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1. INTRODUCTION 

 

1.1. Nuclear receptors 

Small lipophilic molecules such as steroid and thyroid hormones or the active forms 

of vitamin A (retinoids) and vitamin D play an important role in growth, differentiation, 

metabolism, reproduction and morphogenesis of higher organisms and humans. 

Most cellular actions of these molecules are mediated through binding to nuclear 

receptors, which act as ligand-inducible transcription factors, and are thought to be 

derived from a common ancestor (Aranda and Pascual, 2001). Evolutionary analysis 

of the receptors has led to a subdivision in six different subfamilies. One big family 

encloses: thyroid hormone receptors (TRs), retinoic acid receptors (RARs), vitamin D 

receptors (VDRs), peroxisome proliferator-activated receptors (PPARs), ecdysteroid 

receptors (EcRs) and ‘orphan receptors’, for which regulatory ligands are not known. 

Some of them act in a constitutive manner others can be activated by 

phosphorylation. The second subfamily is formed by: retinoid X receptors (RXRs), 

chicken ovalbumin upstream stimulators (COUPs), hepatocyte nuclear factor 4 

(HNF4), testis receptors (TR2) and receptors involved in eye development (TLX and 

PNR). The third family consists of: steroid receptors and the estrogen-related 

receptors. To the fourth, fifth, and sixth subfamilies belong orphan receptors NGFI-B, 

FTZ-1/SF-1, and GCNF.  

Independent of the division to the different subfamilies, nuclear receptors share a 

common modular structure with different regions corresponding to at least partially 

autonomous functional domains that can be interchanged between related receptors 

without loss of function. The typical nuclear receptor consists of: a N-terminal (A/B) 

region, a conserved DNA binding domain (DBD), a hinge region D and a conserved 

ligand binding domain (LBD). Some nuclear receptors contain also a COOH-terminal 

region F. Characteristic functions of individual regions have been shown in the figure 

1. 

 

 



INTRODUCTION 

12 

 
Fig. 1. Schematic representation of a nuclear receptor and its functional domains. A typical 
nuclear receptor is composed of several functional regions: a trans-activation region A/B, a 
conserved DNA binding domain (C), a variable linker region D which connects the DBD to the 
conserved ligand binding domain (E). Some nuclear receptors contain also a COOH-terminal 
region F. 

 

1.1.1. The ecdysteroid receptor 

The morphogenetic events associated with insect development are largely triggered 

by the action of a single class of steroid hormones, the ecdysteroids. The titer and 

the spectrum of ecdysteroids change during development which may indicate that 

various ecdysteroids have different functions (Spindler-Barth and Spindler, 2000). 

The common view is that moulting and metamorphosis is mediated by a heterodimer 

comprised of the ecdysteroid receptor (EcR) and ultraspiracle (Usp) which 

recognises specific promoters in the insect genome to regulate transcription. Thus 

EcR / Usp heterodimer co-ordinates and modifies the expression of a multitude of 

different genes in a tissue- and time-specific manner. Most studies on EcR and Usp 

have focussed on EcR as a ligand binding receptor while Usp was considered as a 

ligandless dimer partner. Meanwhile considerable data have been accumulated, 

which proved that Usp alone can bind ligand and exert its functions independently of 

the heterodimerization partner. Xu et al. (2002) have shown that juvenile hormone III 

and closely related structures can bind to the ligand binding pocket of Usp and 

activate transcription. This binding induces conformational changes in Usp and 

stabilizes Usp homodimerization (Jones et al., 2001). Interestingly, the transcriptional 

activation by Usp in response to juvenile hormone III requires the presence of wild-
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type amino acid sequence at the receptor surface corresponding to the coactivator 

binding site in its ortholog RXR (Fang et al., 2005). EcR alone may also regulate 

some hormonal processes since the receptor is able to bind ligand in the absence of 

Usp (Spindler-Barth and Spindler, 2003). Furthermore, DNA binding domains of both 

receptors react with DNA when the heterodimerization partner is absent, EcRDBD as 

homodimer, whereas UspDBD as monomer (Niedziela-Majka et al., 2000; Grad et 

al., 2001). 

In Drosophila melanogaster three EcR isoforms (EcR-A, EcR-B1 and EcR-B2), 

produced from EcR gene by the use of two promoters and alternative splicing, are 

expressed (Talbot et al., 1993). They differ only in the A/B region. The existence of 

distinct isoforms of the same receptor can be explained due to hormone function. For 

example 20-hydroxyecdysone triggers different actions dependent on the tissue and 

developmental stage. Consequently, EcR isoforms reveal individual spatial and 

temporal pattern (Talbot et al., 1993; Truman et al., 1994). Phenotypic analysis of 

EcR isoforms null mutants showed that distinct lethal phases and morphologies are 

associated with each type of mutant (Bender et al., 1997; Schubiger et al., 1998; 

Davis et al., 2005). 

