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ABSTRACT 
 
The cell nucleus is enclosed by the nuclear envelope (NE), a double lipid membrane 
separating the nucleoplasm from the cytoplasm. Transport of macromolecules between 
the nucleus and the cytoplasm takes places through nuclear pore complexes (NPCs) in a 
selective and energy dependent manner. The inner nuclear membrane (INM) contains 
transmembrane proteins that interact with the nuclear lamina and chromatin. In addition 
to being a barrier between the nucleoplasm and cytoplasm, an emerging view is that the 
NE has an active role in chromatin organization and gene regulation. In order to study 
structural and functional organization of the NE in live cells, we have used green 
fluorescent protein (GFP)-labeled proteins and laser scanning confocal microscopy 
(LSCM). In order to investigate dynamic properties of specific proteins or protein 
complexes we have used photobleaching techniques. 
 
In order to understand the organization of the NPC it is essential to study components 
necessary for NPC biogenesis and maintenance. We have investigated the possible 
alterations in the NPC in cells naturally lacking one of the integral membrane proteins 
of the NPC, gp210. Despite the lack of gp210, we observed no difference in distribution 
or density of pores. Neither did cell cycle progression nor generation time differ 
between cells having or lacking gp210. In addition, targeting or dynamic properties of 
the NPC proteins POM121, Nup107 or Nup153 were unaltered in the absence of gp210. 
We conclude that gp210 can not be essential for NPC biogenesis or maintaining 
stability of the NPC. 
 
The steps involved in onset of nuclear apoptosis are unclear. We studied nuclear 
alterations during apoptosis. We show that the nucleocytoplasmic barrier is disrupted 
early in apoptosis at the same time as chromatin collapses against the nuclear periphery 
but prior to nucleosomal DNA fragmentation. In addition, the disruption of 
nucleocytoplasmic transport correlates with caspase-3 dependent cleavage of POM121 
at aspartate-531. 
 
The INM is estimated to contain ~70 uncharacterized transmembrane proteins. We 
characterized a novel putative mammalian NE protein that we termed Samp1. We show 
that Samp1 is an integral membrane protein specifically localized to the inner nuclear 
membrane during interphase. Interestingly, during mitosis a sub fraction of Samp1 
distributed in the polar region of the mitotic spindle, colocalizing with tubulin and a 
lipid marker. However, another inner nuclear membrane protein, emerin, was excluded 
from this area. Thus Samp1 appears to define a specific membrane domain associated 
with the mitotic machinery. 
 
The distribution of peroxisomal fatty acid metabolizing enzymes have been reported to 
vary in different tissues. We investigated whether photobleaching techniques could be 
used to study the distribution of peroxisomal matrix proteins. We used GFP-labeled 
peroxisomal proteins and fluorescence recovery after photobleaching to show that 
peroxisomal matrix proteins become “trapped” inside peroxisomes after import. Thus 
we conclude that fluorescence loss in photobleaching can be used to distinguish 
between a strictly cytoplasmic localization and a dual localization when a protein is 
present both in the cytoplasm and in peroxisomes. Using this technique we determined 
that GFP-BAAT (bile acid-CoA:amino acid N-acyltransferase) is exclusively localized 
to the cytoplasm in HeLa cells.  
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1 INTRODUCTION 
 
1.1 THE NUCLEAR ENVELOPE 

 
In eukaryotic cells, the cell nucleus is separated from the cytoplasm by the nuclear 

envelope (NE) (Anderson and Hetzer, 2008) (Figure 1). The NE consists of several 

components: the outer nuclear membrane (ONM), the inner nuclear membrane (INM), 

the perinuclear space (PNS) that separates the two membranes, the nuclear lamina and 

the nuclear pore complexes (NPCs). The ONM is continuous with the peripheral 

endoplasmic reticulum (ER) and share many of its functions. Although most of the 

ONM proteins are also present in the ER, a set of ONM proteins that binds INM 

proteins via the PNS are consequently only present in the ONM. On the other hand, the 

INM contains a large group of transmembrane proteins that are specifically localizing 

to the INM. A proteomic analysis of rat liver revealed approximately 80 unique 

transmembrane proteins of the INM proteins (Schirmer and Gerace, 2005). Only a few 

of theses have been more extensively characterized.  

 

 

 

Figure 1 
Overview of the nuclear envelope. From (Stewart et al., 2007) 
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Many of the INM proteins interact with the nuclear lamina, a meshwork of 

intermediate filaments which is composed of A-type and B-type lamins. Many different 

mutations in lamins and INM proteins give rise to diverse genetic diseases, collectively 

termed laminopahties or envelopathies. Surprisingly, these diseases affect a number of 

different tissues, such as muscle, adipose and neuronal tissue or cause premature aging. 

Nuclear pores are formed at numerous places where the ONM and INM fuse together. 

The pores are occupied by large protein assemblies called NPCs. The NPC mediates all 

nucleocytoplasmic transport, and its protein composition, its architecture and its 

transport function have been extensively characterized.  

 
 
1.1.1 Inner nuclear membrane proteins 

 
Transmembrane proteins of the INM have recently drawn attention because of their 

link to a wide range of human diseases. For example, the integral INM protein Emerin 

was first identified as the protein corresponding to the gene that is mutated in Emery-

Dreifuss muscular dystrophy (Bione et al., 1994). Furthermore, mutations in lamin B 

receptor (LBR) cause Pelger-Huet anomaly (Hoffmann et al., 2002) and Greenburg 

skeletal dysplasia (Waterham et al., 2003). In addition, MAN1 has been linked to three 

related bone disorders: osteopoikilosis, Buschke-Ollendorff syndrome and 

melorheostosis (Hellemans et al., 2004). These disease-causing mutations affect only a 

limited number of tissues. This is unexpected as emerin, LBR and MAN1 are 

ubiquitously expressed in differentiated somatic cells. This has led to the assumption 

that the NE might be involved in tissue specific DNA organization and cellular 

signaling. In agreement, LBR has been shown to bind to heterochromatin protein 1 

(HP1) and DNA (Duband-Goulet and Courvalin, 2000; Kawahire et al., 1997; Ye et al., 

1997). The LEM domain, a structurally conserved domain present in several INM 

proteins, is known to interact with barrier-to-autointegration factor (BAF), a regulator 

of chromatin organization. Furthermore, MAN1 has been shown to be involved in 

transcriptional regulation (Lin et al., 2005). In addition, Lamins are known to associate 

with gene regulatory proteins such as pRB (Mancini et al., 1994; Ozaki et al., 1994) 

 

The mobility of INM proteins has also been investigated. Two of the pioneer studies in 

the field revealed that INM proteins have different dynamic properties: The LBR was 

shown to be completely immobilized at the NE suggesting an interaction with 

heterochromatin and/or lamins (Ellenberg et al., 1997). In contrast, emerin was 
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somewhat dynamic at the NEalthough less dynamic than in the ER (Ostlund et al., 

1999). 

 

Sun1 and Sun2 are members of a newly identified SUN (Sad1/UNC-84 homology) 

domain protein family. They are both integral membrane proteins and localize to the 

INM during interphase. Sun1 and Sun2 have a large C-terminal SUN domain, which 

interacts with the KASH (Klarsicht, Anc-1, Syne homology) domain of the 

transmembrane nesprins of the ONM. On the nucleoplasmic side, both Sun1 and Sun2 

interact with lamin A whereas nesprins interact with cytoskeleton on the cytoplasmic 

side (Stewart et al., 2007). Thus, the interaction between Sun proteins and nesprins 

forms a translumenal link between the interior of the cell nucleus and the cytoskeleton 

which may act as a mechanosensor between the cytoplasm and the interior of the 

nucleus. 

