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Abstract 
 
 
The nuclear envelope forms the interface between the nucleus and the cytoplasm. The nuclear 

envelope consists of the two concentric lipid membranes, the nuclear pores and the nuclear 

lamina. The inner nuclear membrane contains hundreds of unique transmembrane proteins 

showing high tissue diversity. Mutations of some proteins in the nuclear envelope give rise to 

a broad spectrum of diseases called envelopathies or laminopathies. In this thesis, I aimed to 

study the functional organization of the nuclear envelope by identifying and characterizing 

interactions between the nuclear envelope proteins. For this, we developed a novel method 

called the Membrane Protein Crosslink Immuno-Precipitation, which enable identification of 

protein-protein interactions in the nuclear envelope in live cells. We identified several novel 

interactions of the inner nuclear membrane protein, Samp1, and studied the interaction between 

the Samp1 and the nuclear GTPase, Ran in detail. Samp1 can bind to Ran and is thus the first 

known transmembrane Ran binding protein and Samp1 might provide a local binding site for 

Ran in the inner nuclear membrane. We found that Samp1 also binds to the inner nuclear 

membrane protein, Emerin and Ran can regulate the Samp1-Emerin interaction in the nuclear 

envelope. During mitosis, Samp1 distributes in the mitotic spindle. Therefore, we investigated 

a possible functional role of Samp1 in the mitotic machinery. Samp1 depletion resulted in 

aneuploid phenotypes, metaphase prolongation and decreased distribution of γ-tubulin and β-

tubulin in the mitotic spindle. We found that Samp1 can bind to γ-tubulin, which is essential 

for the microtubule nucleation and hence for the spindle stability. The new interesting features 

of Samp1 provide insights on the unforeseen functions of the nuclear envelope proteins. 
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Abbreviations 
 
 

BAF Barrier-to-autointegration factor 

C.elegans Caenorhabditis elegans 

CoIP Coimmunoprecipitation 

Ct Chaetomium thermophilum 

Ct.Samp1 Chaetomium thermophilum Samp1 

DNA Deoxyribonucleic acid 

DSP Dithiobis-succinimidyl propionate 

DTT Dithiothreitol 

EDMD Emery- Driefuss muscular dystrophy 

ER 

FRAP 

FRET 

GAP 

Endoplasmic reticulum  

Flurosence recovery after photobleaching 

Flurosence resonance energy transfer 

GTPase activating protein 

GDP 

GEF 

Guanosine di-phosphate 

Guanine nucleotide exchange factor 

GTP Guanosine tri-phosphate 

INM Inner nuclear membrane 

KASH 

Kd 

Klarsicht, ANC1, Syne1 Homology 

Dissociation constant 

LAP1 Lamina associated polypeptide 1 

LAP2 Lamina associated polypeptide 2 

LEM Lap2, Emerin, Man1 

LINC Linker of nucleoskeleton and cytoskeleton 

MCLIP 

MST 

MTOC 

Membrane protein crosslink immunoprecipitation 

Microscale thermophoresis 

Microtubule organization center 

NE 

NEBD 

NET 

Nuclear envelope 

Nuclear envelope breakdown 

Nuclear envelope transmembrane protein 

NPC Nuclear pore complex 

NTF2 

NTR 

Nuclear transport factor 2 

Nuclear transport receptor 

ONM Outer nuclear membrane 

RCC1 Regulator of Chromosome Condensation 1 
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RNA Ribonucleic acid 

S.pombe Schizosaccharomyces pombe 

SAF Spindle assembly factor 

Samp1 

SPR 

SUN 

X-EDMD 

Y2H 

γTuRC 

Spindle associated membrane protein 1 

Surface plasmon resonance 

Sad 1 and UNC-84 

X-linked Emery- Driefuss muscular dystrophy 

Yeast two-hybrid system 

γ-tubulin ring complex  
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1. Introduction 

 

1.1�The Nuclear envelope 

 

The Nuclear envelope (NE), a hallmark of eukaryotic cells, is a highly regulated 

membrane barrier that separates the nucleus from the cytoplasm (Stewart, et al. 2007). 

The NE is composed of the outer nuclear membrane (ONM), the inner nuclear 

membrane (INM), the nuclear pores, nuclear pore complexes (NPCs) and the nuclear 

lamina (Figure 1) (Ungricht & Kutay. 2017, Wilson & Berk. 2010, Gerace & Burke. 

1988). The NE is made up of two concentric lipid membranes, the outer nuclear 

membrane (ONM) and the inner nuclear membrane (INM) (Ungricht & Kutay. 2017). 

Early electron microscopy studies disclosed that the ONM are continuous with the 

endoplasmic reticulum (ER) and are separated by a perinuclear space (WATSON. 

1955). The nuclear pore is a translateral opening through the NE, which harbors the 

nuclear pore complexes (NPCs) (D'Angelo & Hetzer. 2008, Tran & Wente. 2006, 

WATSON. 1954). NPCs are highly conserved large protein complex with a molecular 

mass of 125 MDa in vertebrates and is composed of about 30 different proteins, 

collectively called nucleoporins. The NPC is arranged in an eight-fold symmetry 

around the central axis (Loschberger, et al. 2012, Reichelt, et al. 1990). NPCs are 

responsible for the bidirectional transport of proteins, RNA molecules and 

ribonucleoprotein particles. Underlying the INM, is the nuclear lamina that forms a 

complex meshwork of intermediate filament proteins (lamins) and INM proteins (de 

Leeuw, et al. 2017, Dechat, et al. 2010, Prokocimer, et al. 2009, Gruenbaum, et al. 