 

1.2. Nuclear protein transport 

Small molecules (≤ 40 – 60 kDa or 25 nm in diameter) diffuse freely through the 

nuclear pore complex (NPC). Bigger molecules can shuttle between nucleus and 

cytoplasm only by active transport, which is energy-dependent and mediated by 

soluble transport receptors (Fig. 2). Interestingly, both import and export are 

mediated by a related family of transport factors, called karyopherins. The family 

includes now 14 described members in yeast and more than 20 in humans (Fried 

and Kutay, 2003). Karyopherins recognise distinct cargo proteins which contain 

specific import or export signals. The molecular interactions of transport proteins with 

their cargos are regulated by the small GTPase Ran / TC4. Modifications of this basic 

plan introduce evolutionary diversity, but the majority of transport follows these 

simple rules (Fried and Kutay, 2003). 
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Fig. 2. Intracellular protein transport. Molecular biology of the cell, 4th edition. 

 

1.2.1. Nuclear import  

The first characterized signal shown to be necessary and sufficient to promote 

nuclear import was the “classical” nuclear localization signal (NLS), present in the 

SV40 large T-antigen (Weis, 1998). Point mutation in the sequence of the large-T 

antigen produced a virus that was detected in the cytoplasm, but not in the nucleus 

as observed for the wild type (Kalderon et al., 1984a, b). Additional deletion 

experiments led to the identification of a key amino acids sequence which was 

responsible for nuclear localization (Pro-Lys-Lys-Lys-Arg-Lys-Val). Three essential 

proteins to mediate nuclear import of NLS-cargos were later purified and described: 

importin α (Görlich et al., 1994), importin β (Chi et al., 1995) and Ran (Melchior et al., 

1993). Importin α recognises and binds cargo proteins with a nuclear localization 

signal. It has two functional domains, an importin-β-binding domain (IBB domain) at 

the amino terminus and an NLS-binding site located between the first and the fourth, 

and between the seven and the ninth arm repeats. Importin β is responsible for the 

interaction with nucleoporins, containing phenylalanine – glycine repeats, and the 

subsequent translocation through the NPC (Görlich et al., 1996). It binds also Ran 

protein through the amino acids at the amino terminus (Rexach and Blobel, 1995). 

Four stages of nuclear protein import can be distinguished: (I) the NLS protein binds 

in the cytoplasm to the importin α/β heterodimer. (II) The import complex docks to the 

cytoplasmic periphery of the nuclear pores via importin β and (III) is subsequently 

transported through the NPC. (IV) Translocation is terminated at the nuclear side of 
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the pore by the disassembly of the NLS-importin α/β complex and the release of the 

NLS protein into the nucleoplasm. Importins α and β are re-exported to the cytoplasm 

(Görlich et al., 1995). 

A bipartite NLS has been found in the nucleoplasmin, a nuclear, acidic protein which 

is able to assemble nucleosomes by binding histones and transferring them to DNA 

(Laskey at al., 1978). A short C-terminal domain, which specifies nuclear entry, 

contains two regions which show a strong homology to the nuclear localization signal 

of SV40 large-T antigen, although they are not identical (Dingwall et al., 1987). The 

homology is even stronger when neutral mutation (which do not affect transport into 

the nucleus) of SV40 large-T antigen are taken into account (Fig. 3). Importin α/β 

complexes act as transport receptors for bipartite NLS. 

 

SV40 large-T antigen 126 – 132  Pro Lys Lys Lys Arg  Lys Val

Substitutions do not Ser  Thr Thr   Thr  Thr   Ile

affecting transport Leu  Ile           Arg   Ile    Met

(Smith et al., 1985) Ala Met   Lys Arg

166 – 172  Ala Lys Lys Lys Lys Leu  Asp

Nucleoplasmin

183 – 189  Pro Thr Lys Lys Gly  Lys Gly  
 

Fig. 3. Comparison of nuclear localization signal from SV40 virus (also with mutations which 
do not abolish nuclear import) and bipartite NLS of nucleoplasmin. Green font indicates 
identity. After Dingwall et al. (1987). 

 

Interestingly, there is also an importin β- and Ran-mediated nuclear pathway, which 

is importin α-independent. A number of proteins can react directly with importin β 

without the mediation of importin α. To them belong: the Rex protein of human T-cell 

leukaemia virus type 1 (Palmeri and Malim, 1999), the human immunodeficiency 

virus (HIV) Rev protein (Henderson and Percipalle, 1997; Truant and Cullen, 1999), 

the ribosomal proteins L23a, S7 and L5 (Jäkel and Görlich, 1998), and the 

parathyroid hormone-related protein (Lam et al., 1999). Forwood et al. (2001) 

postulated that the mechanism may be common for constitutively nuclear DNA-

binding proteins since the cAMP-response element binding protein (CREB) and 

related AP-1 are also transported via this pathway.  
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M9-mediated nuclear transport is completely independent of the well-characterised, 

importin-mediated classical NLS import. In the heterogeneous nuclear RNP (hnRNP) 

A1 protein, which is one of the pre-mRNA / mRNA binding proteins in eukaryotic 

cells, an about 40-amino acids long M9 domain has been identified which is 

necessary and sufficient for nuclear localization (Siomi and Dreyfuss, 1995). The 

sequence does not contain any stretches of basic residues that typify the classical 

NLS, and is highly conserved between different classes of hnRNP. Import of the 

small M9-bearing cargo did not require Ran or GTP (Englmeier et al., 1999; Ribbeck 

et al., 1999). Using a yeast two hybrid system (Clontech Laboratories, Inc.; Fields 

and Song, 1989) and in vitro import assay, a 90 kDa, specific M9-interacting protein 

has been identified, termed transportin (karyopherin β2). Transportin is distantly 

related to importin β1 (24% identity and 48% similarity) and has been shown to be a 

nuclear import factor for M9-bearing proteins. An interesting characteristic that 

distinguishes M9-mediated import from nuclear import mediated by classical NLS is 

that the M9 domain functions as an active nuclear export signal (NES) which 

mediates protein export in a temperature-dependent manner (Michael et al., 1995).  