 

 
1.1.2 The nuclear pore complex 

 
The NPC is a highly conserved, large multi protein structure with a molecular weight 

of approximately 60-125 MDa in mammals and approximately 30 MDa in yeast, and 

consists of multiple copies of roughly 30 distinct NPC proteins per NPC (Alber et al., 

2007; Cronshaw et al., 2002; Rout et al., 2000). The peripheral NPC proteins are 

referred to as nucleoporins (Nups), and the integral membrane proteins pore membrane 

proteins (POMs). The major structural components of the NPC are known (Figure 2), 

revealing a high symmetry within the complex (Rout et al., 2000). Most of the NPC 

proteins associate in stable subcomplexes, believed to function as building blocks of 

the NPC. The central framework is a ring-like assembly built of eight spokes each 

consisting of two roughly identical halves. This octagonal framework is sandwiched 

between a cytoplasmic ring and a nuclear ring. From the cytoplasmic ring, eight short, 

fibrils emanate, whereas the nuclear ring anchors a basket assembled from eight thin 

filaments (Stoffler et al., 1999; Stoffler et al., 2003; Vasu and Forbes, 2001). Due to the 

eightfold rotational symmetry of the NPC, the NPC proteins are present in copies of 

eight or multiples of eight. Some NPC proteins are symmetrically distributed within the 

NPC, while others are only present on the cytoplasmic or nucleoplasmic side. A 3D 

model of the Saccharomyces cerevisiae NPC structure was recently proposed and the 

position and abundance of each Nup was mapped based on experimental data. In the 
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3D model, the scaffold of the NPC is formed by two main protein subcomplexes that, 

through linker Nups, anchor a set of FG-containing nucleoporins (see further down). 

(Alber et al., 2007). 

 

 

 

Figure 2 
A schematic illustration of the NPC with predicted localization of subcomplexes and 
nucleoporins. From (D'Angelo and Hetzer, 2008) 
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NPC proteins consist of a limited number of domains. One of the domains is the 

phenylalanine-glycine (FG) domain, present in a third of the NPC proteins. The FG 

domain consists of 4-48 GLFG, FxFG, PxFG or SxFG amino acid repeats and the FG-

Nups presumably line the central NPC channel and extend FG containing filaments on 

both the cytoplasmic and nucleoplasmic face. The unfolded FG domains are believed 

to function as a barrier, restricting the passage of large molecules through the NPC. 

The FG repeats are believed to directly interact with transport factors in order to 

facilitate the nucleocytoplasmic transport. 

 

The diffusion mobility of several NPC proteins has been investigated. In two pioneer 

studies the dynamic properties of POM121 and Nup153 (Daigle et al., 2001) and 

Nup98 (Griffis et al., 2002) were studied. In a later study, the dynamic properties of 19 

GFP-tagged NPC proteins were investigated (Rabut et al., 2004). The two integral 

membrane proteins POM121 and gp210 displayed very different residence times at the 

NPC: 21 hours and 4.4 minutes respectively. Proteins that form the NPC scaffold, such 

as members of the Nup107-160 complex, was shown to be stably integrated in the NPC 

in interphase, with residence times longer than an average cell cycle. In contrast, the 

peripheral nucleoporins Nup153 and Nup50 were found to be very dynamic with 

residence times of seconds to minutes. Some NPC proteins displayed intermediate 

residence time, which might reflect their role as linker proteins between the scaffold 

and the peripheral components of the NPC. The connection between NPC proteins 

functions and their dynamic properties is still unclear. The fact that several proteins 

involved in nucleocytoplasmic transport are mobile raises the questions if how this 

influences the transport mechanism and how these dynamic proteins function. One 

hypothesis is that it is an advantage to have proximal and terminal proteins not 

statically associated to the NPC as they can dissociate from the complex and 

bind/release their cargo. If binding/releasing is the rate-limiting step of the mechanism, 

this will contribute to faster translocation.  

 

First it was thought that NPC proteins were ubiquitously expressed in all tissues and 

thus that the NPC consisted of the same factors independently of cell type. Therefore it 

was a big surprise when reports of tissue and developmental-specific NPC proteins 

started to occur (Cai et al., 2002; Fan et al., 1997; Olsson et al., 2004; Storr et al., 

2005). It is tempting to speculate that this change in NPC composition is an approach 
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for the cell to alter nucleocytoplasmic transport of specific cargo molecules (Roth et al., 

2003), although this hypothesis needs further investigations. 

 

Even though the NPC sits embedded in a double membrane only three NPC proteins in 

vertebrates have been shown to be integral membrane proteins: POM121 (pore 

membrane protein of 121 kDa) (Hallberg et al., 1993), gp210 (glycoprotein of 210 

kDa) (Gerace et al., 1982; Wozniak et al., 1989) and NDC1 (Mansfeld et al., 2006; 

Stavru et al., 2006a). 

 

POM121 

POM121 was identified and cDNA was cloned in 1993 (Hallberg et al., 1993). 

POM121 have homologues in vertebrates, but not in lower organisms. Rat POM121 is 

a bitopic type I integral membrane protein of 1199 amino acids. It has one 

transmembrane spanning domain, with a short N-terminal tail in the PNS and a large 

C-terminal portion exposed to the cytoplasmic/nucleoplasmic side (Soderqvist and 

Hallberg, 1994). The C-terminal third of the large C-terminal domain consists of 

several phenylalanine-glycine (FG) repetitive motifs, suggesting a role in 

nucleocytoplasmic transport. In addition, POM121 has O-linked N-acetylglucosamine 

(GLcNAc) modifications and thus bind wheat germ agglutinin (WGA). During 

interphase, POM121 is stably associated to the NPC, with a residence time of 21 hours. 

During mitosis, POM121 disperse out in the ER where it is mobile (metaphase) and is 

recruited back to the reforming NE at an early stage (anaphase B) (Daigle et al., 2001). 

POM121 has also been reported to be an early target of caspases during programmed 

cell death (see 1.2.1) (Kihlmark et al., 2001). Taken together, this suggests that 

POM121 participates in nuclear membrane formation and that it anchors the NPC to 

the nuclear membrane. This crucial role of POM121 was supported by an in vitro 

study, where the depletion of POM121 from Xenopus extracts led to inability of 

membrane vesicles to fuse around chromatin. Surprisingly, the co-depletion of the 

Nup107-160 complex suppressed this effect which led the authors to speculate that 

POM121 has a checkpoint function rather than being responsible for the nuclear 

membrane formation (Antonin et al., 2005). In the same study, post transcriptional 

silencing of POM121 in NRK cells had no striking effect on cell viability even though 

the mAb414 staining (recognizing a subset of NPC proteins) was reduced, suggesting 

the role of POM121 in targeting some NPC proteins to the NPC. In another study by 

Stavru et al. (Stavru et al., 2006b) human cell lines lacking both POM121 and gp210 
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where analysed, and the authors concluded that NPCs can assemble, or at least persist, 

in a POM121 and gp210 free form. In a current study, the recently identified NPC 

protein ELYS/Mel28 was shown to recruit POM121 (and NDC1) to chromatin at the 

end of mitosis, to initiate NPC assembly (Rasala et al., 2008). The role of POM121 

needs further investigations, especially since an additional isoform of POM121 was 

reported to exist in human cells (Funakoshi et al., 2007) in contrast to rat, which has 

only one POM121. 

 

Gp210 

The cDNA encoding rat gp210 was cloned and sequenced in 1989 (Wozniak et al., 

1989). Gp210 is a bitopic type I integral membrane protein of 1886 amino acids. It has 

one transmembrane spanning domain, with a large N-terminal domain in the PNS and a 

short C-terminal tail facing the cytoplasmic/nucleoplasmic side. In its N-terminal part, 

gp210 contains a non membrane spanning hydrophobic domain which has been 

proposed to have fusiogenic properties (Greber et al., 1990). In addition, gp210 has 

been shown to form multimers (Favreau et al., 2001). The role of gp210 has been under 

debate since it first was identified. Despite the fact that gp210 is recruited back very 

late to the NE in mitosis (late telophase/G1) (Bodoor et al., 1999) it has been proposed 

to be essential for NPC assembly. In Xenopus nuclear assembly extracts, gp210 was 

reported to be essential for NPC assembly and nuclear growth (Drummond and Wilson, 

2002). Gp210 was also reported to have a crucial function in HeLa cells and in C. 

elegans embryos where it was shown to be essential for cell viability (Cohen et al., 

2003). On the other hand, Galy et al. (Galy et al., 2003) found that depletion of gp210 

in C. elegans embryos had no affect on cell survival. When Olson et al (Olsson et al., 

2004) reported that several mouse cell lines and tissues where lacking gp210, it was a 

big surprise. Although contradicting results regarding the role of gp210 had been 

presented, gp210 had been the main candidate for pore formation and stability, as until 

recently, it was the only transmembrane NPC protein identified that was conserved 

beyond vertebrates. In a study by Stavru et al (Stavru et al., 2006b) human cell lines 

lacking both gp210 and POM121 where analysed, and the authors concluded that NPCs 

can assemble, or at least persist, in a POM121 and gp210 free form. At the same time, 

these authors and an independent group, presented data revealing a third 

transmembrane NPC protein in metazoan, NDC1 (Mansfeld et al., 2006; Stavru et al., 

2006a). Lately, gp210s role in NEBD has been investigated (Galy et al., 2008). 