2005). The nuclear lamina is composed of A-type lamins, B-type lamins and lamin 

associated proteins, which play a major role in chromatin organization and gene  
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expression (Goldman, et al. 2005, Gruenbaum, et al. 2000). The linker of 

nucleoskeleton and cytoskeleton (LINC) complex connects the nuclear lamina 

network with the cytoskeletal network and thereby communicate mechanical forces 

across the NE (Crisp, et al. 2006). 

 

1.2�Nuclear envelope proteins 

 

Until the discovery of mutations in genes encoding NE proteins in human 

diseases, termed laminopathies or envelopathies (Burke, et al. 2001), the NE was only 

considered a membrane barrier. The ONM was considered a membrane extension of 

the ER until Zhang and colleagues showed that Nesprins are distinctly localized to the 

ONM (Zhang, et al. 2001). Several transmembrane proteins including Samp1 (Buch, 

et al. 2009), Emerin (Manilal, et al. 1996), Lamin B receptor (Worman, et al. 1988), 

Sun 1/2 (Hodzic, et al. 2004, Malone, et al. 1999), Nesprin 1/2 (Zhang, et al. 2001), 

Man1 (Liu, et al. 2003), Lap1 and Lap 2 (Senior & Gerace. 1988) were identified and 

characterized. Schirmer and colleagues identified approximately 60 different 

transmembrane proteins in the NE of rat liver by performing subtractive proteomic 

analysis (Schirmer, et al. 2003). Recent studies show that the INM proteins may 

contain hundreds of distinct transmembrane proteins and many of these proteins are 

differently expressed in different tissues (Worman & Schirmer. 2015, Korfali, et al. 

2012, Wilkie, et al. 2011).  
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1.2.1� Samp1 

 

Spindle associated membrane protein 1 (Samp1) is an integral membrane 

protein specifically located in the INM (Buch, et al. 2009). Human Samp1 is 

homologous to NET 5 in rat, Ima1 in S. pombe and Ct.Samp1 in C. thermophilum. 

Samp1 is highly conserved from yeast to humans (Buch, et al. 2009). The membrane 

topology of Samp1 is predicted to contain a short hydrophobic non membrane-

spanning domain in the N-terminal tail followed by four conserved CXXC 

(C=Cysteines; X=any aminoacid) motifs, which may have the potential to form zinc 

finger(s). Samp1 has four transmembrane segments in its C-terminal half followed by 

a short tail exposed in the nucleoplasm (Figure 2B). There are three predicted 

isoforms of Samp1 (a, b, c) in human cells, with identical N-terminal but different C-

terminal. My work is focused on Samp1a. Samp1a is referred to as Samp1 in this 

thesis.  

 

Samp1 was implicated to be involved in mitosis in two genome wide siRNA 

screens in C. elegans and Hela cells (Neumann, et al. 2010, Sonnichsen, et al. 2005) 

although this was not characterized in detail. Hallberg and colleagues characterized 

this protein and named it “Spindle associated membrane protein 1” because a sub-

population of the protein was found to be concentrated in the mitotic spindle during 

mitosis (Buch, et al. 2009). Samp1 is the first transmembrane protein to be located in 

the mitotic spindle. Later two other transmembrane INM proteins WFS1 and TMEM 

214 were also reported to be located in the spindle region (Wilkie, et al. 2011). 

Silencing of Samp1 resulted in separation of centrosomes from the NE (Buch, et al. 

2009), suggesting that Samp1 is functionally associated with the centrosomes. A 
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similar phenotype was also observed in cells with mutations in Emerin (Salpingidou, 

et al. 2007), Lamin A (Hale, et al. 2008) or Nesprin (Malone, et al. 2003). In NIH3T3 

cells, Samp1b is essential for nuclear migration and is a component of transmembrane 

actin associated nuclear (TAN) lines (Borrego-Pinto, et al. 2012). CoIP studies 

showed that Samp1 interacts with Emerin in a zinc dependent manner suggesting 

possible zinc finger formation in Samp1 (Gudise, et al. 2011). The zinc finger domain 

is essential for correct localization of Samp1 in the NE and mutation to prevent zinc 

finger formation resulted in partial loss of peripheral heterochromatin (Gudise, et al. 

2011). Recent studies have shown that Samp1 is highly expressed in brain, nerve and 

muscle cells (Thanisch, et al. 2017) and has been shown to promote differentiation of 

human induced pluripotent stem cells (Bergqvist, et al. 2017). 

 

Chaetomium thermophilum is a thermophilic fungus growing at high 

temperatures around 60˚C. The thermophilic proteins are generally more stable 

proteins and are successfully utilized to determine the 3D structure of several NPCs 

protein (Thierbach, et al. 2013, Amlacher, et al. 2011). We identified the Samp1 

homologue in Ct from the Ct genome resource database developed at EMBL 

(ct.bork.embl.de) and named it Ct.Samp1. The Ct-Samp1 is composed of 618 

aminoacids. The small hydrophobic domain (13-35 aa) present in human Samp1 is 

however not conserved in Ct.Samp1 (Figure.2A). Compared to human Samp1, 

Ct.Samp1 has a long C terminal tail exposed in nucleoplasm, but has a similar 

membrane topology as human Samp1.   
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1.2.2� Emerin 
 

 

The Emerin gene was identified in 1994 when Bione and colleagues 

genetically mapped X-linked Emery Dreifuss muscular dystrophy (X-EDMD) (Bione, 

et al. 1994). Mutation of the Emerin gene causes X-EDMD in humans (Helbling-

Leclerc, et al. 2002, Funakoshi, et al. 1999). Emerin is an integral membrane protein 

localized predominantly at the INM of the NE (Yorifuji, et al. 1997, Ostlund, et al. 