 

1.2.2. Nuclear export 

Different carriers responsible for nuclear export were described: the best investigated 

one is exportin-1 (CRM1, Fukuda et al., 1997), then followed by Msn5 (Kaffman et 

al., 1998), calreticulin (Holaska et al., 2001) and CAS (Kutay et al., 1997). 

CRM1 (chromosome region maintenance) or exportin-1 has been identified in yeast 

and higher eukaryotes as a member of the karyopherin β family. It binds cargos 

which posses leucine-rich NES in a RanGTP-dependent manner (Fornerod et al., 

1997, Kudo et al, 1997). The recognized signal conforms to the consensus Ψ-X2-3-Ψ-

X2-3-Ψ-X-Ψ (Ψ = L, I, V, F, M; X is any amino acids; Fornerod and Ohno, 2002). Since 

all leucine-rich sequences are not identical but vary to a certain extent, they react 

with exportin-1 with different affinities, and are therefore, exported with distinct 

efficiencies (Henderson and Eleftheriou, 2000). Generally, most NESs bind to CRM1 

with relatively low affinity (Kutay and Güttinger, 2005). The reason for that is the 

reaction with NPC. Engelsma et al. (2004) have shown that artificial NES sequences, 

with high affinity to CRM1, are trapped in a complex with CRM1 at NPC when 

overexpressed in living cells. A low affinity for CRM1 enables efficient removal of 

cargo protein and export receptor from the NPC. An inhibitor of NES-mediated 
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nuclear export, leptomycin B (LMB) represses the interaction of CRM1 with nuclear 

export signal (Fukuda et al., 1997, Kudo et al., 1998). 

A very interesting mechanism, which explains how phosphorylated proteins are 

exported from the nucleus was found in yeast cells. Kaffman et al. (1998) identified 

an export receptor for yeast transcription factor Pho4, a member of a karyopherin β 

family, Msn5. This receptor reacts only with phosphorylated Pho4 in the presence of 

RanGTP and directs its translocation into the cytoplasm. How Msn5 recognises the 

phosphorylated form of Pho4? There are two possible explanations. A conformational 

change, triggered by phosphorylation reveals the Msn5-binding site present on Pho4, 

or Msn5 recognises a phosphopeptide within Pho4. In the second case, Msn5 could 

than function as a general export receptor also for other phosphorylated proteins. 

Calreticulin was first identified as a calcium-binding protein which resides 

predominantly within endoplasmic reticulum (Ostwald and MacLennan, 1974). 

Twenty years later a surprising finding was reported: transactivation inhibition of 

androgen receptor (AR), RAR, VDR (Dedhar et al., 1994) and glucocorticoid receptor 

(GR; Burns et al., 1994) by calreticulin. Furthermore, the calreticulin-binding region 

was identified in the DBD of nuclear receptors. Calreticulin, whose sequence is 

unrelated to any known transport receptor, was first described as a new export 

receptor by Holaska et al. (2001). It has been found that cytosol depleted of CRM1 

can still support nuclear transport of protein kinase inhibitor (PKI), and that 

calreticulin is able to substitute for CRM1. Consistent with the results which 

described the calreticulin binding site in DBD, Black et al. (2001) identified residues 

within the DNA binding domain, between the two zinc fingers, that are critical for 

nuclear export. They proposed that DBDs of nuclear receptors, which do not contain 

a leucine-rich NES, can function as an export signal, recognized by calreticulin. Thus 

the protein could act as export receptor for a leucine-rich NES substrate as well as 

DBD containing cargos, and the nuclear export reactivity of calreticulin would be 

regulated by RanGTP and Ca2+ (Holaska et al., 2002). Walther et al. (2003) have 

shown that the mechanism of transport is more complicated, and that GR does not 

react directly with the calreticulin. They suggested that calreticulin-mediated rapid 

export of nuclear receptors may be an inducible response to some acute forms of 

cellular stress. 

CAS (Cellular Apoptosis Susceptibility gene; Brinkmann et al., 1995) is an export 

receptor for importin α which associates at high affinity with importin α in the 
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presence of RanGTP forming an importin α / CAS / RanGTP complex which is 

exported into the cytoplasm (Kutay et al., 1997). CAS can enter the nucleus 

independently, and any other factors are necessary for its translocation which 

indicates that the protein reacts directly with nucleoporins. 

 

1.2.3. Nucleotides exchange on Ran controls intracellular protein transport 

Ran, the Ras-related nuclear protein plays a direct role in nuclear transport by 

controlling the assembly state of transport complexes (Pemberton and Paschal, 

2005). Ran is a predominantly nuclear protein, which is constantly exported, in its 

phosphorylated form (RanGTP) from the nucleus by karyopherins. Ran import into 

the nucleus is mediated by nuclear transport factor 2 (NTF2), a homodimeric protein 

originally purified as a factor that stimulates NLS-dependent import in permeabilized 

cell assays (Paschal and Gerace, 1995). The translocation of RanGDP into the 

nucleus through the nuclear pores is a rapid process since NTF2 reacts directly with 

nucleoporins (Bayliss et al., 2002).  

