranucsln1rv,
dendranucsln2fw, dendranucsln2rv, dendrarevnes1fw, dendrarevnes1rv,
dendrarevnes2fw, dendrarevnes2rv. Subsequent steps of this cloning were
performed as in pNusA-NLS-NES-Dendra2 construct.

pNLS-NES-Dendra2
The pDendra2 vector was a kind gift of Dr. Jan Ellenberg. Nucleoplasmin NLS
sequence and Rev NES sequence was inserted into this vector by site directed
mutagenesis method using the primers dendranucnls1fw, dendranucnls1rv,
dendranucnls2fw, dendranucnls2rv, dendrarevnes1fw, dendrarevnes1rv,
dendrarevnes2fw, dendrarevnes2rv. Mutagenesis was completed in four
subsequent reactions. PCR amplified vectors were used for transformation into
E. coli XL1Blue strain. Plasmid DNAs prepared from the colonies were
confirmed by sequencing.
2.2.1.4

Site-directed mutagenesis

20 ng DNA template was mixed with 5 µl 10x PFU-buffer, 5 µl dNTP mix (2
mM), 18 µl forward mutagenesis primer (0.5 µM), 18 µl reverse mutagenesis
primer (0.5 µM) and 1 µl PFU Turbo Polymerase in a 50 µl reaction. DNA was
then amplified using following cycles and temperatures:
1 cycle

95 ºC

30 sec

18 cycles

95 ºC

30 sec

55 ºC

1 min
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68 ºC

60 sec/1kb length

After PCR amplification 2 µl of Dpn I (20 U/ µl) was added and incubated at 37
ºC for 2 hours. 5 µl of this reaction was transformed into E. coli XL1 Blue strain.

2.2.2 SDS-PAGE and Immunoblotting
2.2.2.1

SDS-PAGE

SDS-PAGE was performed as described (Laemmli, 1970). The acrylamide
concentration of the gels is indicated in the figure legends.
2.2.2.2

Silver staining

For buffers used in this protocol, see Materials, buffers and solutions section.
SDS-PAGE gels were fixed at room temperature overnight in fixation buffer.
The gel was then washed 3 times for 5 min each with distilled H2O. To remove
residual methanol on the gel, it was incubated with 50% EtOH twice for 40 min.
EtOH was then washed away with distilled H2O 3 times for 5 min. The gel was
then incubated in post-fixing buffer for 40 min and again washed 3 times for 5
min each. The gel was stained with staining solution for 60 min and later rinsed
once with distilled H2O. The developer was added to the gel. When the bands
were visible the stop solution was added on the gel to stop development. After 1
day stop solution was exchanged to H2O.
2.2.2.3

Immunoblotting

Proteins from SDS-PAGE gels were transferred to Nitrocelluose membranes
using a wet transfer protocol. The transfer sandwich was prepared according to
manufacturer’s instructions (Biorad, Germany). The sandwich was immersed in
western blot transfer buffer and transferred either for 4 hrs or overnight (120
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mA, at 4 ºC). Membranes were blocked in 5% (w:v) milk in PBS-Tween (0.1 %)
at room temperature for 3 hours. Membranes were then incubated with the
primary antibody for 2 hours at room temperature. Primary antibody solutions
were prepared in milk blocking buffer at a dilution indicated in the antibodies
section. Membranes were washed 5 x 2 min in PBS-Tween (0.1 %) and later
were incubated in horseradish peroxidase-coupled secondary antibody solution
for 1 hour at room temperature (blocking buffer +1:5000 anti-rabbit or antimouse). Membranes were washed 5 x 2 min, 5 x 10 min, 4 x 30 min in PBSTween (0.1 %). Signal was visualised using the ECL detection kit.
2.2.3 Xenopus laevis egg extract preparation
Female Xenopus laevis frogs were primed by injection of pregnant mare's
serum gonadotropin (PMSG) and 4-14 days later, egg laying was induced by
injection of 500 U human chorionic gonadotropin (hCG). The frogs were
transferred into plastic boxes containing 1x MMR buffer and placed at 16°C.
Eggs arrested in metaphase in meiosis II were collected and washed
extensively. Eggs were then dejellied by incubation in a 2% cysteine solution in
0.25x MMR pH 7.8 for up to 10 min. To drive eggs to an interphasic state, a
Ca

2+

ionophore 1-(4,5-dimethoxy-2-nitrophenyl) ethyl ester (20 µl of 2 mg/ml

A23187 in DMSO) was added and incubated for 10 min. After several washing
steps with MMR, the eggs were crushed by centrifugation (20 sec at 800 rpm
and 20 sec at 1600 rpm). Excess buffer was removed and eggs were spun for
20 minutes at 15 000 rpm at 4°C (SW 55TI Rotor). 1mM DTT, 44 µg/ml
cycloheximide , 4 µg/ml cytochalasin B and 1x Complete EDTA-free Protease
Inhibitor cocktail (Roche) was added to the supernatant. This supernatant was
spun for 40 min at 45 000 rpm at 4°C. The supernatant was collected and spun
again for 40 min at 45 000 rpm at 4°C. After this spin, cytosol and membranes
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are separated. Glycerol was added to the cytosol to a final concentration of 3%
(v/v), frozen and stored in liquid nitrogen.

2.2.4 Recombinant protein expression and purification
2.2.4.1

6xHis tagged recombinant proteins

pQE vectors were transformed into E.coli M15 pREP4 strain and plated on agar
plates containing 25 µg/ml Kanamycin and 100 µg/ml Ampicillin. Colonies
growing on these plates were picked and inoculated in 400 ml LB medium
containing 25 µg/ml Kanamycin and 100 µg/ml Ampicillin. This bacterial culture
was grown at 37 ºC overnight. Bacteria were then harvested and resuspended
in fresh LB medium containing the same antibiotics. The culture was grown at
37 °C until OD 0.4. For protein expression the culture was then transferred to a
lower temperature. When OD reached 0.8, expression was induced by the
addition of 0.2 mM IPTG for 3 hours. Bacteria were then harvested and
resuspended in Ni-wash buffer. Cells were broken by French press and were
then spun at 10 000 rpm for 15 min. The supernatant was incubated with 1 ml of
50 % Ni-NTA Agarose slurry per litre bacterial culture for 2 hours at 4 °C with
rotation. The supernatant-agarose suspension was applied to a column and
washed several times with the Ni-wash buffer. Recombinant proteins on the
column were eluted with Ni-elution buffer.
2.2.4.2

GST-tagged recombinant proteins

pGEX vectors were transformed into E.coli BL21 DE3 strain and plated on agar
plates containing 100 µg/ml Ampicilin. Colonies growing on these plates were
picked and inoculated into 400 ml LB medium containing 100 µg/ml Ampicillin.
The culture was grown at 37 °C until OD 0.4. For the protein expression the
culture was then transferred to a lower temperature. When OD reached 0.8,
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expression was induced by the addition of 0.2 mM IPTG for 3 hours. Bacteria
were then harvested and resuspended in GST-wash buffer. Cells were broken
by French press and were then spun at 10000 rpm for 15 min. 0.5 ml of 50 %
Glutathione Sepharose slurry per litre bacterial culture was incubated for 2
hours at 4 ºC with rotation. The bacterial supernatant-sepharose suspension
was applied to a column and washed several times with the GST-wash buffer.
Recombinant proteins on the column were eluted with GST-elution buffer.