1999, Tsuchiya, et al. 1999). Emerin contains 254 aa, with a long nucleoplasmic 

domain followed by a transmembrane segment and a very short domain in the C-

terminus. Emerin has a highly conserved LEM (Lap2-Emerin-Man1) domain in the 

N-terminus (Wagner & Krohne. 2007). The LEM domain contains approximately 40 

aa, and forms a helix-loop-helix fold, which binds directly to DNA/RNA (Cai, et al. 

2001). The LEM domain also binds directly to BAF (Barrier-to-autointegration 

factor) and can thereby tether chromatin to the NE (Mansharamani & Wilson. 2005, 

Lee, et al. 2001, Berk, et al. 2014, Berk, et al. 2013a). A 3D structure of the LEM 

domain of Emerin has been reported previously (Cai, et al. 2007, Wolff, et al. 2001). 

Emerin is ubiquitously expressed in all tissues (Koch & Holaska. 2014, Nagano, et al. 

1996). Emerin is a very dynamic protein and laterally diffuses between the INM, the 

ONM and the ER (Zuleger, et al. 2011, Leach, et al. 2007, Ostlund, et al. 2006, 

Ostlund, et al. 1999). Emerin has several direct binding proteins including Lamin A 

(Holaska, et al. 2003), Sun1 (Haque, et al. 2010), Sun2 (Haque, et al. 2010), Nesprin2 

(Zhang, et al. 2005), Man1 (Mansharamani & Wilson. 2005), Nesprin1 (Mislow, et al. 

2002), β-tubulin (Salpingidou, et al. 2007) and BAF (Holaska, et al. 2003). By 

binding these proteins, Emerin can have many possible functions in mechano-

transduction, gene signaling or chromatin tethering (Berk, et al. 2013b, Wilson, et al. 
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2005).       

 

1.2.3. The LINC complex 

 

The LINC (Linker of nucleoskeleton and cytoskeleton) complex is a 

mechanical link between the nucleoskeleton and cytoskeleton across the NE (Crisp, et 

al. 2006). The LINC complex is composed of two groups of NE proteins, the KASH 

(Klarsicht, ANC-1 and Syne homology) domain proteins in the ONM and the SUN 

(Sad 1 and UNC-84) domain proteins in the INM (Chang, et al. 2015). The KASH 

domain contains a transmembrane domain followed by about 35 amino acids 

(Wilhelmsen, et al. 2006, Mellad, et al. 2011). KASH domain proteins bind to 

cytoskeletal elements and signaling molecules in the cytoplasm (Gundersen & 

Worman. 2013). The SUN domain proteins are highly conserved and forms a trimer 

via a triple helical coiled-coil structure (Zhou, et al. 2012, Sosa, et al. 2012). Sun 

domain proteins interact with Lamins, chromatin binding proteins and other INM 

proteins (Haque, et al. 2006). The KASH domain proteins of the ONM interact with 

the SUN domain proteins of the INM in the perinuclear space between the ONM and 

the INM (Crisp, et al. 2006). The composition of the LINC complex proteins varies 

among different cell types (Chang, et al. 2015). The LINC complex connects the 

centrosome to the ONM of the nucleus (Hieda. 2017). The LINC complex is essential 

for several biological processes like mechano-transduction, nuclear migration, nuclear 

anchorage, cell division and cell polarization (Lombardi, et al. 2011, Luxton, et al. 

2011, Burke & Roux. 2009, Lei, et al. 2009, Meyerzon, et al. 2009, Zhang, et al. 

2009, Grady, et al. 2005).   
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1.2.4. The nuclear lamina 

 

The nuclear lamina is a thin mesh-like network of type V intermediate 

filament proteins, underlining the INM (Gruenbaum, et al. 2003, Stuurman, et al. 

1998). The nuclear lamina is composed of Lamins and Lamin associated proteins 

(Aebi, et al. 1986). There are two types of Lamins, A-type Lamins (LMNA gene) and 

B-type Lamins (LMNB1 AND LMNB2 gene) (Gerace, et al. 1984, Gerace, et al. 

1978). The LMNA gene encodes Lamin A, AΔ10, C and C2 proteins. The LMNB1 

gene encodes Lamin B1 protein and LMNB2 gene encodes Lamin B2 and B3 

proteins. Lamin AΔ10, C2 and B3 are isoforms of Lamins (Machiels, et al. 1996, 

Furukawa, et al. 1994, Furukawa & Hotta. 1993). B-type lamins are ubiquitously 

expressed in all embryonic and adult cells whereas A-type lamins are present only in 

differentiated cells and absent in embryonic cells (Harborth, et al. 2001, Broers, et al. 

1997). The Lamins contains a N-terminal head domain, central α helical rod domain 

and C-terminal tail Ig domain (Dechat, et al. 2008). Lamins dimerize using their 

central α helical rod domain and the C-terminal tail contains a nuclear localization 

signal for nuclear import (Glass, et al. 1993). The Lamins interact with the INM 

proteins, Samp1b (Borrego-Pinto, et al. 2012), Emerin (Holaska, et al. 2003), Sun1 

and Sun2 (Crisp, et al. 2006) and the lamin associated proteins, Lamin B receptor, 

LAP1, LAP2, MAN1 (Dechat, et al. 2000, Mehus, et al. 2016, Roux, et al. 2012, 

Georgatos, et al. 1994, Foisner & Gerace. 1993, Worman, et al. 1988). Lamins also 

interact with chromatin proteins, histone H2A and BAF (Berk, et al. 2013b, Zastrow, 

et al. 2004, Gruenbaum, et al. 2003) thus providing anchorage sites for the chromatin. 