Ran belongs to the GTPase family which switches between GTP- and GDP-bound 

states (Fig. 4). The nucleotide exchange is due to a nuclear, chromatin-bound protein 

RCC1 that is the principal mammalian guanine nucleotide exchange factor (RanGEF) 

for Ran and generates RanGTP inside the nucleus. RanGEF stimulates nucleotide 

exchange of Ran by up to five orders of magnitude (Bischoff and Ponstingl, 1991). 

The main antagonist for RCC1, the cytoplasmic GTPase-activating protein RanGAP 

(Rna1p in yeast) is present the in the cytoplasm. It stimulates the otherwise weak 

GTPase activity of Ran by a factor of 105 in vitro so that RanGTP can be converted 

into RanGDP (Bischoff et al., 1994). By this way, cytoplasmic Ran is predominantly in 

the GDP-bound form and nuclear Ran mainly in GTP-bound form. Importantly, 

RanGAP does not have full access to RanGTP when it is in complex with 

karyopherin. There plays his role a RanGTP-binding protein (RanBP1) which 

promotes RanGTP release from karyopherin (Görlich and Kutay, 1999), or creates 

easy to disassemble complexes with karyopherin and RanGTP (Bischoff et al., 

1995). The RanGTP gradient across the NPC determines the vectorial nature of 

transport since the high nuclear RanGTP concentration ensures rapid cargo 

dissociation from importin in the nucleus while RanGAP, in conjunction with RanBP1 

supports dissociation of export complexes in the cytoplasm (Fried and Kutay, 2003). 
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Fig. 4. RanGTP / RanGDP cycle. 

 

The requirement of RanGTP hydrolysis for nuclear import and export is controversial. 

GTP hydrolysis is essential at least for the import of large substrates. Small cargo 

can be imported into the nucleus also in the presence of non-hydrolysable GTP 

analogues but its transport needs a ten fold higher concentration of importin β 

(Lyman et al., 2002). For NES-mediated protein export contradictory results have 

been obtained. Richards et al. (1997) have shown that export requires a RanGTP 

complex but no Ran-dependent GTP hydrolysis. Moroianu et al. (1995a, b) proved 

the necessity of GTP but not ATP hydrolysis. 

 

1.2.4. Nuclear pore complex structure and function 

Intracellular transport between nucleus and cytoplasm is mediated by the nuclear 

pore complex that spans the double membrane of the nuclear envelope (Lyman and 

Gerace, 2001) and binds transiently karyopherins (Suntharalingam and Wente, 

2003). Since protein intracellular distribution has an influence to many aspects of 

cellular physiology, NPC is indirect engaged in different cellular processes, like: gene 

expression, growth and proliferation, signalling, cell cycle control and death. Recent 

studies revealed as well a potential role of NPC in spindle and kinetochore assembly, 

chromatic organisation and transcriptional silencing (Suntharalingam and Wente, 

2003). 

The nuclear pore is a great structure. Its molecular mass, according to high-

resolution electron microscopy was estimated to be 60 million Daltons in yeast and 
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120 million Daltons in vertebrates (Vasu and Forbes, 2001). The NPC consists of 

three substructures: the cytoplasmic fibrils, a central core, and the nuclear basket 

(Fig. 5). The central core in the vertebrate NPC is composed of eight central spokes 

between the cytoplasmic and nuclear rings, forming a ring-spoke assembly that 

surrounds a central region through which all active transport occurs (Feldherr and 

Akin, 1997; Lyman and Gerace, 2001). In spite of its big size, in yeast and vertebrate 

NPCs are composed of only ~30 distinct polypeptides called nucleoporins (Nups; 

Rout et al., 2000; Cronshaw et al., 2002). The low number of Nups is accounted for 

the high molecular mass of many of them (~100 kDa; Rout et al., 2000; Cronshaw et 

al., 2002) and a high-copy number of each protein in a NPC. About half of NPC mass 

are nucleoporins that contain at least one domain with characteristic phenylalanine-

glycine-leucine repeats, either as FG, FXFG or GLFG, separated by polar sequence 

of variable length (Rout and Wente, 1994).  

The exact mechanism of NPC translocation is still matter of investigation, although 

some important observations were already made: The same NPC can mediate 

import and export (Feldherr et al., 1984), in vitro transport is reversible (Nachury and 

Weis, 1999), nuclear entry occurs very rapidly (520 – 1000 macromolecules per pore 

per second; Ribbeck and Görlich, 2001; Smith et al., 2002).  

 

             
 
Fig. 5. Nuclear pore complexes.  Molecular biology of the cell, 4th edition. 

 

1.2.5. Functions of karyopherins beyond nuclear transport 

Beyond intracellular transport, karyopherins perform a great role in multiple arenas 

within the eukaryotic cell. Especially importin β has been found to be very versatile in 

regulating many processes related to the cell cycle, with RanGTP playing as its 

counteracting regulator, such as mitotic spindle assembly, or nuclear envelope and 

NPC formation (Harel and Forbes, 2004). Importin β family members act also as 
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cytoplasmic chaperones for ribosomal proteins, histones and other high basic 

proteins (Jäkel et al., 2002).  