Although the absence of gp210 had no striking effect on cell viability, the NEBD and 
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the disassembly of NPCs were affected in both C. elegans embryos and Xenopus egg 

extracts.  

 
 
1.1.3 Nucleocytoplasmic transport 

 
All transport of molecules between the nucleus and the cytoplasm is facilitated by the 

NPC. Molecules less then 9nm in diameter or ~40 kDa can freely diffuse through the 

NPC, but translocation of larger molecules takes place via a selective, energy 

dependent manner which requires a nuclear localization signal (NLS) for import into 

the nucleus, and a nuclear export signal (NES) for export out of the nucleus. These 

signals are recognized by soluble transport factors which facilitates the transport 

through the NPC by multiple, stochastic, low affinity interactions with FG domains of 

NPC proteins (see 1.1.2). The karyopherin-β/importin-β family is an evolutionarily 

conserved family of transport factors, mediating both import and export of most 

proteins, ribosomal subunits and some RNA molecules. Although most importin-βs 

bind cargo directly, some members use adapters to recognize cargo. The best 

characterized adaptor proteins are importin-α isoforms that serve as adaptors between 

importin-β1 and cargo (Goldfarb et al., 2004). Directionality of transport through the 

NPC is driven by the small guanosine triphosphatase (GTPase) Ran, and the 

asymmetric distribution of its two nucleotide-bound states: high concentration of 

RanGTP in the nucleus and high concentration of RanGDP in the cytoplasm (Quimby 

and Corbett, 2001; Ryan and Wente, 2000). This gradient of RanGTP, in respect to the 

nucleoplasmic and cytoplasmic side of the NPC, can be generated due to the 

localization of the two proteins: RCC1 and RanGAP. The localization of the guanine 

nucleotide exchange factor (RanGEF) RCC1 to chromatine, and the localization to the 

cytoplasmic side of the NPC of Ran GTPase activating protein (RanGAP), a protein 

that stimulates the GTPase activity of Ran (Izaurralde et al., 1997), 

 

The best characterized protein import pathway is initiated by the recognition of a 

“classical NLS” by the adapter protein importin-α. (Figure 3) The classical NLS 

consists of one or two clusters of basic amino acids separated by a linker. Importin-α, 

together with the cargo, then forms a heterodimer with importin-β and docks on the 

near side of the NPC before translocation to the far side of the NPC. Importin-β 

mediates the interaction with the NPC via the FG-domains of NPC proteins. On the 

nucleoplasmic side, the receptor-cargo complex is disassembled to deliver the cargo. 
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This disassembly is initiated by nuclear binding of RanGTP to the receptor, before the 

receptor (still bound to RanGTP) is recycled back to the cytoplasm.  

 

One protein export pathway commonly used by proteins (and some RNA molecules) is 

the Crm1 export pathway (Figure 3). The export karyopherin Crm1 binds a specific 

signal on the cargo, a leucine rich sequence, and is transported as a complex together 

with RanGTP from the nucleoplasm to the cytoplasm. On the cytoplasmic side of the 

NPC, RanGTP is hydrolyzed to Ran GDP and cargo is released. Crm1, as well as 

RanGDP, is recycled back to the nucleus (the latter in a complex with the nuclear 

transport factor 2, NTF2). 

 

 
 

 
 
 

Figure 3 
A schematic picture of nucleocytoplasmic transport. From (Faustino et al., 2007) 
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1.1.4 Nuclear envelope breakdown and assembly 

 
When a metazoan cell undergoes division the NE breaks down in order for the mitotic 

spindle to access the duplicated chromosomes. Thus, in so called open mitosis, the NE 

disassembles and reassembles in every cell cycle. 

 

NE breakdown 

Early signs of NE breakdown (NEBD) are gaps in the nuclear membranes and rupture 

of the nuclear lamina. This rupture takes place in prophase/prometaphase and is 

believed to be facilitated by interactions of microtubules with the NE, generating a 

mechanical force contributing to the rupturing of the lamina in a dynein-mediated 

process (Beaudouin et al., 2002; Muhlhausser and Kutay, 2007; Salina et al., 2002). 

Another early event in NEBD is the disassembly of the NPC (Kiseleva et al., 2001; 

Lenart et al., 2003). After complete opening of the nuclear membranes, the nuclear 

lamina is depolymerized due to PKCβII dependent phosphorylation (Beaudouin et al., 

2002; Goss et al., 1994; Lenart et al., 2003). When NEBD is initiated, the soluble 

proteins of the NE, including NPC proteins, Lamin A and Lamin C, are distributed 

throughout the cytoplasm, whereas all integral membrane proteins are dispersed out in 

the mitotic ER (Yang et al., 1997). Lamin B is believed to be at least partially 

membrane bound during mitosis (Gerace and Blobel, 1980), due to its farnesylation. 

The INM and the ONM also becomes part of the mitotic ER which remains as an intact 

network during mitosis. In metaphase and anaphase, the mitotic ER is essentially free 

of sheets and forms a dense yet highly dynamic network of tubules (Ellenberg et al., 

1997; Puhka et al., 2007; Yang et al., 1997).  

 

What initiates and drives NEBD is not yet fully understood. Several groups have 

reported mitotic hyperphosphorylation of NE proteins, and argue that the 

phosphorylation disrupts protein interactions and thus facilitates in dismantling the NE. 

How post translational modifications such as phosphorylation influence this process 

needs to be elucidated, but what seems to be established is that several kinases, 

including Cdk1, PKC, NIMA and Aurora A, indeed have a crucial role in NEBD 

(Burke and Ellenberg, 2002; Collas, 1999; Gong et al., 2007; Onischenko et al., 2005; 

Portier et al., 2007). As mentioned above, gp210 has recently been proposed to play a 

role in NEBD (see 1.1.2), although this interesting idea needs further investigation.  
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Post mitotic NE assembly  

After the sister chromatids have been separated in anaphase, the NE starts to reform 

around the chromatin to form the new nucleus. How this occurs, is not yet understood, 

although progress in understanding the post mitotic NE assembly has been made during 

the last years, both from studies in live cells, and from in vitro studies, the most 

prominent using Xenopus egg extracts and sperm chromatin. Two different models 

have been debated when it comes to the return of the NE membranes: One suggests 

that membrane vesicles are recruited to the chromosomes and fuse in order to form an 

enclosed nucleus (Maison et al., 1993; Wilson and Newport, 1988). The other model 

suggests that the NE is formed by outgrowth of the ER (Ellenberg et al., 1997; Puhka et 

al., 2007). The latter model is believed to be the most likely, at least in mammalian 

cells and it is believed that the vesicles observed in in vitro assembly assays, arise 

through fragmentation of mitotic ER. 

 

In late anaphase/telophase, at the same time as membranes starts to coat the chromatin, 

NPCs are re-assembled. Also for this process, two models have been discussed. In one 

of the models, NPC assembly starts by the fusion of the ONM and the INM creating 

pores, into which NPCs assemble. This model arises from in vitro studies were pore 

free membrane enclosed chromatin has been observed (Harel et al., 2003b; Macaulay 

and Forbes, 1996; Walther et al., 2003a). Lately, data from different groups supports 

another model, where soluble NPC proteins, independent of nuclear membranes, bind 

to chromatin and recruit the remaining NPC proteins in a stepwise process (Dultz et al., 

2008). In the latter model, the recently identified NPC protein ELYS/Mel28 is 

proposed to bind to chromatin via its AT hook, a small DNA binding motif (Fernandez 

and Piano, 2006; Franz et al., 2007; Galy et al., 2006; Rasala et al., 2006). The binding 

of ELYS/Mel28 to chromatin enables the association of the Nup107-160 complex 

which is a central building block of the NPC. The binding of ELYS/Mel28 to 

chromatin has also been reported to recruit POM121 and NDC1 to initiate NPC 

assembly (Rasala et al., 2008). Both ELYS/Mel28 and the Nup107-160 complex have 

been reported to be essential for NPC formation (Fernandez and Piano, 2006; Franz et 

al., 2007; Galy et al., 2006; Harel et al., 2003b; Rasala et al., 2006; Walther et al., 

2003a).  
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The role of Ran in NEBD and NE re-assembly 

The small GTPase Ran has a well studied function in nucleocytoplasmic transport, 

where it drives directionality of transport through the NPC (see 1.1.3). In addition to its 

role during interphase, Ran has been shown to have additional functions throughout the 

cell cycle. One example is the recent suggestion that Ran regulates microtubule 

dynamics during NEBD (Muhlhausser and Kutay, 2007). Ran is also believed to have a 

direct role in NPC assembly. The view of how this regulation occurs involves the 

transport receptor importin-β. Several NPC proteins bind importin-β during mitosis, 

interactions which are believed to prevent NPC assembly at the incorrect place. (Harel 

et al., 2003a; Walther et al., 2003b). When Ran is GTP bound, it displaces importin-β 

from its binding partners, and nucleoporins can interact with each other. As RanGTP is 

generated on chromatin by the RanGEF, RCC1, (see 1.1.3) the assembly of NPCs are 

restricted to the correct place.  