The nuclear lamina is essential for various nuclear functions including DNA 

repair/transcription and cell proliferation/differentiation (Dechat, et al. 2010).      
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1.3�Envelopathies 

 

Mutations in the genes encoding for NE proteins, give rise to a wide range of 

diseases called envelopathies or laminopathies. More than 450 disease causing 

mutations in the NE have been identified so far (see UMD database-www.umd.be). 

EDMD is a rare skeletal muscle and cardiac condition characterized by joint 

deformities called contractures, which resist the movement of certain joints such as 

elbows, ankle and neck. Mutation in the EMD or the LMNA gene causes EDMD. 

EDMD is inherited in three forms, the X-linked, the Autosomal dominant and the 

Autosomal recessive EDMD (Boriani, et al. 2003, Bonne, et al. 2002, Brown, et al. 

2001). Patient cells carrying mutations in the EMD or LMNA gene displayed an 

interesting phenotype, an increase in distance between the centrosome and the NE 

(Salpingidou, et al. 2007, Hale, et al. 2008). Zhang and colleagues showed that the 

mutations in genes encoding the LINC complex protein (Nesprin 1/2) also gave rise to 

EDMD phenotype (Zhang, et al. 2009). Post-transcriptional silencing of Samp1 gene 

also displayed similar phenotype of increase in distance between the ONM and the 

centrosomes (Buch, et al. 2009). Mutation in the LINC complex protein SUN1 also 

displayed similar phenotype (Li, et al. 2014). Taken together, all these studies suggest 

that there may be more players, which may be involved in the disease mechanism of 

EDMD. Mutations in the NE proteins also lead to neurological disorders, Autosomal 

dominant leukodystrophy (ADLD) is caused by Lamin B1 duplication (Padiath, et al. 

2006) and Amyotrophic lateral sclerosis (ALS) was reported to be associated with 

defective NE and clogging of nuclear pore (Zhang, et al. 2015).      
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Hutchinson-Gilford progeria syndrome is a rare inherited premature aging 

disorder caused by accumulation of progerin, a mutated form of pre-lamin A 

(Eriksson, et al. 2003). Patients suffering from this disease show loss of bone density 

and muscle function (Merideth, et al. 2008). Some other diseases caused due to 

mutations in LMNA gene are Dilated cardiomyopathy, Limb-gridle muscular 

dystrophy, Charchot-Marie-Tooth disease, Partial lipodystrophies, Polycystic ovary 

syndrome, Mandibuloacral dysplasia, Atypical werner syndrome (Doh, et al. 2009, 

Broers, et al. 2006, Gruenbaum, et al. 2005, Hughes & McKenna. 2005, Simha, et al. 

2003, Krimm, et al. 2002, Leal, et al. 2001, Becane, et al. 2000, Kass, et al. 1994).   

 

1.4�GTPases 

 

Small monomeric GTPases are single-chain polypeptides of 20-40 kDa. GTPases 

are molecular switches that regulate numerous cellular processes. GTPase activating 

proteins (GAPs) assist the GTPase to perform rapid GTP hydrolysis. The GTPases 

bind to a guanine nucleotide exchange factor (GEF), which regenerate the active GTP 

bound form of the GTPase by facilitating the exchange of GDP for GTP. The 

structure of the G domain responsible for guanine nucleotide binding is highly 

conserved and have five conserved motifs G1, G2, G3, G4 and G5 (Bourne, et al. 

1991). The G1 motif also known as P-loop holds the α- and β-phosphate of GTP. The 

G2 (switch I) and G3 (switch II) are switch regions and have different structures in 

the GTP or GDP conformation, making contact with the γ-phosphate. The switch 

regions are parts of the coordination shell of a Mg2+ ion, an essential cofactor that 

helps to bind GTP and GDP. The switch regions are binding targets for the GAP. 

Switch II is also essential for GTP hydrolysis. The G4 and G5 motifs are responsible 
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for binding to guanine base, ensuring substrate specificity. Ras proteins were the first 

identified members of the entire superfamily, which contains more than 150 GTPases 

in humans and are traditionally classified into five sub-families (Ras, Rho, Rab, Ran 

and Arf) (Goitre, et al. 2014). Ras proteins regulate cell proliferation and 

differentiation (Wennerberg, et al. 2005). Rho is known for its remodeling of actin 

cytoskeleton and gene expression (Aspenstrom, et al. 2004). Ran is involved in 

nucleo-cytoplasmic transport (Forbes, et al. 2015). Arf and Rab regulate vesicle 

transport (Nielsen, et al. 2008).    