2.2.5 GST pulldown experiments
4 mg of GST-tagged recombinant protein was incubated with 200 µl of 50 %
Glutathione sepharose at 4 ºC overnight. Beads were recovered by spinning at
5 000 rpm for 2 min and then blocked with 2 ml of 5 % BSA in PBS, rotating for
1 hour at 4 ºC. Blocked beads were then washed and incubated for 2 hours at
4 ºC with either purified recombinant proteins or Xenopus egg extract diluted
1:1 in PBS (v/v) and cleared by spinning at 100 000 rpm for 30 min. Unbound
proteins were removed by spinning for 30 sec at 1 200 rpm and beads were
washed several times with PBS. Proteins and their interaction partners were
eluted by thrombin cleavage for 1 hour at room temperature.

2.2.6 Antibody production and purification
To prepare antigens for rabbit immunization recombinant proteins were
expressed and purified as described in the previous chapters. In every boost,
0.5 mg of recombinant protein diluted in 300 µl PBS was mixed with 300 µl Titer
Max Gold adjuvant for the injection of one rabbit. The emulsion was mixed until
it was white and viscous. After the primary immunization, rabbits were
boosted every 4 weeks. Rabbit bleeds were heated to 37 °C for 1 hour and the
coagulated blood was spun down at 4 000 rpm for 20 min and the supernatant
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was then spun at 4 000 rpm for 15 min. The serum was collected, frozen in
liquid nitrogen and stored at -80 °C. Rabbit immunizations were performed with
the help of the “Laboratory Animal Resources” EMBL, Heidelberg. For this study
the antibodies against GST-Pom121 hs (aa. 448-647) and 6xHis-importin
! (aa. 1-522) were generated.
To affinity purify human Pom121 antibody, GST-Pom121 hs (aa. 448-647) was
expressed and purified as described in previous sections. Purified protein was
dialysed against 20 mM Hepes and 200 mM NaCl containing buffer (pH 7.4).
7.5 mg of purified protein then were incubated with 250 µl of Affigel 10 beads for
4 hours at 4 °C. The beads were then blocked with 1 M ethanolamine pH 8.0 for
1 hour at 4 °C. After blocking, the beads were pre-eluted by washing 3 times
with 200 mM glycine and 500 mM NaCl containing buffer (pH 2.2) and 3 times
with PBS. 8 ml of rabbit antiserum was incubated with these beads overnight at
4 °C. The beads were then washed 3 times with PBS and then packed into a
column. Antibodies were then eluted first with 200 mM glycine and 500 mM
NaCl containing buffer (pH 2.7) and later with 200 mM glycine and 500 mM
NaCl containing buffer (pH 2.2). Eluates were neutralized by the addition of 60
µl 1.5 M Tris pH 8.8 per ml eluate and dialysed against PBS.

2.2.7 Cell culture
All the cell lines used in this thesis were maintained at 37 ºC, 5% CO2 in DMEM
medium supplemented with 10 % FBS (v/v), 1 mg/ml Penicillin/Streptomycin, 1
mg/ml L-Glutamate. The U2OS cell line was a kind gift of Dr. Ulrike Kutay.
2.2.7.1

Transfections

Cells were plated in a 24-well plate on an 11 mm glass coverslip and were
grown to 50 % confluency. 3 µl of FuGENE 6 transfection reagent (Roche,
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Germany) was mixed with 97 µl of OptiMEM medium (Invitrogen, UK) and
incubated 5 min at room temperature. 1 µg of plasmid DNA was mixed with
FuGENE-OptiMEM suspension and incubated for 15 min at room temperature.
20 µl of this mixture was added to one well of the 24-well plate. For the cells
grown on a 10 cm plate, 100 µl of this mixture was added.

2.2.7.2

Establishing stable cell lines

Cells grown up to 50 % confluency on a 10 cm plate were transfected as
described above with a pEGFP plasmid expressing the protein of interest. 24
hours after transfection DMEM maintenance medium was exchanged to
selection medium that is DMEM medium supplemented with 10 % FBS (v/v), 1
mg/ml Geneticin, 1 mg/ml Penicillin /Streptomycin and 1 mg/ml L-Glutamate.
The selection medium was exchanged every 24 hours until cell colonies were
visible. Cells were then washed with PBS and kept in 5% Trypsin-EDTA in PBS
buffer while picking the colonies. Colonies were picked with a sterile pipette tip
and inoculated in a 24-well plate. When the cells became confluent, they were
split and screened first for their expression of EGFP fusion protein and then for
their expression levels. In order to confirm that cells were expressing full-length
proteins, cell extracts were examined by Western blotting. Positive cells were
expanded further into lines.
2.2.7.3

siRNA transfections

1.5 µl of 20 µM siRNA stock solution was diluted in 100 µl of serum-free DMEM
medium. 3 µl of HiPerfect transfection reagent (Qiagen, Germany) was added to
this suspension. This mixture was incubated for 30 min at room temperature
and added to 50 000 cells in DMEM maintenance medium and later plated on a
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coverslip in a 24-well plate. Cells were fixed for immunofluorescence
microscopy or counted at the indicated time points in every experiment.
2.2.7.4

Cell counting

Cell were washed twice with warm PBS and trypsinized. Trypsinized cells were
suspended in 500 µl DMEM maintenance medium and 20 µl of this suspension
was placed on a hemocytometer. 5 squares on each side of the hemocytometer
were counted and total cell number was calculated according to this number.

2.2.8 Light microscopy
2.2.8.1

Immunofluorescence microscopy

Cells were washed with warm PBS once and fixed either with 4% PFA for 10
min at room temperature or with 100 % ice-cold methanol for 3 min at -20 oC.
PFA fixed cells were further permeabilized with 0.5 % Triton X-100 in PBS.
Cells were blocked with 2 % BSA and 2% FCS for 30 min at room temperature.
Blocked cells were incubated with primary antibodies for 1 hour and then with
secondary antibodies for 1 hour. DNA was stained with 0.5 µg/ml DAPI in PBS
for 5 min. Coverslips were mounted on a glass slide with 5 µl Vectashield
mounting medium.
2.2.8.2

Live cell imaging

For live cell imaging, cells were plated on LabTek dishes (Nunc, Germany).
Cells were maintained at 37 ºC during imaging, in CO2-independent medium
supplemented with 20 % FBS, 1 mg/ml Penicillin/Streptomycin, 1 mg/ml LGlutamate.
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2.2.8.3

Confocal microscopy

Confocal images were obtained on a Zeiss LSM 510 META or Zeiss LSM 710
axiovert confocal microscope using 63x Plan-Neofluar 1.4 NA oil immersion
objective lens (Carl Zeiss, Germany). Images were analyzed in LSM software or
Image J (http://rsb.info.nih.gov/ij).