 

 

1.2 APOPTOSIS 
 

Programmed cell death (apoptosis) is essential for normal development, tissue 

homeostasis and the elimination of damaged cells. An apoptotic cell undergo 

morphological changes, including loss of cell volume, plasma membrane blebbing, 

chromatin condensation and nuclear fragmentation, followed by packaging of the 

cellular substance in apoptotic bodies. Caspases, a specific group of proteases with 

specific substrate specificity, have been shown to be key players, both initially and 

further downstream in the apoptotic process (Cohen, 1997; Nicholson and Thornberry, 

1997). Caspases are synthesized as procaspases and need to be activated in order to 

gain enzymatic activity. This activation occurs by autoproteolysis or by an upstream 

caspase. Caspases responsible for activation of other caspases are termed upstream or 

initiator caspases (caspase-2, -8, -9 and -10), and caspases responsible for cleavage of 

target proteins are termed downstream or effector caspases (caspase-3, -6 and -7) 

(Creagh and Martin, 2001; Donepudi and Grutter, 2002) 

 

Two major pathways can lead to apoptosis: The extrinsic pathway which is initiated by 

ligand binding to a death receptor on the cell surface, or the intrinsic (also called 

mitochondrial) pathway initiated by intra- or extracellular stresses such as cytotoxic 

drugs. Both apoptotic pathways subsequently lead to the activation of caspase-3, the 
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caspase thought to be involved in nuclear morphology changes that occur during 

apoptosis (Lawen, 2003; Riedl and Shi, 2004). Procaspase-3 is localized in the 

cytoplasm, but upon activation, it translocates to the nucleus (Kamada et al., 2005). It is 

still not understood how caspase-3, lacking a classical NLS, enters the nucleus (Faleiro 

and Lazebnik, 2000; Kamada et al., 2005). 

 

 

1.2.1 The nuclear envelope in apoptosis 
 

Several proteins of the NE have been shown to be targets for caspases. Lamin A, lamin 

C and lamin B, as well as the INM proteins LBR, emerin, Lap2α and Lap2β have all 

been demonstrated to be caspases substrates (Buendia et al., 2001; Duband-Goulet et 

al., 1998; Gotzmann et al., 2000). These proteins bind lamina and/or chromatin, and 

their cleavage has been suggested to detach chromatin from the NE. The NPC proteins 

Nup153, RanBP2, Nup214, Tpr and POM121 have also been shown to be caspase 

targets (Buendia et al., 1999; Ferrando-May et al., 2001; Kihlmark et al., 2001) 

although the effect of this action is debated. One speculation is that caspase cleavage of 

NPC proteins alters nucleocytoplasmic transport, which might assist nuclear entry of 

caspases. In addition, Ran, importin-α and importin-β redistribute across the NE in 

apoptotic cells, an event which also might alter nucleocytoplasmic transport (Ferrando-

May et al., 2001). 

 

Apoptosis has been shown to be a difficult cellular process to study. The caspase 

cascade, the timing of apoptotic hallmarks and the target proteins seem to differ 

depending on cell type and species as well as on how apoptosis is induced. This might 

explain the inconsistency between different studies.  

 

 

1.3 MITOSIS 
 

During mitosis, the eukaryotic cell separates the genetic information into two identical 

daughter cells. Separation of the duplicated chromosomes is carried out by the 

microtubule-based mitotic spindle. Missegregation of chromosomes results in 

aneuploidy, which can lead to genomic instability and cancer (Weaver and Cleveland, 

2006; Weaver et al., 2006). Therefore, the mitotic process is a strictly controlled event, 
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with an important built-in “checkpoint” which halts the onset of chromosome 

separation until all chromatids are correctly attached and aligned in the metaphase 

plate. 

 

 

1.3.1 The mitotic spindle 
 

Prior to mitosis, the microtubule-organizing center (the centrosome) is duplicated. The 

centrosomes consist of a pair of centrioles surrounded by amorphous pericentriolar 

material where nucleation of microtubules occurs. The microtubules are built up of α/β-

tubulin heterodimers which form polarized filaments with a slow-growing minus end 

and a faster growing plus end. During prophase, the interphase microtubule network 

disassembles and the mitotic spindle develops (Desai and Mitchison, 1997; McIntosh 

and Euteneuer, 1984; Waters and Salmon, 1997). Centrosomes are then moved by 

molecular motors to opposite sides of the cell, in order to form a bipolar spindle. The 

development of the mitotic spindle is initiated by NEBD (see 1.1.4) 

 

Spindle assembly 

Two different mechanisms for spindle assembly have been discussed. One is the 

“search and capture” model, which involves centrosome-nucleated microtubules, and 

appears to be the most prominent in vertebrate cells. In this model, microtubules from 

the spindle pole search the chromosomes by constantly polymerizing and 

depolymerizing. Once the microtubule reaches a kinetochore, a specialized region on 

the chromosome where the two sister chromatids are hold together by cohesins, it is 

stabilized and captured (Holy and Leibler, 1994; Kirschner and Mitchison, 1986; 

McIntosh et al., 2002). The sister kinetochores needs to be attached to microtubules 

from the opposite pole, in order for the chromosome to become bioriented. When that 

is achieved, chromosomes move toward and align on the spindle equator. This search 

and capture mechanism is facilitated by two fundamental changes of microtubules: 

Firstly, centrosomal microtubule nucleation increases during mitosis, an event believed 

to be mediated by mitotic specific activation of the kinase Aurora A (Brittle and 

Ohkura, 2005). Secondly, the dynamic properties of microtubules is cell cycle 

regulated, resulting in that the rate of microtubule turnover is 10-fold increased in 

mitosis (Desai and Mitchison, 1997). 
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The other is a “self-assembly” model where microtubules nucleate around 

chromosomes, independently of centrosomes. Microtubules are sorted and organized 

into an antiparallel array, and as they grow, a focused spindle pole is formed. This 

model was first believed to be operating in systems lacking centrosomes (Heald et al., 

1996; Varmark, 2004) although recent studies point toward an interplay between the 

two models even in the presence of centrosomes. For example, mathematical modeling 

studies indicate that the “search and capture” model alone is not sufficient to align all 

chromosomes in a reasonable time frame (Wollman et al., 2005). It has also been 

demonstrated that centrosome ablation in vertebrate cells does not inhibit spindle 

assembly or chromosome segregation (Khodjakov et al., 2000; Khodjakov and Rieder, 

2001). 

 

Chromosome congression 

When the mitotic spindle is assembled, spindle microtubules are attached at the 

kinetochores and the chromosomes “congress” to the metaphase plate. The 

chromosomes align on the metaphase plate where forces on the chromatids are 

balanced. Congression is believed to be dependent on both regulated dynamics of 

spindle microtubules as well as molecular motor proteins. The spindle microtubules 

that attach to the kinetochores are called K-fibers and they are believed to be 

responsible for the major force that moves the chromosomes. They do this by a 

depolymerization of the kinetochore embedded plus end of the K-fiber and thereby 

“pulling” the chromosome poleward (Khodjakov and Rieder, 1996). It has also been 

suggested that forces on chromosome arms contribute to chromosome congression, via 

a mechanism that involves the motor proteins kinesins. XKlp1 and Kid (members of 

the kinesin-4 and kinesin-10, respectively) have both been shown to associate with 

chromosome arms and when inhibited, cause defects in chromosome arm alignment 

(Antonio et al., 2000; Funabiki and Murray, 2000; Levesque and Compton, 2001; 

Tokai-Nishizumi et al., 2005). 