    

1.4.1 Ran 

 

Ran is a small (24 kDa) monomeric G-protein, which regulates several biological 

processes inside the nucleus (Clarke & Zhang. 2008, Moore & Blobel. 1993). Ran 

acts as a molecular switch, alternating between RanGTP and RanGDP. RanGDP 

binds to NTF2 in the cytoplasm, and the RanGDP-NTF2 complex binds directly to 

FG containing NUPs and translocates Ran into the nucleus through the NPC (Terry & 

Wente. 2007, Ribbeck, et al. 1998, Clarkson, et al. 1996). The guanine nucleotide 

exchange factor, RCC1 is localized to chromatin leading to high RanGTP 

concentrations in the nucleus (Ohtsubo, et al. 1987). The GTPase activating protein 

(GAP) is localized in the cytoplasm leading to low RanGTP concentrations by GTP 

hydrolysis (Forbes, et al. 2015). Together RCC1 and GAP gives rise to a steep 

RanGTP gradient (Figure. 3) across the NE with high RanGTP levels in the nucleus 

and low RanGTP levels in the cytoplasm (Gorlich & Kutay. 1999). The RanGTPase 

has many regulatory functions and is responsible for bidirectional nucleocytoplasmic 

transport by binding to nuclear transport receptors (NTRs) (Sazer & Dasso. 2000). 
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1.5�Mitosis 

 

Lower eukaryotes (yeast) undergo closed mitosis, where the NE is intact and the 

whole process takes place within the nucleus. Whereas higher eukaryotes (metazoa) 

undergo open mitosis, where the NE is disassembled and broken up in order for 

cytoplasmic centrosome microtubules to reach the chromosomes. After chromosome 

segregation, the NE is reassembled again (Alberts, Bruce, author University of 

California,San Francisco, USA. ).  

 

Mitosis can be divided into five different phases (Prophase, Prometaphase, 

Metaphase, Anaphase and Telophase). In prophase, the replicated chromosomes starts 

to condense and the duplicated centrosomes move apart towards different poles of the 

nucleus. In pro-metaphase, the nuclear envelope breakdown (NEBD) initiates and the 

kinetochore on chromosomes attaches to spindle microtubule. In metaphase, the 

chromosomes are aligned into a metaphase plate. In anaphase, the chromosomes are 

segregated to each spindle pole and the NE starts to reassemble. In telophase, the 

segregated chromosomes form two new daughter nuclei and NE formation is 

complete.  

 
1.5.1 Spindle assembly and γ-tubulin 

 

In mitosis, the centrosomes are involved in assembly of the mitotic spindle. The 

centrosomes migrate to the opposite sides of each other forming a bi-polar spindle, 

with one centrosome in each spindle pole. From the centrosome, microtubule are 

constantly nucleated and depolymerized and rebuilt into microtubule filaments 

forming the mitotic spindle. Microtubules are composed of two proteins, α- and β-
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tubulin, which form tubulin heterodimers. For many years, the identity of microtubule 

organization center (MTOC) that nucleate microtubule assembly were not known. γ-

tubulin was identified by Oakley and colleagues (Oakley & Oakley. 1989) and was 

shown to function as an organization center of microtubule assembly by forming a γ-

tubulin ring complex (γTuRC) (Wiese & Zheng. 2000, Zheng, et al. 1995). γTuRCs 

contains a number of copies of γ-tubulin and associated proteins. γTuRCs nucleate 

microtubules from the centrosome and other MTOCs in both interphase and mitosis 

(Oakley, et al. 2015, Kollman, et al. 2008). In mitosis, γ-tubulin has been shown to 

regulate microtubule plus-end dynamics and has an important role in the spindle 

assembly checkpoint (SAC) and control of mitotic exit (Olmsted, et al. 2014, 

Kollman, et al. 2011, Draber & Draberova. 2003). Recently, it has been found that a 

new mechanism for branching of microtubules occurs on the sides of the existing 

microtubules termed microtubule branching. This requires augmin, γ-tubulin, TPX2 

and RanGTP (Forbes, et al. 2015, Petry, et al. 2013). However, the mechanism is not 

fully understood. 

 

1.5.2 NE proteins in mitosis 

 

In NEBD, the nuclear lamina and NPCs are depolymerized (Hetzer, et al. 

2005) and INM proteins disperse into the ER (Ellenberg, et al. 1997, Yang, et al. 

1997). However, Hallberg and his colleagues showed that a subfraction of the INM 

protein, Samp1 localized in the mitotic spindle (Buch, et al. 2009). Lu and colleagues 

showed that membranes are present in the mitotic spindle after the NEBD (Lu, et al. 

2009). Later two more integral INM proteins, TMEM214 and WFS1 were also been 

reported to localize in the mitotic spindle (Wilkie, et al. 2011). However, their mitotic 
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function is not known.  

 
1.6 Biochemical methods to study protein-protein interactions 
 
 
 The function and activity of a protein is often modulated by other proteins 

with which it interacts. Protein-protein interactions can be direct or not direct, strong 

or weak, stable or transient. A large number of bio-chemical methods have been 

developed to study protein-protein interactions. Some of them are the Yeast two 

hybrid system (Y2H), CoIP, Fluorescence recovery after photobleaching (FRAP), 

Fluorescence resonance energy transfer (FRET), BioID, Surface plasmon resonance 

(SPR), Microscale thermophoresis (MST), in vivo and in vitro pull-down studies. 

Y2H, FRAP, FRET, BioID are some of the methods that can be used to study protein-

protein interactions in live cells. However, each method has advantages and 

drawbacks. Y2H results in high frequency of false positive interacting partners. SPR, 

MST and in vitro pull-down studies are some of the methods used to study direct 

interactions between proteins and cannot be used to detect interaction partners in live 

cells. Furthermore, SPR and MST determine the binding affinity between two 

proteins.      
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2. Methodological considerations 
 
 
 
2.1. MCLIP 
 
  

In Paper I, II and IV, we performed MCLIP to identify Samp1’s interacting 

partners in live cells. Cells expressing Samp1-YFP or YFP-Samp1 were compared 

with untransfected cells used for control. 8M urea was added to the nuclear pellet to 

solubilize the hard-to-extract NE proteins. The nuclear extract was subsequently 

diluted to 0.8M urea, which is tolerated by antibodies for the immuno-precipitation 

step. To avoid non-specific binding to the agarose beads, we pre-incubated the beads 

with BSA. The crosslink was released by DTT in the sample buffer used for SDS-

PAGE and interacting proteins were analyzed by Western blot.  