2.2.9 Electron microscopy
For correlative Electron and Light microscopy studies U2OS cells were grown
for 48 hours on gridded Mattek dishes (Mattek, USA) rinsed twice with PBS and
fixed with 2.5% glutaraldehyde in cacodylate buffer (pH 7.2) for 30 minutes.
After fixation, they were rinsed 5x5 min with cacodylate buffer and then stained
with 1% osmium tetroxide in cacodylate buffer for 40 minutes. Cells were then
rinsed with H2O, 4 times, stained with 0.5% uranyl acetate in H2O for 40
minutes, and rinsed again with H2O, 4 times. All fixation and staining steps were
performed on ice. The cells were dehydrated with EtOH (40%, 50%, 70%, 80%,
90%), 5 minutes each step at room temperature, and further dehydrated twice
with 96% EtOH and 100% dried EtOH. Cover slips were separated from the
dishes, dipped in propylene oxide and quickly placed on top of a BEEM capsule
(EMS, USA) filled with EPON (Roth, Germany). Blocks were incubated at 60oC
for 48 hours. Cover slips were removed, serial sections were cut 60 nm thick
and placed on a copper palladium slot grids coated with 1% Formvar (Serva,
Germany).
For localization studies, U2OS cells were prepared as described (Tokuyasu,
1973). Immuno-gold labeling was done using an !-GFP and monoclonal
antibody 414 (Materials section) as described (Slot & Geuze, 1983). All imaging
was done on a CM-120 Biotwin (Phillips) electron microscope.
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Chapter 3

Results
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3.1

Earlier work on Pom121 interaction partners

As described in Chapter 1, the transmembrane nucleoporin Pom121 is essential
for post-mitotic nuclear reassembly in vitro. Xenopus Pom121 has an N-terminal
transmembrane domain followed by a long nucleocytoplasmic part that contains
FG repeats, four potential importin 7 target sites (Chuderland et al, 2008) and
two putative bipartite NLSs (Figure 3A). To understand how different domains or
motifs of Pom121 affect its post-mitotic function, Dr. Wolfram Antonin
investigated interaction partners of Pom121 in vitro. GST-tagged fragments of
Xenopus Pom121 were cloned, expressed and purified as described in Chapter
2. These purified proteins, schematically represented in Figure 3A, were used
as bait in pulldown experiments from Xenopus egg extract. To test if Ran
GTPase regulates the binding of interaction partners, a constitutively active
RanGTP mutant, RanQ69L, was added to the reactions. Elutions were analysed
by SDS-PAGE followed by silver staining. Three prominent bands were
detected in the elutions obtained from Pom121 baits which contained putative
NLS sites and FG repeats (Figure 3B). Addition of RanQ69L abolished the
binding of these proteins. Mass spectrometry analysis of these three bands
showed that these proteins were the import receptors importin !, importin " and
importin 7. Due to the roles of importin ! and " in post-mitotic nuclear assembly
(Chapter 1), we focused on investigating the interaction of these import
receptors with Pom121.
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Figure 3 Ran GTPase dependent interaction partners of Pom121. (A) Topology of full length

Xenopus Pom121 and schematic representation of Pom121 constructs encoding GST tagged
baits. (1) Pom121 aa. 49-171, (2) Pom121 aa. 49-619, (3) Pom121 aa. 310-452 (4) Pom121 aa. 800
-1050 (5) Pom121 aa. 310-619 (6) Pom121 aa 516-619. Putative NLS sites are shown as red bars,
potential importin 7 binding sites are shown as yellow bars and FG repeats are shown as blue bars
on the proteins. (B) GST-Pom121 baits were incubated with buffer, Xenopus egg extracts alone or
with the constitutively active RanGTP mutant RanQ69L and eluted with thrombin. Elutions were
analyzed on a 15 % SDS-PAGE gel silver stained. Arrows indicate importin α, β and 7.
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3.2

The transmembrane nucleoporin Pom121 interacts with
the importin ! /" heterodimer

As described in the previous section, importin ! and " bind to a Pom121
fragment that contains two putative NLS sites. To understand the function of
each NLS site in importin ! and " binding we designed a new set of baits that
included either one or both of the NLS sites (Figure 4A). To understand if
importin ! and " binding to Pom121 NLS sites was dependent on RanGTP,
these pulldowns were performed in the presence and absence of RanQ69L. As
shown in Figure 4B, importin ! and " were bound to all Pom121 baits incubated
with Xenopus egg extracts, showing that importin ! and " interact with both
NLS sites. Addition of RanQ69L abolished the binding of importin " and
reduced the binding of importin ! to these sites.
To test if importin ! and " bind specifically to the NLS sites, the positively
charged residues in both NLS sequences were mutated into neutral or
negatively charged residues by Dr. Wolfram Antonin (Figure 5C). As shown in
Figure 4C, neither importin ! nor " can bind to the NLS mutant fragment of
Pom121 while they were capable of binding the non-mutated fragment. While
RanQ69L addition reduced binding of importin !, mutation of these sites
completely abolished this binding (Figure 4C, lane 2 and 3).
To determine if importin ! and " bind to Pom121 independently or as a
heterodimer, an in vitro system using only recombinant proteins was employed.
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Figure 4 Import receptors Importin α/β bind both NLS sites on Pom121. (A) Topology of full-length

Xenopus Pom121 and schematic representation of Pom121 constructs encoding GST tagged baits.
Putative NLS sites are shown as red bars on the proteins. (1) Pom121 aa. 213-409, (2) Pom121 aa. 334
-452, (3) Pom121 aa. 334-619 (4) Pom121 aa. 213-452. (B) GST-Pom121 baits were incubated with buffer,
Xenopus egg extracts alone or with the RanGTP mutant RanQ69L and eluted with thrombin. Elutions
were analyzed on a 10 % SDS-PAGE gel silver-stained. Arrows indicate importin α and β. (C) Control bait,
GST-Pom121 aa.213-452 and GST-Pom121 aa. 213-452 NLS mutant were incubated either with Xenopus
egg extract alone or with RanQ69L. Thrombin elutions were analyzed on a 10 % SDS-PAGE gel and
silver-stained. (D)GST-Pom121 aa. 213-452 bait and control bait (GST-Gp210 aa. 214-275) were incubated
with recombinant 6xHis-Importin α and β and thrombin elutions were analyzed on a 10 % SDS-PAGE
gel and silver stained.
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A GST tagged Pom121 fragment that has both NLS sites was incubated either
with recombinant 6xHis tagged importin ! or recombinant 6xHis tagged
importin " or with both proteins. As shown in Figure 4D, importin " cannot bind
Pom121 in the absence of importin ! while importin ! can bind Pom121
independently of importin ", its binding however is more efficient in the
presence of importin ".