 

Another kinesin that seems to have a role in chromosome congression is CENP-E 

(from the kinesin-7 family). Loss of CENP-E leads to defects in chromosome 

congression in multiple systems (Schaar et al., 1997; Thrower et al., 1995; Wood et al., 

1997; Yao et al., 1997; Yen et al., 1991). A model of how CENP-E is involved in this 

mechanism has been suggested by Kapoor and colleagues (Kapoor et al., 2006). In this 

model, a monooriented chromosome (a chromosome attached only at one of the 
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kinetochores by spindle microtubules) is able to congress to the spindle equator by 

translocating their leading kinetochore laterally along already formed K-fibers of other 

chromosomes. CENP-E was suggested to be required for this movement. 

 

How kinetochores stay attached to the constantly growing and shortening spindle 

microtubules has for long puzzled the scientific world. It has recently been proposed 

that the Ndc80 complex mediate the microtubule kinetochore interaction, both the 

initial lateral interaction and the ultimate end-on interaction, and a mechanism for how 

the Ndc80 complex stay attached has been suggested (Cheeseman and Desai, 2008; 

Ciferri et al., 2005; Wei et al., 2005). 

 

 

1.3.2 The spindle-assembly checkpoint 

 
The spindle-assembly checkpoint (SAC) is an evolutionary conserved mechanism that 

prevents the separation of unattached chromatides. Kinetochores lacking properly 

attached spindle microtubules activate checkpoint proteins that halt mitosis until 

functional bipolar spindle can form. The anaphase-promoting complex (APC) 

containing a ubiquitin ligase also known as the cyclosome. Ultimately, the SAC 

negatively regulates a co-factor of the APC (Cdc20), an event which inhibits Cdc20 

from activating the APC-mediated polyubiquitylation of two key substrates: Cyclin B 

and securin (Hwang et al., 1998; Kim et al., 1998). This action of SAC prevents the 

destruction of cyclin B and securin by the 26S proteasome. Proteolysis of cyclin B 

inactivates the master mitotic kinase, CDK1, which promotes exit from mitosis. The 

securin, on the other hand, is an inhibitor of the protease separase, which is responsible 

for the cleavage of cohesins that hold sister chromatids together (Peters, 2006).  

 

Checkpoint proteins 

The kinetochore consists of at least 60 proteins and forms a bridge between the 

chromosomes and the spindle microtubules (Asbury and Davis, 2008). The kinetochore 

is considered to be the main platform where checkpoint proteins operate in order to 

control the metaphase-anaphase transition. The Mad (mitotic-arrest deficient) proteins 

Mad1, Mad2 and Mad3 (BubR1 in humans) and the Bub (budding uninhibited by 

benzimidazole) proteins Bub1 and Bub3 and Mps1 were first identified as checkpoint 

proteins in yeast, and later confirmed to have homolouges in mammalian cells (Hoyt et 
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al., 1991; Li and Murray, 1991; Liu et al., 2003). Mad3/BubR1, Mad2, Bub3 and 

Cdc20 form the mitotic checkpoint complex (MCC) which has been shown to inhibit 

the APC in vitro. Several checkpoint proteins, as well as the motor proteins CENP-E 

and dynein, concentrate at unattached kinetochores. When spindle microtubules attach, 

the concentration is dramatically reduced (Hoffman et al., 2001; Howell et al., 2004; 

King et al., 2000; Shah et al., 2004). It has been speculated that the unattached 

kinetochore provides the platform for catalytic assembly and release of MCC, which 

then diffuse from the kinetochore and inhibit the APC (Cleveland et al., 2003; 

Musacchio and Salmon, 2007). 

 

It is believed that the SAC, in addition to microtubule-kinetochore interaction, also 

senses the tension between two sister kinetochores in order to know when both 

kinetochores are correctly attached to the bipolar spindle. This might explain how the 

SAC are able to distinguish between amphitelic attachment (correct attachment of both 

sister kinetochores) and syntelic attachment (both sister kinetochores attach to 

microtubules from the same pole). Aurora B kinase has been suggested to be 

responsible for the actual destabilization of the microtubule-kinetochore interaction in 

syntelic attachments. In addition, Aurora B seems to be involved in correcting 

merotelic attachments (when one kinetochore is attached to microtubules from both 

poles) a mistake which is not sensed by the SAC, possibly due to that sufficient tension 

is created (Hauf et al., 2003; Lampson et al., 2004; Pinsky and Biggins, 2005). 

 

Chromosome segregation 

The segregation of chromosomes can be divided into two phases: Firstly, the two sister 

chromatids move toward the spindle pole (anaphase A) and secondly, the spindle poles 

move apart (anaphase B). The movement of chromatids toward the poles involves both 

microtubule depolymerization and the action of molecular motor proteins (Coue et al., 

1991; Hyman and Mitchison, 1991). The depolymerization of the plus end of the K-

fibers (the “pacman” model), as well as depolymerization from their minus ends 

contribute to anaphase A movement of chromatids (Brust-Mascher and Scholey, 2002; 

Desai et al., 1998; Gorbsky et al., 1987; Gorbsky et al., 1988; Maddox et al., 2002). 

Cytoplasmic dynein, being a minus end-directed molecular motor protein, has for long 

been suggested to be involved in chromosome poleward movement (Pfarr et al., 1990; 

Steuer et al., 1990; Vallee, 1990). However, recent studies suggest that dynein might 

have a more indirect role than earlier believed. Instead of moving the actual 
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chromosomes, dynein has now been suggested to translocate cargo proteins (including 

checkpoint proteins) from the kinetochore to the poles (Gaetz and Kapoor, 2004; 

Howell et al., 2000; Merdes et al., 2000). 

 

The separation of spindle poles in anaphase B is less understood. What is known is that 

it involves both spindle microtubules and astral microtubules connected to the cortex 

(Rosenblatt, 2005). In addition, the involvement of multimeric motor proteins that 

slides antiparallel microtubules has also been suggested to play a central role in 

anaphase B (Brust-Mascher et al., 2004). 

 

 
1.3.3 Nuclear envelope proteins in the mitotic machinery 

 
Members of the NE have been shown to play important roles in the mitotic machinery. 

This involves proteins with a key function in nucleocytoplasmic transport during 

interphase as well as components of the NPC. Components of the nuclear pore complex 

including the Nup170-160 subcomplex and RanBP2 together with RanGAP1 seems to 

play essential roles in spindle assembly and function (Belgareh et al., 2001; Joseph et 

al., 2004; Orjalo et al., 2006). The other group of proteins are the transport factors 

crm1, importin-β and last but not least the GTPase Ran, with it’s never ending list of 

fundamental functions through out the cell cycle (Harel and Forbes, 2004; Kalab and 

Heald, 2008) (see 1.1.4). 

 

 
1.3.4 The spindle matrix 
 

The presence of a spindle matrix in the mitotic machinery has been suggested by 

different groups (recently reviewed in (Johansen and Johansen, 2007)). The spindle 

matrix would explain the mechanism behind force generation during chromosome 

congression and segregation and could as well be a platform for the recruitment of 

motor proteins. The idea of a spindle matrix is supported by early electron microscopy 

images (Goldman and Rebhun, 1969). Furthermore, a matrix-like structure located in 

the central spindle area but absent from the subcentrosomal area has been observed by 

immunofluorescence microscopy in syncytial Drosophila embryos. This structure has 

been shown to contain four proteins, i.e. skeletor, chromator, EAST and megator (Qi et 

al., 2005; Qi et al., 2004; Rath et al., 2004; Walker et al., 2000). Except for megator, 
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which is homologous to the vertebrate NPC protein Tpr, none of the other seems to 

have homologues in higher eukaryotes. In addition, an integral membrane protein of 

the ER, Axs, was reported to play an important role in meiotic spindle formation. 

However, Axs appeared to be absent from the internal spindle area, but rather 

distributed in a sheath-like layer enclosing the meiotic spindle in Drosophila (Kramer 

and Hawley, 2003). Recently titin, a gigantic elastic protein normally involved in 

muscle contraction was identified in the spindle area of C. elegans cells (Zastrow et al., 

2006) and in insect spermatocytes (Fabian et al., 2007). 

 

In addition, a fibrillar-granular matrix containing lamin B3 was observed submerging 

mitotic spindles assembled in vitro on protein kinase Aurora A beads incubated with 

Xenopus extracts (Tsai et al., 2006) However, the presence of lamin B in the spindle 

area of mammalian cells has so far not been reported. 