 

1.3. Cell cycle 

Cell cycle is a specific sequence of events between a formation of the cell and its 

division (Fig. 6) involved in development of organism, the growth and proliferation of 

cells, regulation of DNA damage repair (Schafer, 1998). Disorders within the cell 

cycle may result in different diseases, for example cancer.  

The processes of cell division, denoted as M phase, are visible in the microscope 

and can be separated into nuclear division (mitosis) followed by cytoplasmic division 

(cytokinesis). The mitosis can be divided into four stages: prophase, metaphase, 

anaphase and telophase. Each stage can be described by specific events that lead 

to the chromosomes separation for two daughter cells. During cytokinesis, the 

cytoplasm must cleave in such way as to ensure that each daughter cell receives the 

complete set of chromosomes and necessary cytoplasmic constituents, and 

organelles.  

After M phase, the daughter cells begin interphase of a new cycle. During this period 

occurs growth and duplication of cellular mass and components. Most components 

are made continuously through the whole interphase. The only exception constitutes 

to DNA which is replicated in the nucleus only during a limited period of time, called S 

phase. The sole proteins which are efficiently produced during this stage are 

histones, necessary for chromatin assembly (Wu and Bonner, 1981). Duration of S 

phase is relatively constant among cells of the same species. The period between 

cell division and beginning of DNA synthesis refers to G1 phase. G1 can be 

characterized by high biosynthetic activity. In this stage all enzymes essential for 

DNA replication are synthesized. Duration of G1 is highly variable, even among 

different cells of the same species. The period between the completion of DNA 

synthesis and the next M phase is called G2. Again, significant protein synthesis 

occurs during this phase, mainly involving the production of microtubules which are 

required during the process of mitosis. Some researchers differentiate as well G0 

stage which indicates cells not in the cell cycle but with potential for division, such as 

hepatocytes or neurons (Schafer, 1998). For example, fully differentiated cells may 

remain quiescent for long periods of time. The entry in G0 may be also a result of 

DNA damage or degradation that would make a cell’s progeny nonviable. 
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     Fig. 6. The phases of the cell cycle. 
 
 
1.3.1. The restriction point and checkpoints 

Cell division in culture may be slowed or stopped by removing growth factors which 

act primarily on cells in G1 phase. The point in late G1 after which cells no longer 

respond to withdrawal of growth factors has been termed the restriction point 

(Pardee, 1974). If growth factors are removed in early G1, then the cell cycle 

progression is stopped. Once, the cell has passed the restriction point, despite the 

removal of growth factors, it is committed to completing the S, G2 and M phases.  

Cell cycle checkpoints are used by the cell to monitor and regulate the progress of 

the cell cycle, and are defined as biochemical pathways that ensure dependence of 

one process upon another, unrelated process (Elledge, 1996). The discrete steps 

executed during the cell cycle are programmed and proceed on a pre-arranged 

timetable unless a metabolic disruption, DNA damage, or disrupted spindles 

intervenes occur. For example, one checkpoint is defined at the S / G2 change. It 

assures that before the cell starts to divide the completion of DNA replication that 

took place in S phase is checked. Thus damage or incomplete DNA cannot be 

passed to the daughter cells.  

An important role in triggering the control mechanisms of restriction and checkpoints 

plays a transcription factor p53 (Reich and Levine, 1984), so called “Guardian of the 

genome”. The name refers to its role in conserving stability by preventing genome 

mutations. In normal cells, the p53 level is very low. Stress signals and DNA damage 
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may induce the post-translational stabilization of a normally labile p53 protein 

(Giaccia and Kastan, 1998), which has three major functions: growth arrest, DNA 

repair and apoptosis. p53 stimulates the transcription of p21 which inactivates cyclin-

dependent kinases (cdks), responsible for cell cycle progression (Waldman et al., 

1995). p53-initiated block can occur in both G1 and G2/M phases (Agarwal et al., 

1995). In the next step, p53 may activate the transcription of proteins involved in 

DNA repair. One of its transcriptional target genes, p53R2, encodes ribonucleotide 

reductase, which is important for both DNA replication and repair. p53 also interacts 

directly with AP endonuclease and DNA polymerase which are involved in base 

excision repair. Apoptosis is the "last resort" to avoid proliferation of cells containing 

abnormal DNA.  

 

1.3.2. Cell cycle regulation 

Progression through the G1, S and G2/M phases is directly controlled by complexes 

containing cyclin-dependent kinases and cyclins. Cdks are serine / threonine protein 

kinases each consisting of a catalytic cdk subunit and an activating cyclin subunit 

(Pavletich, 1999). In most eukaryotes, there are different cdks controlling different 

stages of cell cycle (Pines, 1995). Much of the regulation is determined by 

phosphorylation. 

First synthesized, isolated cdks have no detectable activity. Their activation occurs in 

two step process, through binding of the cyclins to cdks subunit and following 

phosphorylation on threonine and tyrosine residues. The first step is crucial since 

individual cyclins are expressed and degraded in a temporal manner during the cell 

cycle (Morgan, 1995). Cyclin binding activates the cdks by causing conformational 

change which results in exposition of phosphorylation sites on threonine and tyrosine 

residues. The phosphorylation of these sites completes the activation of cdks 

(Pavletich, 1999). 