3.3

NLS mediated interaction of Pom121 with nuclear pore
complex components

Despite the crucial role of Pom121 during NPC assembly, its interaction
partners at the NPC have not been characterized. To understand how importin
!/" binding and RanGTP affects the interaction of Pom121 with other
nucleoporins, Dr. Birgit Koch performed GST pulldown experiments using a
Pom121 fragment that contains both NLS sites, and an NLS mutant of this
fragment. These baits were incubated with Xenopus egg extracts and potential
interactions between the bait and a selection of nucleoporins were monitored by
immunoblotting. We detected binding of nucleoporins Nup205, Nup160, Nup93
and Nup62 to Pom121, mutation of the NLS sites disrupted the binding of these
nucleoporins (Figure 5A). Interestingly, binding of Nup155 to the Pom121
fragments was only slightly affected by the presence or loss of NLS sites.
Binding of Nup93 and Nup62 was also confirmed using a bait comprising a
longer fragment of Pom121 that also includes the NLS sites (Figure 5B).
To test if the NLS sequence per se is sufficient for these interactions, a novel
bipartite NLS, the nucleoplasmin NLS sequence (Robbins et al, 1991), was
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Figure 5 NLS dependent interaction of nucleoporins with Pom121. (A) Control bait (GST-GFP),

GST-Pom121 aa.213-452, GST-Pom121 aa. 213-452 NLS mutant and GST-Pom121 aa. 213-452
containing nucleoplasmin NLSs were incubated either with Xenopus egg extracts alone or with
RanQ69L. Thrombin elutions were analyzed on a 10 % SDS-PAGE gel and immunoblotted using
antibodies againist the nucleoporins Nup205, Nup160, Nup155, Nup93, Nup62 and import
receptors importin α and β. (B) Control bait (GST-GFP), GST-Pom121 aa. 213-452 and GST-Pom121
aa. 213-619 bait were incubated with Xenopus egg extracts and thrombin elutions were analyzed
on a 10 % SDS-PAGE gel and immunoblotted using antibodies againist the nucleoporins Nup93,
Nup62 and import receptors importin β. (C) A portion of Pom121 protein sequence including the
1st and 2nd NLS sites. Amino acid changes in the NLS mutant and nucleoplasmin NLS-containing
NPL NLS are also indicated.
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exchanged with the Pom121 NLS sites (Figure 5C). We first tested whether
importin !/" was able to bind to this nucleoplasmin NLS containing Pom121
fragment. While the importin !/" binding is disrupted when NLS sites are
mutated, the presence of nucleoplasmin NLS rescued this interaction (Figure
5A). This indicates that the nucleoplasmin NLS is functional in this Pom121
fragment. Binding of nucleoporins Nup205, Nup160, Nup93 and Nup62 was
partially restored in the presence of the nucleoplasmin NLS (Figure 5A). This
indicates that NLS sites of Pom121 are important for its interaction with these
NPC components and the binding is partly mediated by the NLS sequence per
se.
We also examined if Ran GTPase regulates the binding of NPC components to
Pom121. RanQ69L addition to the Xenopus egg extract did not cause a
significant difference in the binding of the nucleoporins Nup205, Nup93 and
Nup155 or of importin a to the Pom121 baits, but did disrupt the binding of
Nup62 and importin b (Figure 5A). Interestingly Nup160 binding to Pom121 bait
increased slightly upon RanQ69L addition. Taken together, the presence of
NLS sequences is important for the interaction of Pom121 with several
nucleoporins and the effect of RanGTP on these interactions varies.

3.4

The NLS sites and transmembrane domain of Pom121 are
required for NE localisation

To further investigate the role of different domains or regions of Pom121 in its
function and localization in cells, EGFP tagged truncated versions of Xenopus
Pom121 were cloned: an N-terminal fragment until the first NLS site
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Figure 6 Localization of Xenopus full-length Pom121 and its truncations and NLS mutants in

cells. A transmembrane protein signal sequence and EGFP were fused to the N-terminus of Pom121
encoding full-length, truncations or NLS mutants that disrupts importin interactions. Human
U2OS cells were transfected with these constructs and localization of proteins were examined by
confocal microscopy as shown on the right panel.
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and a longer N-terminal fragment that contains both NLS sites but lacks the Cterminal domain. Expression and localization of these proteins have been
examined in transiently transfected human U2OS cell lines (Figure 6). Fulllength Xenopus Pom121, expressed at low level, localizes to the NE in these
cells. The N-terminal Pom121 fragment that lacks the importin !/" binding site
localizes predominantly in the ER rather than the NE. The longer N-terminal
Pom121 fragment with both NLS sites localizes, like the full-length protein, to
the NE. Therefore, for correct localization of Pom121 in the NE, both NLS sites
are required. In addition, we can conclude that the C-terminal domain of
Pom121 is not essential for NE localization.
To further test the effect of NLS sites of Pom121 in cells, an EGFP tagged NLS
mutant of full-length Xenopus Pom121 was expressed (Figure 6). This mutant
localizes in the ER in a manner identical to the truncated version that does not
contain NLS sites. A Xenopus Pom121 fragment that lacks the transmembrane
region and contains only the cytoplasmic/nucleoplasmic (soluble) part of the
protein was also expressed in cells. Interestingly, the complete soluble domain
of Pom121 is nuclear and mutation of both NLS sites in the fragment causes its
exclusion from the nucleus. This indicates that both the transmembrane region
and the importin !/" sites are important for the NE localization of Pom121.

3.5

Xenopus Pom121 can functionally replace human Pom121

To gain functional insight into the importin !/"-Pom121 interaction it is important
to test the behaviour of the Xenopus Pom121 truncations and mutants in the
absence of endogenous Pom121. Endogenous human Pom121 was reduced in
U2OS cells using RNAi; expression levels of Xenopus Pom121 were unaffected
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by the RNAi treatment because human and Xenopus Pom121 mRNAs are
divergent in sequence.

3.5.1 Knockdown of human Pom121 in U2OS cells
To knockdown human Pom121, chemically synthesized siRNA duplexes which
target human Pom121 were used. As a negative control, siRNAs which target a
non-mammalian gene, luciferase, were used. Knockdown efficiency was
monitored by immunofluorescence microscopy and Western blotting using a
human Pom121 antibody that was described in detail in Chapter 2 (Figure 7A
and 7B). The effect of the knockdown on NPCs was examined with the
monoclonal antibody 414 (mAb414), which recognizes several FG repeatcontaining nucleoporins (Davis & Blobel, 1986). In the cells that were
transfected with control siRNA, both human Pom121 and mAb414 antigens
localize at the nuclear rim (Figure 7A, upper lane). In contrast, the mAb414
signal level was greatly diminished in cells transfected with Pom121 specific
siRNAs from which human Pom121 protein was efficiently depleted (Figure 7A,
lower lane).