 

 

1.4 PEROXISOMES 
 

Peroxisomes where first described by Johannes Rhodin in his thesis from the 

Karolinska Institute in 1954 (Rhodin, 1954). Peroxisomes are small spherical 

organelles surrounded by a single lipid bilayer membrane. Their origin have been 

enigmatic but it has recently been demonstrated that they are ultimately derived from 

the ER (Hoepfner et al., 2005; Mullen and Trelease, 2006; Titorenko and Mullen, 

2006). In contrast to mitochondria and chloroplasts, they do not contain DNA or 

protein synthesis machinery and thus import their protein content from the cytosol. The 

number of peroxisomes per cell varies between less than one hundred to more than 

thousand, and there size vary from 0.1-1µm (Chang et al., 1999; Lazarow and Fujiki, 

1985). The number of peroxisomes per cell can be regulated, and peroxisomes 

proliferate when the need for peroxisomal functions increase.  

 

 

1.4.1 Function of peroxisomes 
 

The interior of the peroxisome is called the peroxisomal matrix and contains at least 

sixty different enzymes involved in several anabolic and catabolic pathways including 

fatty acid oxidation, synthesis of bile acids and prostaglandins, plasmalogen synthesis 
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and amino acid metabolism (Wanders and Waterham, 2006). The importance of 

understanding these metabolic pathways and the characteristics of the enzymes which 

are involved, is emphasized by the existence of a group of peroxisomal disorders (for 

review see (Steinberg et al., 2006)). One example is the inherited human disease, 

Zellweger syndrome, where the peroxisomal import system is affected, resulting in 

“empty” peroxisomes. Nearly every organ system is affected, including the brain, the 

eyes and the liver and patients with Zellweger syndrome usually die within their first 

year of life.  

 

 
1.4.2 Import into peroxisomes 

 
Peroxisomal matrix proteins are synthesized on free ribosomes and imported to the 

peroxisomes fully folded. They contain a C-terminal peroxisomal targeting signal 1 

(PTS1) or an N-terminal peroxisomal targeting signal 2 (PTS2). Most peroxisomal 

matrix proteins (over 90%) contain a PTS1 which is defined as a tripeptide of serin 

lysine and leucine (-SKL) or variants of this consensus (S/A/G/C/N), (R/K/H), 

(L/I/V/M/A/F) (Gould et al., 1990; Gould et al., 1988; Swinkels et al., 1992). The PTS1 

is recognized in the cytosol by the receptor Pex5. Pex5 together with its cargo then 

docks at the peroxisomal membrane, at a specific docking complex consisting of 

Pex13, Pex14 and Pex17. The cargo is then translocated across the peroxisomal 

membrane, and released on the luminal side, via a yet poorly understood mechanism. 

The receptor is then recycled back to the cytosol. In a similar way, PTS2 containing 

proteins are imported into the peroxisome, although the PTS2 is recognized by Pex7 

(Platta and Erdmann, 2007). 

 

 

1.4.3 The bile acid-CoA:amino acid N-acyltransferase, BAAT 

 
The bile acid-CoA:amino acid N-acyltransferase (BAAT) catalyzes the final step in the 

production of conjugated bile acids in liver (Czuba and Vessey, 1981; Falany et al., 

1994; Kase and Bjorkhem, 1989). Its intracellular distribution has been debated since 

both peroxisomal and cytosolic localization have been reported (He et al., 2003; Kase 

and Bjorkhem, 1989; Kwakye et al., 1991; O'Byrne et al., 2003; Pellicoro et al., 2007; 

Solaas et al., 2004; Solaas et al., 2000a; Solaas et al., 2000b; Styles et al., 2007) 
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Although BAAT has been reported to be a peroxisomal matrix protein, it lacks a 

consensus PTS. BAAT from rat, mouse and human all end -SQL which is a non-

consensus PTS1. It is not always possible to predict the effectiveness of PTSs (Brocard 

and Hartig, 2006).  
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2 METHODOLOGY 
 
2.1 LIVE CELL IMAGING AND PHOTOBLEACHING TECHNIQUES 

 
GFP together with photobleaching techniques has revolutionized the study of proteins 

in living cells. The finding and development of GFP as a marker in biological systems 

awarded Osamu Shimomura, Martin Chalfie and Roger Tsien with the Nobel Prize in 

chemistry, 2008.  

 

 

2.1.1 Green fluorescent protein 

 
GFP (green fluorescent protein) is a β–barrel-shaped protein with an α–helix traversing 

the cylinder containing an amino-acid triplet (Ser–Tyr-Gly) undergoing an 

autocatalytic chemical rearrangement to form a fluorophore that can absorb and emit 

light in the visible range. This makes GFP spontaneously fluorescent without the aid of 

any cofactor and it can be expressed in a variety of cells, making GFP to an ideal in 

vivo marker. By creating a construct where GFP cDNA is fused to cDNA encoding the 

protein of interest in a suitable vector, cells can be transfected and monitored using 

fluorescence microscopy. GFP does not usually interfere with the function or 

localization of the host proteins, which makes it an excellent reporter when studying 

dynamic processes during authentic conditions, i.e. the living cell (Tsien, 1998). 

 

Mutants of GFP and related proteins from other species, with varying spectral 

properties, have been produced, making it possible to study more than one protein at 

the same time, in the same cell. Moreover, some of the GFP mutants have overlapping 

emission/absorption spectra, which makes non-radiative fluorescence resonance energy 

transfer (FRET) possible. 

 

 
2.1.2 Laser scanning confocal microscopy 

 
There are some differences between an ordinary fluorescence microscope and a laser 

scanning confocal microscope (LSCM). Most importantly, better resolution is obtained 

in a LSCM due to a “pinhole” which excludes light from out-of focus planes, so that 
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only fluorescence that originate from the excited focus-plane in the specimen reaches 

the detector. The light source in a LSCM is, as the name indicates, a powerful laser 

beam which is focused to illuminate a single point of the specimen. The laser beam 

scans the specimen and the information is transmitted to the detector, the 

photomultiplier tube (PMT) or the CCD camera. The fact that the laser beam is to some 

extent focused when it reaches the specimen and that the laser beam scans the 

specimen are important in order to limit unnecessary illumination of the sample. This is 

especially vital when imaging live cells, as illumination of living cells, might influence 

cellular processes. The undesirable bleaching of chromophores is another issue to 

account for when illuminating the specimen. 

 

 

2.1.3 Photobleaching techniques 

 
FRAP 
There are two variations of photobleaching techniques suitable for studies of protein 

dynamics. In both cases, the fluorophore is irreversibly bleached with excessive 

excitation light of an appropriate wavelength. The exchange between the bleached and 

unbleached population is then monitored. In fluorescence recovery after 

photobleaching (FRAP) an area is completely bleached and the recovery of 

fluorescence in the bleached area is being monitored. Thus, FRAP experiments can 

give information about how dynamic a certain protein is, i.e., if it diffuses freely or is 

part of a bigger complex. The diffusion constant can be measured, and the relationship 

between the mobile fraction and the bound protein can be investigated.  

 

FLIP 

In fluorescence loss in photobleaching (FLIP) an area is bleached repeatedly, and the 

loss of fluorescence outside the bleached spot is monitored. FLIP studies can in this 

way reveal compartment accessibility where an exchange of proteins between two 

different populations is possible. 
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3 THE PRESENT STUDY 
 
3.1 AIMS OF THE STUDY 
 

The overall aims of this study were to investigate the structural and functional 

organization of the nuclear envelope and the dynamic intracellular trafficking of 

peroxisomal proteins. 

 

The specific aims were: 

 

• To study the role of the pore membrane protein gp210 in the biogenesis and 

maintenance of the NPC. 

 

• To study effects on nucleocytoplasmic transport during apoptosis in relation to 

other apoptotic events.  

 

• To characterize a novel putative nuclear envelope transmembrane protein in 

mammalian cells. 

 

• To investigate the use of photobleaching techniques to determine the 

distribution of peroxisomal matrix proteins.  
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3.2 RESULTS AND DISCUSSIONS 

 
3.2.1 Function and dynamic aspects of the NPC (Paper I) 

 
As a transmembrane protein of the NPC, gp210 has been assigned the role as a 

membrane anchor for the NPC and a fundament for NPC assembly (see 1.1.2). 