Cdks catalyze the process of cell cycle progression via phosphorylation of specific 

substrate. For example, an important target of the cdks is the retinoblastoma protein 

(pRb) that serves as the restriction point switch in G1 phase. When unphosphorylated 

or hypophosphorylated, pRb suppresses the cell cycle progression by down-

regulating the activities of transcription factors of the E2F family, such as E2F1, E2F2 

and E2F3 (Nevins, 1998). pRb physically associates with these factors and blocks 

their ability to activate expression of the genes that encode proteins necessary for S 
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phase entry. D-type actins (D1, D2 or D2) in cooperation with cdks (cdk4 or cdk6) 

initiate pRb phosphorylation. Phosphorylated pRb releases E2F which activates 

genes, among which is the gene coding for the cyclin E, required for cell cycle 

progression. Cyclin A- and cyclin B-dependent kinases maintain pRb in its 

phosphorylated form until the end of mitosis (Weinberg, 1995). In G2/M phases, cdk 

substrates include nuclear lamins and microtubules that form the nuclear 

cytoskeleton (Kill and Hutchison, 1995; Schafer, 1998). 

Main inhibitors of the cell cycle act in G1 phase and belong to INK4 and Cip/Kip 

families (Sherr and Roberts, 1999). The first class includes INK4 proteins: p16INK4a, 

p15INK4b, p18INK4c, p19INK4d, which bind only to cdk4 and cdk6 hindering their function 

(Serrano et al., 1993; Guan et al., 1994; Hannon and Beach, 1994; Chan et al., 

1995). Cip/Kip proteins reveal a broader spectrum of action. They affect the activities 

of cyclin D-, E-, and A-dependent kinases (Sherr and Roberts, 1999). 

There are several types of cyclins (A, B, D, E) which are present in different phases 

of the cell cycle. Furthermore, to the family belongs an orphan cyclin F for which no 

cdk partner has been identified, and that is essential for M/G2 transition (Fung and 

Poon, 2005). The family name comes from the fluctuating character of the proteins. 

Generally, for every stage there is a special cyclin, which must be degraded before a 

cell can enter the next cell cycle phase. Cyclins perform multiple regulatory functions. 

Apart from cdks activation, cyclins target cdks to the nucleus since they contain 

nuclear localization signals (David-Pfeuty and Nouvian-Dooghe, 1996). 
 

1.3.3. Cyclin D and transcriptional control 

Cyclin D1 plays a central role in the regulation of proliferation. The expression level 

of cyclin D1 is regulated by different mechanisms, such as mRNA production and 

utilization as well as protein stability, localization (cyclin D has been found to shuttle 

between nucleus and cytoplasm according to cell cycle phases; Aktas et al., 1997), 

and association (Yang et al., 2006).  

The level of cyclin D1 in proliferating cells increases in G2 phase, and is maintained 

during mitosis and G1 phase to decrease just before S phase when DNA synthesis 

occurs. This increase is under control of proliferative signalling as well as cellular Ras 

activity, and is necessary for maintaining cell cycle progression. The drop of cyclin 

D1 level in S phase is comprehensible since the protein has the ability for inhibiting 

DNA synthesis as a result of binding to a regulator of DNA synthesis, PCNA (Yang et 
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al., 2006). Once the expression level of cyclin D1 it determined, it binds cdk4 and 

cdk6.  

Interestingly, cyclin D1 has been found to have an additional activity as 

transcriptional regulator. Modulation of transcriptional activity by cyclin D1 is 

independent of its reaction with cdk proteins, and its influence on the cell cycle. 

Cyclin D1 can mediate activation as well as repression of transcriptional activity of 

hormone nuclear receptors. Cyclin D1 activates estrogen receptor (ER)-mediated 

transcription. It interacts in a hormone-independent fashion with steroid receptor 

coativators (SRCs), and recruits them to the receptor. For direct interaction with 

SRCs, cyclin D1 uses a C-terminal leucine-rich LLXXXL motif which is very similar to 

the receptor AF-2 motif that is necessary for coactivator binding. The activation 

cannot be inhibited by anti-estrogens (Zwijsen et al., 1998). Since cyclin D1 may 

replace to some extent estrogen, it contributes to a potentiation of estrogen-mediated 

cell proliferation in hormone-responsive tissues, such as breast epithelium. The 

inhibitory function of cyclin D1 for transcription activity has been shown in the case of 

TRβ1 (Lin et al., 2002), PPARγ (Wang et al., 2003) and AR (Petre-Draviam et al., 

2005). The mechanism of the transcriptional activity suppression is probably 

conserved for the nuclear receptors, and acts through a central domain of cyclin D1, 

that directly interacts with histone deacetylase 3 (HDAC3).  The repressor domain 

that is critical for nuclear receptor binding includes amino acids 142 – 253 for AR and 

143 – 179 for PPARγ. A deletion of this sequence resulted in a loss of corepressor 

activity. HDAC3 function appears to be also a necessary component for the 

regulation of nuclear receptors activity. Importantly, ER coactivation occurs also in 

the absence of repressor domain which proves that corepressor and coactivator 

activities of cyclin D1 act independently of each other (Petre-Draviam et al., 2005). 
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1.4. Aims of the project 

The ability to localize and transport protein to specific compartments is fundamental 

for organization and functioning of all living cells. In this context, regulation of 

transcriptional activity by intracellular distribution and dynamic movements of 

transcription factors is now appreciated as an important paradigm in biology. Until 

recently, very little was known about the distribution of ecdysteroid receptor in 

eukaryotic cells. The aim of this project was to investigate the mechanisms and 

components involved in EcR and Usp intracellular shuttling. The interactions with 

transport proteins were studied as well as the influence of energy depletion on 

ecdysteroid receptor localization. 