3.5.2 Effects of Xenopus Pom121 in the absence of human Pom121
in U2OS cells
Having established the conditions to deplete human Pom121, it was next tested
if full-length wild-type Xenopus Pom121 could replace human Pom121. To
eliminate differences in expression levels, U2OS cell lines stably expressing
EGFP tagged full-length Xenopus Pom121 were established. Subsequently,
endogenous Pom121 was knockdown in these cell lines while expressing
Xenopus wild-type Pom121 (Figure 7C). In these cells, the levels of mAb414
were compared between the depleted and non-depleted cells (Figure 7C, lower
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Figure 7 Depletion of human Pom121 results in a decrease of NPC components that is restored

by Xenopus Pom121. (A) U2OS cells were transfected with siRNAs specific for human Pom121 or
luciferase control and after 72 hr cells were fixed and stained with anti-human Pom121 and
mAb414. (B) U2OS cells transfected with human Pom121 and luciferase siRNAs were harvested after
72 hrs and analyzed by SDS-PAGE followed by immunoblotting using the antibodies against human
Pom121 and α-tubulin (loading control). (C) U2OS cells stably expressing EGFP-Pom121 Xenopus
full-length were transfected with siRNAs specific for human Pom121 or luciferase control. After
72 hr cells were fixed and stained with anti-human Pom121 and mAb414.
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lane). In contrast to U2OS cells, in wild-type Xenopus Pom121 expressing cells,
removal of endogenous Pom121 did not cause a decrease in mAb414 levels
(Figure 7C). This shows that Xenopus Pom121 compensates to at least some
extent the loss of human Pom121 at the NPCs.

3.6

An importin binding mutant of Pom121 causes cell death
in the absence of endogenous Pom121

The full-length NLS mutant of Xenopus Pom121 expressed as an EGFP fusion
protein is predominantly localized in the ER, as described in Section 3.4. To
further investigate if these mutations also change the function of the protein
in cells, the effect of this mutant was examined in the absence of endogenous
Pom121. We observed very low numbers of surviving cells on the plates of NLS
mutant Xenopus Pom121 expressing cells after 72 hours of anti-human
Pom121 RNAi treatment. Cell viability in these cells were then assessed by
counting the cells after 24, 48 and 72 hours of RNAi treatment. As shown in
Figure 8B, after 48 hours of RNAi treatment the NLS mutant expressing cells
transfected with siRNAs against Pom121 showed increased cell death while the
control siRNA transfected cells continued to propagate over this time period
(right panel of the graph). The level of cell death measured in NLS mutant
expressing cells was more extensive than that observed either in wild-type
Xenopus Pom121 expressing cells or siRNA-treated U2OS cells not expressing
Xenopus Pom121 (left and middle panel of the graph). This shows that
knockdown of human Pom121 in cells stably expressing the NLS mutant
Xenopus Pom121 causes a dramatic decrease in cell viability through a specific
effect of the NLS mutant Pom121.
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Figure 8 An NLS mutant of Xenopus Pom121 decreases cell viability (A) U2OS cells stably

expressing EGFP-Pom121 NLS mutant were transfected with siRNAs specific for human Pom121 or
luciferase control. After 72 hr they were fixed and stained with anti-human Pom121 and mAb414.
(B) U2OS cells, U2OS cells stably expressing EGFP-Pom121 wild-type and NLS mutant were
transfected with siRNAs specific for human Pom121 or luciferase control. After 24, 48 and 72 hr,
cells were counted and cells numbers were normalized to 72hr control siRNA cell number of the
cell type.
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The effect of the NLS mutant on NPCs in the absence of endogenous Pom121
was also investigated. As shown in Figure 8A, knockdown of endogenous
Pom121 did not cause any reduction in mAb414 levels in the presence of NLS
mutant Xenopus Pom121. Therefore the NLS mutant Xenopus Pom121 is able
to restore the components of the NPC in a manner indistinguishable from wildtype Xenopus Pom121 in spite of the fact that it reduces cell viability.

3.6.1 Transport kinetics in NLS mutant expressing cells in the
absence of endogeneous Pom121.
Although the experiment described in Figure 8A showed that NPC components
localised to the NE in cells expressing the NLS mutant form of Xenopus
Pom121, it was unclear whether these NPCs were nuclear transport competent.
To investigate this, the nuclear transport kinetics of cells expressing various
forms of Xenopus Pom121 was measured using a transport reporter based
assay.
3.6.1.1

Transport reporters

To measure nuclear transport kinetics, transport reporters were generated.
Nuclear localisation and nuclear export sequences were fused to a photoconvertible fluorescent protein, Dendra2 (Gurskaya et al, 2006), to generate
molecules that should shuttle between the nucleus and cytoplasm. The photoconvertible properties of Dendra2 allowed the transport of a sub-population of
reporter molecules to be distinguished. The bipartite NLS from nucleoplasmin
(Robbins et al, 1991) was chosen as an NLS signal. As an NES signal, the
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Figure 9 Nuclear transport reporters. Schematic representation of constructs encoding nuclear

transport reporters. Photo-convertible fluorescent protein Dendra2 was fused to the Rev NES signal
and either the nucleoplasmin NLS signal or to the reverse sequence of the nucleoplasmin NLS signal.
To increase the size of the reporter, bacterial NusA protein was cloned into these constructs.
Localization of these reporters in U2OS cells before and after addition of 100 nM Leptomycin B (LMB)
were examined by confocal microscopy as shown in the right panels.
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NES of the Rev protein was used (Fischer et al, 1995). To show that the
localization of the reporter is due to a specific nuclear localization signal, a
control sequence that is the reverse sequence of the nucleoplasmin NLS (SLN)
was included. In order to increase the size of the reporter to above the
exclusion limit of the NPC, the bacterial NusA protein was included in the
construct. For convenience, the reporter without NusA was called the small
reporter, and the NLS containing reporter with NusA was called the large
reporter. The reporter constructs are represented diagrammatically in Figure 9.
Expression and localization of these reporters were assessed in U2OS cells. To
demonstrate the shuttling of these reporters between cytoplasm and nucleus, a
nuclear export inhibitor, Leptomycin B, was added to the cells (Englmeier et al,
1999). As shown in Figure 9, left panel, in the absence of Leptomycin B, the
reporters were predominantly cytoplasmic. Upon addition of Leptomycin B, both
the small and large reporter containing functional NLSs localized in the nucleus
while the localization of the SLN reporter and Dendra2 alone were unaffected.
This experiment showed that only the transport reporters that contain both a
functional NLS and NES do indeed shuttle between the cytoplasm and nucleus.
3.6.1.2

Import kinetics of the small reporter

Import rates of the small reporter containing NLS and NES signals fused to
Dendra2 were measured in real time by confocal microscopy. Cells were
transiently transfected with the small reporter construct 24 hours before
imaging. A small area of the cytoplasm where the small reporter localized was
irradiated with the 405 nm laser line to change the fluorescent state of Dendra2
from green to red. Subsequently Leptomycin B was added and red fluorescent
signal accumulation in the nucleus was followed and quantified by time-lapse
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Figure 10 Direct nuclear import kinetics of transport reporters. (A) Kinetics of NLS-NES-