Consistently, the idea of gp210’s critical role in NPC assembly and for cell viability 

has been supported by two studies (Cohen et al., 2003; Drummond and Wilson, 2002). 

However, Olson et al. (Olsson et al., 2004) showed that gp210 was not present in all 

cell types in mice suggesting that gp210 may have another, yet not described, function. 

This prompted us to study possible alteration in the NPC by comparing a cell line 

naturally lacking gp210 with a cell line having gp210.  

 

Using a gp210 specific anti-peptide antibody provided by Olsson et al. (Olsson et al., 

2004) we analyzed the gp210 content of different cell lines by immunofluorescence 

and Wester blotting. We found that NIH/3T3 cells contained at least 100-fold lower 

levels of gp210 compared with N2a, another mouse cell line commonly used in the lab. 

In spite of the lack of gp210 we observed no difference in distribution or density of 

pores using the monoclonal antibody 414 (mAb414) in immunofluorescence. Neither 

did cell cycle progression nor generation time differ between cells having or lacking 

gp210, suggesting that gp210 cannot play a central role in NPC biogenesis. 

Furthermore, mAb414 staining did not display any difference in signal between the two 

cell types indicating that most FG-Nups were correctly targeted and assembled in the 

NPC and thus that the composition of the NPC was not altered to a large extent. We 

also carefully analyzed the localization of three different NPC proteins from three 

different substructures of the NPC: The transmembrane protein POM121, the core 

protein Nup107, and Nup153 from the nuclear basket. The selected nucleoporins, fused 

to GFP and expressed in cells having and lacking gp210, all distributed in a punctuated 

pattern on the nuclear membrane and perfectly co-localized with the NPC marker 

mAb414 in both cell types, demonstrating that targeting of these NPC proteins to the 

NPC was not affected by the absence of gp210. 

 

We also examined the dynamic properties of the stably integrated POM121 and 

Nup107, having residence times at the pore of 21 hours and 40 hours, respectively, as 

well as the dynamically associated Nup153 (Daigle et al., 2001; Rabut et al., 2004). 



 

26 

Neither the stable NPC proteins (POM121 and Nup107), nor the dynamic NPC protein 

(Nup153) displayed any difference in mobility in cells having or missing gp210. This 

gave us two pieces of information. Firstly, that gp210 cannot be responsible for the 

interactions of these nucleoporins at the nuclear pore. And secondly, gp210 cannot play 

an important role in maintaining stability of the pore membrane domain or the basal 

frame work of the NPC.  

 

Our results are consistent with one contemporary study (Galy et al., 2003) and two later 

studies (Galy et al., 2008; Stavru et al., 2006b), where the absence of gp210 had no 

striking affect on NPC assembly or cell viability (see 1.1.2). Our results are in 

agreement with the emerging view of extensive redundancies regarding nucleoporins 

functions (Strawn et al., 2004). 

 

 
3.2.2 Nucleocytoplasmic transport during apoptosis (Paper II) 

 
Programmed cell death is mainly a cytoplasmic process, but ultimately leads to nuclear 

entry of caspases and digestion of the nuclear content. The fact that some components 

of the NPC are early targets of caspases opens the possibility that disruption of the 

nuclearcytoplasmic transport process enables nuclear entry of caspases. (Faleiro and 

Lazebnik, 2000; Yasuhara et al., 1997). To study apoptosis has indeed its difficulties as 

the celltype, as well as what induces apoptosis influence the apoptitic events. 

 

The exact steps in nuclear aoptosis are unclear (see 1.2) We used live cell imaging 

during apoptosis to determine at which steps in the apoptotic process the 

nucleocytoplasmic barrier becomes disrupted. As a reporter protein we used GFP-NLS, 

which normally is efficiently imported into the nucleus. Due to its small size, GFP-

NLS constantly leaks out into the cytoplasm but is rapidly re-imported. In normal cells, 

GFP-NLS could not be detected in the cytoplasm. Our data shows that in staurosporine 

treated Rat-2 cells GFP-NLS became visible in the cytoplasm at an early step, at the 

same time as condensed chromatin started to distribute toward the nuclear periphery 

(Figure 4). 
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We also analyzed fixed and immunostained cells in different stages of apoptosis. After 

3 hours of staurosporine treatment, GFP-NLS was detected in the cytoplasm in 85% of 

the cells in stage II and in all stage III cells. Only less than 5% of stage I cells displayed 

cytoplasmic GFP-NLS. We conclude that the nucleocytoplasmic transport system 

becomes affected during stage I/II transition (for definition of stage I, II and III see 

(Kihlmark et al., 2001). This result is consistent with a previous study by Faleiro and 

Lazebnik (Faleiro and Lazebnik, 2000) where compartmentalization of GFP-NLS was 

lost early in apoptosis. Although the target protein or proteins at the NE were not 

identified, the increase in diffusion limit was caspase dependent. 

 

Caspase-3 is believed to be the main factor mediating nuclear apoptosis. Upon 

activation, caspase-3 translocates from the cytoplasm to the nucleus where it activates 

DNA fragmentation by cleaving off ICAD from CAD. Caspase-3 lacks a classical NLS 

and thus may depend on an impaired nucleocytoplasmic import system in order to enter 

the nucleus. We therefore compared time point of the lost ability to compartmentalize 

GFP-NLS with the starting point of nucleosomal DNA fragmentation, as detected by 

TUNEL assay. Our data shows that the nuclear compartmentalization of GFP-NLS was 

Figure 4. A time-laps series of a Rat-2 cell expressing GFP-NLS undergoing 
apoptosis. GFP-NLS redistributed from the nucleus to the cytoplasm at the same 
time as condensed chromatin, visualized by a live DNA marker, started to distribute 
toward the nuclear periphery. 
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lost before nucleosomal DNA fragmentation could be detected, indicating that the 

nuclear entry of caspase-3 might be facilitated by an impaired transport system. This 

scenario is supported by the study by Faleiro and Lazebnik (Faleiro and Lazebnik, 

2000), where the redistribution of GFP-NLS from the nucleus to the cytoplasm during 

apoptosis indirectly correlated with caspase-3 activation of CAD. After our study was 

published, Kamada et al. (Kamada et al., 2005) presented data suggesting that activated 

caspase-3 may be imported by karyophilic caspase-3 substrates in HepG2 cells. 

 

Two previous studies from our group have shown that degradation of POM121-GFP 

(Imreh et al., 1998) and endogenous POM121 (Kihlmark et al., 2001) are early signs of 

nuclear apoptosis. This prompted us to further analyze POM121 degradation in 

apoptosis. Using immunofluorescence and Western blot analysis of staurosporine 

treated cells, we showed that overexpressed rat POM121 and POM121-GFP were 

specifically cleaved at the evolutionary conserved amino acid aspartate-531 and that 

the cleavage was dependent on caspase-3. Furthermore, the appearance of GFP-NLS in 

the cytoplasm correlated in time with caspase-3 dependent cleavage of POM121, 

suggesting that disruption of the nucleocytoplasmic barrier correlated with early 

dismantling of the NPC. 

 

In a recent study degradation of hPOM121 in HeLa cells was reported to take place at a 

later step in apoptosis (Patre et al., 2006). It seems possible that the timing of different 

steps may differ depending on cell type and on the method of initiation. 

 

 
3.2.3 The mammalian mitotic spindle contains an integral membrane 

protein of the inner nuclear membrane (Paper III) 
 

We have characterized the human homologue of the rat protein Net5 which was 

identified as a putative NE protein in a proteomic investigation of rat liver (Schirmer 

and Gerace, 2005). We termed the human protein Samp1 (Spindle associated 

membrane protein 1) because of its peculiar distribution during mitosis (see further 

down). 

 

To characterize Samp1 we raised an antibody against a C-terminal peptide in Samp1. 

After affinity purification the anti-peptide antibody reacted with a single 43 kDa 
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antigen in Western blot analysis of total lysates of HeLa cells, consistent with the 

predicted size of the human homologue of Net5. The band disappeared after 

posttranscriptional silencing of Samp1, showing that the antibody was specific for 

Samp1. In immunofluorescence the antibody specifically decorated the nuclear 

periphery, consistent with the assumption that Net5 is a NE protein. Furthermore, 

extraction data showed that Samp1 is an integral membrane protein, consistent with 

hydropathy plot analysis. Immunoelectron microscopy of intact cells together with 

epitope accessibility analysis in digitonin treated cells showed that Samp1 was 

specifically localized to the inner nuclear membrane in interphase with its C-terminal 

tail exposed in the nucleoplasm. Thus human Samp1 is an integral membrane protein 

specifically located in the INM and is likely to have four or five transmembrane 

domains. 