 

2.2 Pull-down experiments 
 
 

In all studies, we performed in vitro pull-down experiments with 

recombinantly expressed proteins to elucidate if the newly identified interacting 

partners were direct interacting partners or not. To overcome the non-specific binding 

to the agarose or magnetic beads, we pre-incubated beads with buffer containing 5% 

BSA. For His pull-down, we used 60mM imidazole in wash buffer to reduce the non-

specific interactions. 
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2.3 FRAP 

  

FRAP studies were performed using Zeiss LSM 780 confocal microscope 

(Paper III) to determine the mobility of Emerin in live cells. Image data generated 

using LSM systems were processed and image analysis was performed using ImageJ. 

Most of the cells migrated during the FRAP experiments making it difficult to 

determine the fluorescence intensity values from the image. To overcome this 

problem, we used the option StackReg in ImageJ, which minimizes the cell migration 

while analyzing the moving cells.  

 

2.4 MST 

  

In Paper III, we performed MST experiments to measure the binding affinity 

of Samp1 for Emerin or of Samp1 for Ran. To perform this experiment, we used MST 

premium capillaries to avoid non-specific binding to the capillaries.  
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3. Aim 

 

The overall aim is to increase our knowledge about the functional organization of the 

NE. This is achieved by identifying and functionally characterizing the interacting 

partners of the INM protein Samp1.  

 

Specific aims 

 

•� To develop a novel method to identify and study interactions between hard-to-

extract NE proteins. 

 

•� To investigate the interaction between the INM protein Samp1 and the small 

mononomeric nuclear GTPase Ran. 

 

•� To functionally characterize the interaction between the INM proteins, Samp1 

and Emerin. 

 

•� To investigate a possible functional role of Samp1 in mitosis. 
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4. Results and Discussion 

 

To understand the functions of Samp1 and other proteins in the NE, we developed a 

novel method MCLIP, that enables identification of authentic interacting partners of 

NE proteins in live cells (Paper I). Some of the identified interactions of the INM 

protein Samp1 were functionally characterized (Paper II, Paper III & Paper IV). 

 

4.1 MCLIP, a novel method to detect specific protein-protein interactions in the NE. 

 

It has traditionally been very difficult to study protein-protein interactions of 

membrane proteins in the NE because most of the INM proteins are associated with 

nuclear lamins (Dwyer & Blobel. 1976, Aaronson & Blobel. 1975). NE proteins are 

often impossible to solubilize under non-denaturing conditions (Ashery-Padan, et al. 

1997, Radu, et al. 1993, Snow, et al. 1987). To overcome this problem, we developed 

a method called MCLIP to identify and study protein-protein interactions of NE 

proteins in live cells. For this, we took advantage of the cell permeable cross linker 

Dithiobis-succimidyl propionate (DSP) (Figure. 4). DSP forms a covalent amide bond 

between the homobifunctional ester group of the crosslinker and primary amines on 

the interacting proteins. DSP contains a disulphide bond in the middle allowing 

reversal of the crosslink under reducing conditions and subsequent analysis by 

Western blotting (Smith, et al. 2011, Zhang, et al. 2007, Guerrero, et al. 2006, 

Percipalle, et al. 2002, Zhou, et al. 1993). Interacting proteins stay connected by the 

covalent link, which resists the harsh conditions (8M Urea) necessary to solubilize the 

NE proteins. After solubilisation of the proteins, the samples were diluted to 0.8M 

Urea, which is tolerated by antibodies, in order to perform immunoprecipitation.  
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Using MCLIP, we show that the previously reported interaction between 

Samp1 and Emerin (Gudise, et al. 2011) also occurs in live cells. The interaction 

between Samp1 and Emerin is discussed (see section 4.3). Using MCLIP in live cells, 

we identified five new interacting partners of Samp1, the intermediate filament 

protein Lamin B1, the LINC complex protein Sun1, the small monomeric GTPase 

protein, Ran, as well as the microtubule nucleation proteins, Augmin and γ-tubulin 

(Paper I & IV). In U2OS cells, Samp1 did not interact with another LINC complex 

protein Sun 2 or the intermediate filament proteins Lamin A or Lamin C or a selection 

of NPC proteins, showing that MCLIP accurately identifies specific protein-protein 

interactions (Paper I). In NIH3T3 cells, Samp1b another isoform of Samp1 (see 

section 1.2.1), was reported to interact with Sun2, Lamin A and Lamin C in Co-IP 

experiments (Borrego-Pinto, et al. 2012). The interesting interaction between Samp1 

and Ran was followed up in later studies (see section 4.2), but was used here, to test if 

MCLIP is suitable for interactions taking place during short time intervals (Paper I). 

The recently developed Bio-ID method for analysis of protein-protein interactions in 

live cells (Roux, et al. 2012) requires long labeling time intervals making it unsuitable 

for short term processes. The interaction between Samp1 and Ran in pro-metaphase or 

metaphase is a proof of concept, that MCLIP can be used to study interactions that 

take place at short time intervals. In summary, MCLIP is a novel, robust and accurate 

tool to detect specific protein-protein interactions in the NE.   
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Ct.Samp1 N-terminal tail was soluble when expressed in E. coli and thus, used for 

pull-down studies. 

 

Pull-down studies using Ct.Samp1 and Ran showed that the binding is direct. 