A second part of the thesis considered the heterogeneous distribution of EcR which 

was observed in a given population of cells. Possible explanations for this 

phenomenon could be differences in the content of the putative partner for EcR, 

distinct expression rate or phases within the cell cycle. To investigate the last 

mentioned hypotheses, CHO-K1 cells were synchronized in different cell phases, and 

the EcR localization and concentration were studied.  

Additionally, taking into consideration the application of ecdysteroid inducible gene-

switching system in vertebrates, an influence of insect hormone, muristerone A, on 

cell cycle in hamster CHO-K1 cells was investigated.  
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2. RESULTS 

 
2.1. Intracellular localization of ecdysteroid receptor and ultraspiracle 

2.1.1. Usp is present only in the nucleus  

Intracellular distribution of ultraspiracle protein, tagged with YFP at the N-terminus, 

was investigated in CHO-K1 cells. Usp was always found exclusively in the nucleus 

and its localization remained constant for at least 19 hours after transfection (Fig. 7C). 

The nucleus was stained homogenously and the nucleoli were not stained (Fig. 7A, B).  

 

   
 

Fig. 7. YFP-Usp localizes in the nucleus of CHO-K1 cells. Cellular localization was demonstrated 
by fluorescent imaging (A). Transmitted light image of the same field (B). Kinetics of the 
intracellular localization of YFP-Usp in CHO-K1 cells 5.75 – 19.0 h after transfection (C). Green 
bars = cells exhibiting exclusively nuclear distribution of YFP. Yellow bars = cells with additional 
fluorescent in the cytoplasm.  

 

2.1.2. EcR is present in the nucleus and cytoplasm 

In contrast to Usp, the distribution of the ecdysteroid receptor, also tagged with YFP at 

the N-terminus, varied and was dependent on the incubation time after transfection 
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(Fig. 8A–F). Approximately 8 h after transfection, the majority of CHO-K1 cells 

contained YFP-EcR in the nucleus. With increasing time the proportion of cells with 

exclusively nuclear localization decreased. Simultaneously the percentage of cells with 

cytoplasmic localization of YFP-EcR increased.  

 

  

    

Fig. 8. YFP-EcR shows different localization patterns in CHO-K1 cells: nuclear (A), nuclear + 
cytoplasmic (C, D), cytoplasmic (E). Transmitted light image of the figure A (B). Cellular 
localization was demonstrated by fluorescent imaging. Kinetics of intracellular localization of 
YFP-EcR in CHO-K1 cells 5.0 – 25.0 h after transfection (F). Green bars = cells exhibiting 
exclusively nuclear distribution of YFP-tagged EcR. Yellow bars = nuclear + cytoplasmic. Red 
bars = cells with only cytoplasmic fluorescence.  
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2.1.3. Usp promotes nuclear localization of EcR 

Coexpression of YFP-EcR with Usp, without Tag-protein, resulted in the nuclear 

distribution of ecdysteroid receptor (Fig. 9A). This localization was stable for at least 

19 hours after transfection (Fig. 9B), in contrast to the results obtained for EcR alone, 

which exhibited nuclear and cytoplasmic or only cytoplasmic distribution after this time. 

 

  
 
 
Fig. 9. YFP-EcR localizes predominantly in the nucleus in the presence of Usp (A). Kinetics of 
intracellular localization of YFP-EcR performed in CHO-K1 cells 5.5 – 19.0 h after transfection 
(B). Legend like in the figure 7. 

 

2.2. Interaction of EcR and Usp with transport proteins 

2.2.1. Expression of importin α1 and exportin-1 in mammalian and insect cells 

In addition to nuclear import and export signals, auxiliary proteins are mandatory for 

nucleocytoplasmic shuttling. Therefore, the presence of importin and exportin was 

investigated in the cell lines where distribution of EcR and Usp was studied. A possible 

interaction of transport proteins with EcR and Usp was a point of interest. Exportin-1 

(Fig. 10B) was present in both cell lines of interest while it was not possible to detect 

importin α1 in CHO-K1 (Fig. 10A). The molecular mass of importin α1 and exportin-1 

was estimated according to the electrophoretic mobility under denaturating conditions 

and respectively amount to 59.68 and 112.25. The molecular mass of the proteins 

corresponds to the MM calculated according to the amino acids sequence in 

ProtParam tool (Table 2).  
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Fig. 10. Demonstration of importin α1 (A) and exportin-1 (B) in mammalian cell lines. On each 

lane 5 µg protein were applied. Expected MM of importin α1 = 58 kDa and exportin-1 = 112kDa. 