 

 Furthermore, using immunofluorescence and confocal laser scanning microscopy we 

studied the localization of Samp1during mitosis. At the onset of mitosis, Samp1 

accumulated close to centrosomes, a distribution which is common for INM proteins. 

During mitosis most of Samp1 dispersed out in the ER as expected. Surprisingly, in 

metaphase, a subfraction of Samp1 localized to a subcentrosomal area close to the 

spindle poles. This subpopulation of Samp1 in the mitotic spindle colocalized with 

tubulin and a lipid marker (Figure 5). However, another INM protein, emerin was 

excluded from this area. Thus Samp1 appears to define a specific membrane domain 

associated with the mitotic spindle. This peculiar distribution of Samp1 in metaphase, 

persisted in anaphase, but in telophase Samp1 was recruited back to the reforming NE 

of the daughter nuclei. 

 

Several proteins of the nuclear envelope have been shown to localize to the mitotic 

spindle, and play important roles in spindle formation and function (Belgareh et al., 

2001; Harel and Forbes, 2004; Joseph et al., 2004; Orjalo et al., 2006). We 

demonstrate, for the first time, the presence of an integral membrane protein of the NE 

in the spindle area during metaphase and anaphase. Interestingly, it has previously been 

reported that lamin B3 was detected in a fibrillar-granular matrix observed submerging 

mitotic spindles assembled in vitro on protein kinase Aurora A beads incubated with 

Xenopus extracts (Tsai et al., 2006). Although lamin B is not an integral membrane 

protein, it is believed to be membrane associated (Gerace and Blobel, 1980) due to its 

covalently bound farnesyl group in the C-terminus. The presence of lamin B in the 
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spindle area remains to be established in intact cells but the possibility that Samp1 and 

lamin B is part of the same membranous structure in the mitotic spindle in mammalian 

cells is an interesting idea that needs further investigations. 

 

 

 
 

The yeast homologue to Samp1, Ima1 was recently characterized in S. Pombe (King et 

al., 2008). In accordance with Samp1, Ima1 was shown to be an integral membrane 

protein localizing to the INM. Ima1 binds to centromeric heterochromatin of which in 

yeast localize at a specialized region of the INM in the vicinity of the SPB called MAS 

(MTOC attached site). Thus Ima1 specifically localizes to specific regions within the 

INM and not throughout the INM like Samp1. The different conditions for Samp1 and 

Ima1 (human cells lacking SPB and having open mitosis) might explain the differences 

in distribution within the INM in interphase. Despite these differences, it is tempting to 

Figure 5. Samp1 localizes to the mitotic spindle in metaphase.  
Fluorescence micrographs and corresponding phase contrast images of HeLa cells 
double labeled with anti-Samp1 and anti-emerin antibodies, membrane dye and anti 
β-tubulin or anti-CENPA antibodies. 
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speculate that the interface between the cytoskeleton and chromatin that Ima1 is part of 

in yeast, might to some extent be preserved in human cells, where it is most evident 

during cell division. 

 

 
3.2.4 The use of photobleaching techniques when determine 

localization of peroxisomal proteins (Paper IV) 

 
The location of some fatty acid metabolizing enzymes to the peroxisomes, to the 

cytoplasm or both is unclear and in some tissues they may be present in more than one 

compartment (see 1.4.3). We wanted to investigate whether photobleaching techniques 

could be used to determine the presence of a protein in peroxisomes in the background 

of high cytoplasmic levels using fluorescence microscopy. 

 

First we tested if GFP tagged peroxisomal matrix proteins could be exported from 

peroxisomes again after entering the organell, and thus have access to the cytoplasm. 

FRAP experiments (see 2.1.3) revealed that peroxisomal matrix proteins were trapped 

inside the peroxisomes, at least within the time limit of our experiments. With this 

piece of information we concluded that FLIP (see 2.1.3) could be used as a method to 

distinguish between cytoplasmic proteins and proteins with a dual localization where 

they are present both in the cytoplasm and peroxisomes.  

 

It is an ongoing debate whether the bile acid conjugating (BAAT) enzyme is 

cytoplasmic or peroxisomal (see 1.4.3). In HeLa cells, GFP tagged BAAT showed a 

smooth cytoplasmic and to some extent nucleoplasmic localization, without visible 

peroxisomal accumulation in live cells. In FLIP experiments, repeated bleaching in the 

cytoplasm gradually bleached out the cytoplasmic fluorescence (Figure 6). No trace of 

fluorescent peroxisomes appeared which would have been the case if BAAT was also 

located in peroxisomes. 
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The amino acid sequence of wild type BAAT ends –SQL, a tripeptide which is similar 

to the PTS1 (see 1.4.2). In order to get a sequence more similar to the consensus PTS1, 

we mutated the tripeptide to –SKL. GFP-BAAT-SKL displayed a bright dotty pattern 

troughout the cytoplasm characteristic for peroxisomes, suggesting that the last three 

amino acids of wild type BAAT were not able to direct BAAT to peroxisomes. We 

also constructed GFP-BAAT-KSQL as the (-4) position can have an important role in 

weak PTS’s. GFP-BAAT-KSQL partially directed the protein from the cytoplasm to 

peroxisomes. With FLIP experiments we could bleach out the cytoplasmic pool of 

GFP-BAAT-KSQL. As a result, the fluorescent peroxisomes became easier to 

distinguish (Figure 7). From this we conclude that photobleaching techniques can be 

used to determine dual localization of peroxisomal matrix proteins. 

 

Figure 6. 
GFP-BAAT is not present in peroxisomes in HeLa cells. A FLIP experiment on a 
cell expressing GFP-BAAT. 
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Taken together, we conclude that GFP tagged BAAT is excluded from peroxisomes 

and that BAAT is a cytoplasmic protein in HeLa cells. This is probably due to that the 

last three amino acids (SQL) are unable to act as a functional PTS. 

 

The intracellular localization of BAAT has been reported to vary between cell types. 

Here we show that in HeLa cells, GFP-BAAT localized exclusively to the cytoplasm. 

This is supported by other studies where BAAT was shown to be purely cytoplasmic in 

fibroblasts (O'Byrne et al., 2003; Pellicoro et al., 2007). In primary hepatocytes 

however, GFP-BAAT was reported to be peroxisomal (Pellicoro et al., 2007) except 

when it was co-expressed with DsRed-SKL. This indicates that the discrepancy may be 

due to saturation in the peroxisomal import machinery in primary hepatocytes. Another 

scenario is that yet unidentified assistant factor(s) for peroxisomal proteins with weak 

PTS’s, could facilitate their peroxisomal import, and that the expression of these 

factor(s) varies between tissues. 

 

Figure 7. GFP-BAAT--SQL is partially directed to the peroxisomes in HeLa cells. 

A FLIP experiment on a HeLa cell expressing GFP-BAAT-KSQL. 
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3.3 CONCLUTIONS 
 

• gp210 cannot play an important role in NPC biogenesis, or in maintaining 

stability of the pore membrane domain or the basal frame work of the NPC. 

 

• In apoptotic Rat-2 cells, disruption of the nucleocytoplasmic barrier occurs as 

early as collapsing of chromatin against the nuclear periphery but prior to 

nucleosomal DNA fragmentation. In addition, the disruption of 

nucleocytoplasmic transport correlates with caspase-3 dependent cleavage of 

POM121. 

 

• Mammalian Samp1 is a novel integral membrane protein of the inner nuclear 

membrane.  

 

• During mitosis, a sub population of Samp1 localizes to the polar region of the 

mitotic spindle. Thus Samp1 defines a specific membrane domain, containing 

at least one unique integral membrane protein.  

 

• Photobleaching techniques can be used to determine the distribution of 

peroxisomal matrix proteins.  

 

• GFP-BAAT localizes exclusively to the cytoplasm in HeLa cells, due to an 

inefficient PTS1. 
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3.4 FUTURE PERSPECTIVES 
 

• To study the role of Samp1 during interphase. 

 

• To study the role of Samp1 in the mitotic machinery. 

 

• To study the peroxisomal import machinery and possible factors that regulates 

tissue specific localization of peroxisomal matrix proteins.  
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