The Ran binding domain of Samp1 was located in the second half of the 

nucleoplasmically exposed N-terminal tail of Samp1 (Figure. 5). However, zinc finger 

formation was not necessary for this interaction (Paper II). Interestingly, the Ran 

binding domain of Samp1 did not share sequence homology with other previously 

characterized Ran binding proteins including NUP153, Importin β, NTF2, and other 

Ran binding proteins (Lindsay, et al. 2001, Nakielny, et al. 1999, Yaseen & Blobel. 

1999, Nakamura, et al. 1998, Smith, et al. 1998, Percipalle, et al. 1997, Hayashi, et al. 

1995). Thus Samp1 has a unique Ran binding domain. 

   

Ran alternates between two different forms, RanGTP (active) and RanGDP 

(inactive) (Forbes, et al. 2015). In order to investigate whether Samp1 binds to 

RanGTP or RanGDP, or both, we loaded purified Ran with either GTP or GDP in 

vitro as described (Bischoff, et al. 1995). Pull-down experiments showed that the 

binding between Samp1 and RanGTP is significantly stronger than that of RanGDP 

(Paper II). The difference in Samp1 binding to the two forms of Ran may be due to 

the different conformation of RanGTP and RanGDP (Chook & Blobel. 1999). To 

check whether Samp1 had a similar preference for RanGTP in live cells, we 

performed MCLIP in the tsBN2 cell line (Arnaoutov, et al. 2005), which has a 

temperature sensitive RCC1 mutant. RCC1 is a GEF, which at restrictive temperature 

is instantly inactivated leading to rapid depletion of RanGTP and formation of 

RanGDP. Our results showed that the interaction between Samp1 and Ran decreased 
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4.3 The G-protein Ran regulates the interaction between the inner nuclear 

membrane proteins, Samp1 and Emerin. 

 

Emerin is an INM protein that is involved in X-linked Emery-Dreifuss 

muscular Dystrophy (X-EDMD) (see section 1.2.2). siRNA mediated silencing of 

Samp1 caused separation of centrosomes from the NE (Buch, et al. 2009). A similar 

phenotype has previously been observed in X-EDMD patient cells (Salpingidou, et al. 

2007) suggesting that Samp1 may have a role together with Emerin in the disease 

mechanism of EDMD. Samp1 binds directly to Emerin and the binding takes place in 

live cells using MCLIP (Paper I). We performed pull-down experiments using 

recombinant Samp1 and Emerin and identified an Emerin binding domain in the first 

half of the nucleoplasmically exposed N-terminal tail of Samp1 (Figure. 6). Emerin is 

a very dynamic NE protein (Zuleger, et al. 2011, Ostlund, et al. 2006, Shimi, et al. 

2004, Ostlund, et al. 1999). FRAP studies in Samp1 KO cells expressing YFP-Emerin 

displayed a higher mobility of YFP-Emerin in the nuclear membrane compared to 

control cells and in cells overexpressing Samp1, YFP-Emerin displayed lower 

mobility (Paper III). The results indicate that the retention of Emerin in the INM 

depends on its binding partner, Samp1. Emerin does not bind Ran but Samp1 binds 

both Emerin and Ran using different binding domains (see section 4.2). Furthermore, 

Samp1 and Emerin binding (Kd= 90 nM) was stronger than the Samp1 and Ran 

binding (Kd= 300 nM) by MST (Paper III).  

 

The INM proteins are distributed in distinct patterns (Gudise, et al. 2011, Lu, 

et al. 2008, Shimi, et al. 2008) and the NE has different protein composition in 

different tissues (Worman & Schirmer. 2015) and cell types. For example, Samp1 
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Figure 6. Graphical sketch of Emerin binding domain in Ct. Samp1. The Emerin 

binding domain (EBD) marked in magenta is located between aminoacid 1 and 79 in 

the first half of the N-terminal. 

 

4.4 A possible role of Samp1 in the mitotic spindle     

 

An interesting feature of Samp1 is its distribution in membranes along the 

mitotic spindle microtubules (Buch, et al. 2009). Genetic screens suggested that 

Samp1 may play a role in the mitotic machinery (Gunsalus, et al. 2005, Sonnichsen, et 

al. 2005). We analyzed possible interacting partners of Samp1 using MCLIP in 

mitotic cells. We successfully identified two new interacting partners, Augmin and γ-

tubulin, which are both involved in microtubule nucleation (Petry, et al. 2013, 

Goshima, et al. 2008). Using pull-down experiments on recombinant proteins, we 

showed that Samp1 directly binds to γ-tubulin. Augmin dependent microtubule 

nucleation requires γ-tubulin, RanGTP and TPX2 (Petry, et al. 2013). Ran plays a 

central role in mitotic spindle assembly and stabilization (Forbes, et al. 2015, Dasso. 

2001). However, we were unable to show that the Ran distribution in the mitotic 

spindle was affected by Samp1 depletion (Paper IV), possibly due to excess of Ran. 

Nevertheless, Samp1 silencing led to aneuploid phenotypes, it also prolonged 

metaphase six-fold indicating that Samp1 is involved in spindle stabilization (Paper 

IV). Also in Samp1 depleted cells, the distribution of γ-tubulin and Augmin in the 

mitotic spindle was decreased (Paper IV) suggesting that Samp1 contributes to 

recruitment of γ-tubulin to the mitotic spindle, which promote spindle stability. 
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5. Conclusions 
 
 

�� MCLIP is a novel and powerful tool for identification of specific protein-

protein interactions in live cells (Paper I).  