Dendra2 (small reporter) and NusA-NLS-NES-Dendra2 (large reporter) after photoconversion
of a cytoplasmic area were examined by time-lapse microscopy and (B) normalized nuclear
fluorescent signal was plotted over time. Red plot indicates kinetics of small reporter and blue
plot indicates large reporter.
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microscopy (Figure 10A). The red fluorescent signal in the nucleus was
quantified by Image J software and plotted over time (Figure 10B). This plot
directly represents the nuclear import rates of the reporter. To measure the
import rates indirectly, Leptomycin B was added to the cells and accumulation
of the reporter in the nucleus without photoconversion was followed over time
(Figure 11A). Nuclear fluorescent signal was quantified by Image J software
and plotted over time as shown in Figure 11B. Using this method nuclear
transport rates were quantified indirectly. Both direct and indirect nuclear import
rates of the small reporter were similar (Figure 10B and 11B). Nuclear
fluorescent signal reached half maximal intensity after 1.5 minutes and became
saturated after 5 minutes following both treatments.
3.6.1.3

Import kinetics of the large reporter

The import kinetics of the large reporter was measured in the same way as
described in the previous section. Both direct and indirect transport were
quantified and plotted over time are shown in Figure 10A. Accumulation of the
large reporter into the nucleus was slower compared to the small reporter and in
fact, for unknown reasons, was much slower than expected. The fluorescent
signal in the nucleus only reached half-maximal intensity after 17 minutes and
became saturated after 60 minutes following both treatments. Since the indirect
and direct transport rates were similar, the indirect method was used to
measure transport kinetics in the remainder of the experiments described below
in order to simplify the experimental setup. To examine nuclear import rates in
the wild-type and NLS mutant Xenopus Pom121 expressing cells, the large
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Figure 11 Indirect nuclear import kinetics of transport reporters. (A) Kinetics of NLS-

NES-Dendra2 (small reporter) and NusA-NLS-NES-Dendra (large reporter) upon addition
of 100 nM Leptomycin B were examined by time-lapse microscopy (B) Normalized
nuclear fluorescent signal was plotted over time. Red plot indicates kinetics of the small
reporter and blue plot indicates the large reporter.
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reporter was chosen since the time resolution with this reporter was higher,
thereby facilitating comparison between the two cell lines.
3.6.1.4

Import kinetics in NLS mutant expressing cells

After determination of the nuclear import rates of the Dendra2 transport
reporters in U2OS cells, the nuclear import kinetics of cells expressing the NLS
mutant Xenopus Pom121 in the absence of endogeneous human Pom121 were
investigated. As a control, cells expressing wild-type Xenopus Pom121 in the
absence of endogenous human Pom121 were examined. Both wild-type
Pom121 and NLS mutant Pom121 expressing cells were transfected first with
siRNAs against human Pom121 and 24 hours later with the construct
expressing the large reporter. 48 hours after siRNA transfection, Leptomycin B
was added to the cells and accumulation of the reporter in the nucleus was
followed by time-lapse microscopy. As shown in Figure 12A, the nuclear import
of the reporter proceeded until accumulation was largely complete in wild-type
Pom121 expressing cells while in the NLS mutant Pom121 expressing cells the
nuclear signal remained at similar levels to the cytoplasmic signal when the
nuclear signal reached saturation. This indicates that nuclear import in these
cells was defective. To quantify the rates of the nuclear import in both cell lines,
the increase over time of the nuclear signal was measured. In addition to
incomplete nuclear import, the rate of nuclear import was slower in the NLS
mutant Pom121 expressing cells than in the wild-type Pom121 expressing cells
(Figure 12A, lower lane). Although the nuclear accumulation of the reporter
reached saturation 90 minutes after Leptomycin B treatment, there was still a
significant amount of the large reporter in the cytoplasm. To quantify the defect
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Figure 12 Kinetics of nuclear import is slower in Pom121 NLS mutant expressing cells. (A)U2OS

cells stably expressing EGFP-pom121 full-length wild-type or NLS mutant were transfected with
siRNAs specific for human Pom121. After 24 hr these cells were transfected with pNusA-DendraNLS-NES (large reporter) construct. 48 hr after siRNA transfection Leptomycin B was added and
accumulation of large reporter into nucleus was followed by time-lapse microscopy. Normalized
nuclear fluorecent signal was plotted over time (on the right). Red plot indicates NLS mutant and blue
indicates wild-type Pom121. (B)U2OS cells stably expressing EGFP-Pom121 full-length wild-type and
NLS mutant were transfected with siRNA specific for human Pom121. After 24 hr cells were
transfected with pNusA-Dendra-NLS-NES (large reporter). 48 hr after siRNA transfection 100 nM
Leptomycin B was added. 90 min after Leptomycin B addition, cells were fixed and localization of the
reporter was examined by confocal microscopy. Cytoplasmic fluorescent signal versus nuclear
fluorescent signal was plotted (on the right).
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in import in the NLS mutant Pom121 expressing cells, a number of cells
expressing ether wild-type or NLS mutant Pom121 were randomly chosen and
imaged both before and 90 minutes after Leptomycin B addition (Figure 12B).
The cytoplasmic and nuclear fluorescence of these cells were quantified after
90 minutes and the ratio of cytoplasmic versus nuclear signal was plotted
(Figure 12B). This analysis revealed that the nuclear and cytoplasmic signals
are between 3:1 and 1:1 in the NLS mutant Pom121 expressing cells while they
are roughly 4:1 in wild-type Pom121 expressing cells. This analysis statistically
confirms the qualitative observations made in Figure 12A, demonstrating that
more of the transport reporter remains in the cytoplasm in NLS mutant Pom121
expressing cells than in wild-type Pom121 expressing cells, confirming that in
NLS mutant Pom121 expressing cells nuclear import through the NPCs is
reduced, suggesting that the NPCs may be defective.

3.6.2 Ultrastructural analysis of Pom121 wild-type and NLS mutant
expressing cells
To understand the effects of the NLS mutant form of Xenopus Pom121 in cells,
the NE and NPCs were examined by transmission electron microscopy
performed by Rachel Santarella. As a control, U2OS cells and U2OS cells
expressing wild-type Xenopus Pom121 were included. In all cell types normal
spacing between the NE membranes and a smooth NE was observed (Figure
13A left panel). NPCs inserted in the NE were present in all cells. The effect of
RNAi mediated knockdown of human Pom121 was also examined in the
various cell lines. In both U2OS cells and wild-type Pom121 expressing cells
the NE envelope had a similar morphology in the absence of endogenous
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Figure 13 NLS mutant Pom121 affects NE morphology and induces aberrant membrane

structures in the cytoplasm. (A) Transmission electron micrographs of U2OS cells, U2OS cells stably
expressing EGFP-Xenopus Pom121 wild-type and Pom121 NLS mutant protein that were transfected
with siRNAs specific for human Pom121 or luciferase control and after 48 hr cells were fixed with
2.5% glutaraldehyde and stained with 1% osmium tetroxide. NPCs embeded in the double
membrane NE are indicated by arrow heads. (B) Transmission electron micrograph of cytoplasmic membrane structures in osmium tetroxide stained U2OS cells stably expressing
EGFP-Xenopus Pom121 NLS mutant are shown. (C) Double immunogold labelling of U2OS cells
stably expressing EGFP-Xenopus Pom121 wild-type and Pom121 NLS mutant with antibodies
against GFP (10 nm Protein A-gold particles) and mAb414 antigens (20 nm Protein A-gold particles)
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human Pom121 as in the untreated cells (Figure 13A, right panel, upper and
middle lane). No morphological defects of the NE or NPCs were observed in
these cells. In contrast, in the NLS mutant Xenopus Pom121 expressing cells
following depletion of human Pom121, the NE spacing was disrupted and
irregular (Figure 13A right panel, lower lane). In NLS mutant expressing cells,
both in the absence and presence of human endogenous Pom121, we also
observed the presence of membrane stacks in the cytoplasm that are
reminiscent of Annulate Lamellae except that they do not contain NPC-like
structures (Figure 13B). These structures were highly electron dense with
irregular membrane spacing. This observation led us to further analyse the NLS
mutant Xenopus Pom121 expressing cells. Immunogold labelling of wild-type
and NLS mutant Xenopus Pom121 expressing cells using cryo-electron
microscopy was carried out by Rachel Santarella. FG repeat containing
nucleoporins were labelled with mAb414 and detected using Protein A fused to
20 nm gold particles and wild-type and NLS mutant Pom121 were labelled with
a GFP antibody and detected using Protein A fused to 10 nm gold particles
(Figure 13C). This analysis confirmed that wild-type Pom121 localized in the
NE, specifically at NPCs, together with mAb414. On the other hand, no NLS
mutant Xenopus Pom121 localization was observed at the NE. The NLS mutant
was localized in cytoplasmic membrane structures and it was mainly present in
NPC-free AL-like membrane stacks previously observed in TEM (Figure 13C).
Interestingly, although no NPC-like structures were observed, mAb414 antigens
also localized to those structures (Figure 13C).
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Chapter 4

Discussion
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4.1

Importin ! /" interactions with nuclear pore complex
components

Interactions of import receptors with FG repeat regions of several nucleoporins
are known to play a role during nuclear transport (Terry et al, 2007). However,
interactions of importin !/" with NLS sites of the nucleoporins are not generally
well characterized. It has been shown that importin & associates with the
nucleoporins Mel-28/ELYS and the Nup107-160 nucleoporin complex and that it
is dissociated from the Nup107-160 complex members in the presence of
RanGTP (Franz et al, 2007; Walther et al, 2003b). This is suggestive of importin
& binding to nuclear targeting signals either directly or via importin !. However,
the interaction sites on these nucleoporins have not been mapped or studied in
more detail.

4.1.1 RanGTP dependent binding of importin !/" to Pom121
In Chapter 3, it was shown that the import receptors importin '/& interact with
Pom121 in vitro. As shown in Figure 3B and 4B, RanGTP can abolish importin
& interaction with Pom121 due to direct binding to importin & while importin '
interaction with Pom121 is reduced but still significant in the presence of
RanGTP. In a further experiment using recombinant proteins (Figure 4D),
importin & was shown to bind to Pom121 indirectly via importin ' while importin
' binds directly to Pom121 NLS sites independently of importin &. As described
in Chapter 1, importin & binds its cargo either via adaptor proteins such as
importin ', or directly to NLS sites on its cargo. These experiments define the
role of importin ' as an adaptor which facilitates the binding of importin & to the
NLS sites of Pom121 and show that this interaction is Ran GTPase regulated.
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Binding of importin ' on NLS sites of Pom121 was further tested using an NLS
mutant where both NLS sites were mutated (Figure 4C). This mutation caused
complete loss of importin ' binding. In Figure 5A and 5B, interaction of NLScontaining or lacking Pom121 fragments with several nucleoporins were
examined. This interaction analysis revealed that the NLS sites form part of at
least one of the interaction sites on Pom121 for binding nucleoporins Nup205,
Nup160, Nup93 and Nup62. Mutation of the NLS sites causes loss of binding of
these nucleoporins as well as of importin ' and importin &. If this mutant is
provided with another NLS ( the Nucleoplasmin NLS (Robbins et al, 1991)), all
the interactions are partly restored. Unlike importin & and Nup62, binding of
Nup205 and Nup93 were not affected by the addition of RanGTP. We
considered two explanations for these data: 1. Interacting nucleoporins bind to
the NLS sites of Pom121 and compete with importin ! to bind to these sites.
Since removal of importin ! by RanGTP is not efficient, this treatment did not
lead to an increase in binding of these nucleoporins in vitro. 2. importin ! acts
as an adaptor protein between Pom121 and the interacting nucleoporins.
Therefore binding of these nucleoporins is abolished upon removal of importin !
binding in the NLS mutant, however RanGTP addition is not sufficient to abolish
binding of these nucleoporins.
Nucleoporin Nup62 possesses several FG motifs that importin " can interact
with as described in Chapter 1. As shown in Figure 5A, RanGTP addition
causes dissociation of Nup62 from Pom121. This could be due to an indirect
interaction of Nup62 with Pom121 via the FG repeat binding domain of importin
" in which case dissociation of importin " by RanGTP would also lead to
dissociation of Nup62. Nucleoporin Nup155, however, was not dramatically
affected either by RanGTP addition or loss of NLS sites (Figure 5A). This could
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be due to the presence of additional binding sites for this nucleoporin on
Pom121.

4.1.2 NE localization of Pom121
As described in Section 3.1, the C-terminal region of Pom121 has FG repeats
that interact with importin " independently of importin ' (Figure 3A and 3B) but
this C-terminal region is not essential for the correct localization of the protein
(Figure 6). It may be that, as has been shown with other FG repeat containing
nucleoporins, this interaction is important for nuclear import via importin "
(Bayliss et al, 2000; Terry et al, 2007). In addition, the transmembrane domain
of Pom121 may facilitate its targeting to the NE since without the
transmembrane domain, the soluble nucleoplasmic / cytoplasmic domain of
Pom121 exhibits general nucleoplasmic localization rather than concentrating at
the NPCs (Figure 6). At any event, this result shows that although soluble
Pom121 contains sites which interact with other nucleoporins, it still requires the
transmembrane domain to incorporate into the NPC.