 

�� Using MCLIP, we have identified three new interacting partners of 

Samp1: the intermediate filament protein Lamin B1, the LINC complex 

protein Sun1 and the small monomeric GTPase Ran (Paper I). 

 

�� Samp1 binds directly to Ran thereby providing a local binding site for Ran 

at the INM (Paper II).  

 

�� Samp1 preferentially binds RanGTP over RanGDP both in vivo and in 

vitro (Paper II).  

 

�� The mobility of Emerin in the NE is dependent on Samp1 (Paper III).  

 

�� Ran regulates the interaction between Samp1 and Emerin (Paper III).  

 

�� Samp1 binds directly to γ-tubulin, which is necessary for microtubule 

nucleation affecting mitotic spindle stability (Paper IV). 

  



�

� ��

6. Future perspectives 
 
 
Here in this thesis, we have found several interesting features of Samp1 both in 

interphase and during mitosis and it would be great to extend these studies in the 

future. A few research ideas are listed below 

 

Determination of the 3D structure of Samp1.  

 

To understand Samp1 functions in detail, a 3D structure of Samp1 would be 

extremely helpful. To determine Samp1 structure, we can take advantage of the 

thermophilic fungus: Chaetomium thermophilum (Ct). Ct proteins have ideal 

properties for structural studies, because they tend to form a stable 3D structure more 

easily (Amlacher, et al. 2011). Recombinant fragments of Ct.Samp1 can be expressed 

in E. coli cells, purified and structure can be determined either by NMR or by X-ray 

diffraction of protein crystals. Co-crystallization studies of Samp1-Emerin or Samp1-

Ran could facilitate structural determination and shed new light on the functions of 

Samp1. The structure of Ran and the LEM domain of Emerin has been previously 

determined (Cai, et al. 2007, Chook & Blobel. 1999). 

 

Possible roles of Samp1 

 

In Paper III, we have studied the interaction between Samp1 and Emerin 

interaction. Mutation of the EMD or LMNA gene causes EDMD (see section 1.3). 

Samp1 is highly expressed in skeletal muscles (Thanisch, et al. 2017, Worman & 

Schirmer. 2015, Figueroa, et al. 2010). Silencing of Samp1 or Emerin expressions 

caused separation of centrosomes from the NE indicating that Samp1 might be 
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involved in the cell function, which is disrupted in EDMD (Buch, et al. 2009, 

Salpingidou, et al. 2007). An interesting study in the future would be to check 

whether the Samp1 gene is also mutated in EDMD patients. This would enlighten the 

possible functions of Samp1 in EDMD.  

 

Samp1 is involved in mitotic spindle assembly and correct chromosome 

segregation (Paper IV). Mitotic defects and chromosome instability is a feature of 

cancer cells (Giam & Rancati. 2015). It would be interesting to search for unidentified 

Samp1 interacting partners in mitosis by MCLIP. This may give new insights in the 

mitotic machinery and the tumor biology.   

  

Samp1 is functionally associated with the LINC complex (Gudise, et al. 2011). 

Using MCLIP, we showed that Samp1 interacts with Sun1 in U2OS cells. The LINC 

complex forms a transcisternal bridge over the INM and the ONM connecting the 

nuclear interior to cytoskeleton (see section 1.2.3). The regulation of LINC complex 

assembly is poorly understood. In Paper III, we showed that Ran regulates the 

interaction between Samp1 and Emerin. An appealing task in the future is to check 

whether Ran could regulate LINC complex assembly or other protein-protein 

interactions in the NE.  

 

Proteome analysis by Mass spectrometry 

 

In Paper I, we have developed MCLIP as a novel method to identify 

interacting partners of NE proteins in live cells. By performing Mass spectrometry 

after MCLIP, we could identify novel unidentified interaction partner of Samp1. The 
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novel interactions can be characterized in order to increase our knowledge of the 

function(s) of Samp1.  

 
7. Popular Summary (Swedish) 
 
 
 

Cellkärnan är omgivet av två koncentriska membraner som skiljer det från övriga 

cellen. Det inre membrane har nyligen visat sig innehålla hundratals unika 

membranproteiner, som uppvisar stora skillnader i olika organ och vävnader. 

Mutationer i dessa proteiner kan ge upphov till sjukdomar. Min avhandleing beskriver 

hur vi utvecklat en ny metod för att kunna upptäcka och srtudera bindingar mellan 

proteinerna i cellkärnans innermembran och hur vi identifierat nya bindningar till ett 

av innermembranproteinerna som kallas för Samp1. Vi visar bl.a. att Samp1 binder 

till ett s.k. G-protein som kallas Ran och har många viktiga reglerande funktioner i 

cellkärnan. Samp1 binder också binder till ett annat innermembranprotein, som kallas 

emerin och är inblandat i en muskelsjukdom hos människa och vi visar i avhandlingen 

att Ran kan reglera denna bindning, vilket kan bidra till förståelsen av 

sjukdomsmekaninsmen. I en annah studie visar vi att Samp1 även har en viktig roll i 

celldelningen. Vi visar att Samp1 binder till ett protein som kallas gamma-tubulin 

som är nödvändig för att bilda den s.k., mitotiska spolen som fördelar kromosomerna 

lika mellan dottercellerna vid celldelningen. Våra resultat antyder att Samp1 spelar en 

viktig roll för att rekrytera gamma-tubuling till mitotiska spolen och därmed bidrar till 

att kromosomdelningen sker på ett korrekt sätt, vilket annars kan orsaka s.k. 

kromosomal instabilitet och cancer. 
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