4.2

Partial functional conservation of Xenopus Pom121 and
human Pom121

Although the mRNA and protein sequence of Xenopus and human Pom121 is
divergent, the domain architecture of the proteins is conserved. Both proteins
have one transmembrane domain in proximity to the N-terminus, followed by
two NLS sites and a C-terminal region containing FG repeats. In this work, the
sequence divergence between the two Pom121 mRNAs was exploited by
expressing the Xenopus protein in human cell lines while depleting the human
homologue. In the absence of human Pom121, as shown in Figure 7A, the
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amount of the NPC marker mAb414 associated with the NE decreases. This
could mean either that NPCs cannot form completely and some components
are missing or that the number of NPCs decreases in these cells or both. When
Xenopus Pom121 was expressed in these cells, as shown in Figure 7B and
Figure 12, Xenopus Pom121 was capable of compensating for the loss of
endogenous human Pom121 by restoring NPC components and functional
nuclear import. Note however that this was not sufficient to restore the loss of
cell viability seen when U2OS cells were depleted of endogenous Pom121
(Figure 8B)

4.3

Effect of NLS mutant on cell viability

It was observed that knockdown of Pom121 caused a decrease in cell viability
after 72 hours of RNAi treatment (Figure 8B). This could be due to absence of
nuclear pore complexes in these cells (Figure 7A) or to defects in nuclear
transport. Cell viability did not change in these cells when wild-type Xenopus
Pom121 was expressed (Figure 7C), in spite of the apparent restoration of NPC
numbers and although NPCs in these cells appear normal as judged by light
microscopy and TEM (Figure 7C and 13A). It might be that human Pom121 has
an additional function that Xenopus Pom121 does not complement or that our
assays for NPC structure and function are too insensitive to detect defects in
the complemented cells. Expression of NLS mutant Xenopus Pom121 in the
absence of endogenous human Pom121 in U2OS cells causes even more cell
death than that observed in cells lacking human Pom121 or in cells expressing
wild-type Xenopus Pom121 in the absence of human Pom121. In contrast, NPC
components are again restored to a similar level to that observed when wildtype Xenopus Pom121 is expressed (Figure 8A) in spite of the fact that the
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mutant form of Xenopus Pom121 is not stably located at the NPCs or in the NE
(Figure 13C). This suggests that Pom121 is able to promote NPC assembly
without itself being stably located at the NPC and that the cell death phenotype
observed is independent of NPC numbers. This phenotype could be either due
to the defective nuclear transport, as quantified in Figure 12, or it could be that
Xenopus Pom121 that lacks importin binding interacts with additional factors
that cause toxicity. As shown in Figure 5A, NLS mutant Pom121 does not
detectably interact with the Nup107-160 complex member Nup160 or the
nucleoporins Nup205 and Nup93 through the major binding site identified in this
study but does still interact with Nup155. Analysis of a larger fragment of
Pom121 provides evidence for a second Nup93 binding site (Figure 5B) and
suggests that even more sites of nucleoporin interaction could exist. It could be
that during nuclear reassembly NLS mutant Pom121 only loosely associates
with prepore structures around chromatin due to the loss of some of its
nucleoporin interaction sites. However this loose association may be sufficient
for the NLS mutant Pom121 to recruit Nup155 to the prepore structures, thus
leading to continuation of NPC assembly. Since Nup205 and Nup93 would not
be fully recruited to the new assembling pore structures by the NLS mutant
Pom121, the resultant NPCs would likely be defective and transport
incompetent. NLS mutant Pom121 might act in a similar manner in the ER,
during the formation of Annulate Lamellae and cause membrane stacks without
being able to support stable assembly of NPC-like structures.
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4.4

Transport defects in NLS mutant Pom121 expressing cells
in the absence of endogenous Pom121

Since NLS mutant Xenopus Pom121 expressing cells showed decreased
viability in the absence of endogenous Pom121, we investigated whether a
nuclear transport defect could be a cause of this phenotype.
In the nuclear transport assays described in Chapter 3, the transport reporters
were designed in such a way as to shuttle between the nucleus and the
cytoplasm, so that transport kinetics could be measured. This was achieved by
including both NLS and NES signals in these reporters. When the large reporter
construct (which had a size greater than the exclusion limit of the NPC) was
expressed in cells, it localized mainly to the cytoplasm rather than to both the
nucleus and cytoplasm. This could be due to either defective import or to it
being immediately re-exported upon import into the nucleus. The nuclear export
inhibitor Leptomycin B was used to verify that the reporters were shuttling
between nucleus and cytoplasm (Englmeier et al, 1999). A difference was
observed between the kinetics of nuclear accumulation of the small and large
shuttling reporters whose basis we do not understand but which was useful
because the slow import kinetics of the large reporter aided the analysis of the
differing import kinetics in wild-type and NLS mutant Xenopus Pom121
expressing cells.
As described in Section 3.5.1, in the absence of endogenous Pom121, in NLS
mutant-expressing cells, nuclear import kinetics was slower than in wild-type
Pom121-expressing cells. In addition, nuclear accumulation of the reporter at
steady state was incomplete. Incomplete nuclear import accompanied by slower
nuclear import kinetics might result either from a defect in the nuclear import
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machinery or from a defect in transport through the NPCs. Since the Pom121
mutant does not interact with the importins, we believe that an NPC permeation
defect is the more likely explanation. This could be caused either by changes in
the NPC composition, stoichiometry or organisation. It might seem surprising
that the NLS mutant should affect the NPC although it’s steady state localization
is within the ER (Figures 4, 8A and 13). As discussed above, it is conceivable
that mutation of the Pom121 NLSs reduces the stability of incorporation of
Pom121 in the NPC to a level that it is not detectable by the methods we have
used.

4.5

Changes in NE and ER morphology in NLS mutant
expressing cells.

NLS mutant-expressing cells that lack endogenous Pom121 had abnormal NE
morphologies, as confirmed by EM analysis (Figure 13A). The lumen of the NE
was irregular leading to aberrant spacing between the INM and ONM. NLS
mutant expressing cells that retained human Pom121 did not exhibit this
aberrant NE morphology. In addition, in NLS mutant expressing cells both in the
presence and absence of endogenous Pom121, some parts of the ER
membranes were stacked. The stacks superficially resembled Annulate
Lamellae although they lacked evidence of inserted NPC-like structures.
CryoEM analysis with immunogold labelling showed that both the Xenopus
Pom121 NLS mutant and mAb414 antigens accumulated on the membrane
stacks. In many cases, the membranes forming the stacks exhibited narrowing
of the lumen. It is unclear how these membrane stacks are formed but we
suggest that the mutant Pom121 may be initiating NPC insertion by narrowing
the spacing between the stacked ER membranes and attracting other NPC
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components. It is known that overexpression of wild-type rat Pom121 leads to a
large increase in Annulate Lamellae formation (Daigle et al, 2001; Imreh &
Hallberg, 2000).Our hypothesis is that the NLS mutant can initiate the process
but that the loss of importin '–mediated nucleoporin interaction with Pom121
described above blocks NPC insertion into the ER at a point following lumenal
narrowing but prior to fusion between the apposed ER membranes in the stack
to form an NPC in the Annulate Lamellae. In other words, we suggest that the
NLS mutant reveals a role for Pom121 in the processes of nuclear pore
complex membrane domain formation or stabilisation.
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