 

I was not able to detect importin α1 in CHO-K1 cells. This cell line was chosen to 

perform co-immunoprecipitation experiments because it expresses a very low level of 

a homologous to Usp, RXR. Since there are a several members of karyopherin α 

family described I expected to detect other importin α in CHO-K1 cells. Therefore, the 

antibody against importin α2 was used. According to the instruction of the antibody’s 

producer, mouse liver extract was applied on the gel as a positive control of Western 

blotting. In the mouse liver extract a band corresponding in molecular mass to 

importin α2 was detected. However, in the CHO-K1 extract the band is very fait and 

almost not detectable (Fig. 11). It was not possible to demonstrate convincingly 

importin α2 in CHO-K1 cells, although different conditions of Western blotting reaction 

were used (4.2.2.4). For this reason, Cos7 cells were chosen to perform co-

immunoprecipitation with importin α1. 
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Fig. 11. A trial to demonstrate importin α2 in CHO-K1 cells. Total protein (25 µg) was resolved on 

a 12% SDS-PAGE gel and transferred to a nitrocellulose membrane. An antibody specific for 

importin α2 (dilution 1:200 in 5% BSA) was used for Western blotting analysis. Expected MM of 

importin α2 = 58 kDa. 
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Importin α1 and exportin-1 are expressed also in S2 cells (Fig. 12). The molecular 

mass and sequence of the proteins differs between human and D. melanogaster 

(Table 2). The observed molecular mass of Drosophila exportin-1 corresponds to the 

calculated MM and is lower compared to vertebrate exportin-1. Molecular mass of 

importin α1 observed on the gel and calculated according to the amino sequence is 

very similar in both species. The intensity of the bands observed on the gels for 

exportin-1 are comparable in HeLa and D. melanogaster cells, although only 5 µg 

protein (HeLa) instead of 50 µg (S2) were applied. For importin α1 the difference is 

much more pronounced. There are two possible explanations for this result, first that 

the mammalian cells may produce more of these transport factors, or that the antibody 

produced against human immunogens (Fig. 13) have lower affinity to insect proteins. 

The second possibility is more probable, especially when we compare the results of 

protein and immunogen alignment of human and insect’s exportin-1 and importin α1. 

Values for sequence identities are given in %, these are respectively 71% for exportin-

1 and 49% for importin α1 (Table 1). 
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Fig. 12. Demonstration of importin α1 (A) and exportin-1 (B) in D. melanogaster S2 cells. 5 µg 

(HeLa) or 50 µg protein (S2) were applied. Expected MM of importin α1 = 58 kDa and of exportin-

1 = 112 kDa. 
 
Table 1. The sequences identity of a hole protein and immunogen (a part of protein used to 

produce monoclonal antibody) of importin α1 and exportin-1 from human and D. melanogaster 

cells were compared in ClustalW (http://clustalw.genome.jp/). 

 Importin α1  Exportin-1  

Protein alignment  49 % 71 % 

Immunogen alignment 55 % 68 % 
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Fig. 13. Importin α1 and exportin-1 immunogens used to produce an antibody 

(http://www.bdbiosciences.com/index_us.shtml). 
 
Table 2. Comparison of molecular mass of intracellular receptors in human and D. melanogaster, 
evaluated according to the electrophoretic mobility (MM1) and calculated according to the amino 
acids sequence in ProtParam tool (MM2, http://www.expasy.ch/tools/protparam.html).  

Protein Species aa MM1 
[kDa] 

MM2 
[kDa] 

Theoretical 
pI 

Human 529 59.68 57.86 5.25 Importin α1 
D. melanogaster 522 59.68 57.82 5.20 

Human 1071 112.25 123.39 5.71 Exportin-1 

D. melanogaster 1063 110.76 122.80 5.59 

YFP-EcR D. melanogaster 1131 127.68 122.26 6.29 

YFP-Usp D. melanogaster 771 87.04 84.44 7.03 

 

2.2.2 Importin α1 binds to EcR, Usp and the heterodimer EcR / Usp expressed in 

Cos7 cells 

To answer the question if YFP-EcR and YFP-Usp can enter the nucleus 

independently, ferried by importin α1, both proteins were expressed separately in 

Cos7 cells which contain endogenous importin α1 (Fig. 10A). Co-immunoprecipitation 

was performed with an anti-YFP and Western blotting with anti-importin α1 antibody. 

Importin α1 interacts with EcR (Fig. 14A) and Usp (Fig. 14B). On the gel are seen 

bands which correspond in molecular mass to importin α. The specificity of the co-

immunoprecipitation was checked in a parallel experiment where no anti-YFP was 

used (there was no binding between beads and YFP tagged proteins). The 

experiments were also performed in opposite way: co-immunoprecipitation with 

antibody against importin α1 and Western blotting against YFP. A positive result was 



RESULTS 

33 

obtained with importin α1 and YFP-Usp (Fig. 14C). No band corresponding to YFP-

EcR was obtained in this way.  
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Fig. 14. Importin α1 binds to EcR (A) and Usp (B, C). WB = Western blot. IP = co-

immunoprecipitation.  Expected MM of importin α1 = 58 kDa and of YFP-Usp = 84 kDa. 

 

If Cos7 cell were co-transfected with pEYFP-C1/EcR and pEYFP-C1/Usp, co-

immunoprecipitation was performed with anti-importin α1 antibody and subsequently 

Western blotting against YFP antibody, bands corresponding in molecular mass to 

YFP-Usp as well as for YFP-EcR were detected (Fig. 15). The YFP-EcR band is even 

more intense than YFP-Usp band even if YFP-Usp is more abundant in extract. YFP-

Usp present in cell extracts in excess was not precipitated. 
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Fig. 15. EcR / Usp heterodimer co-immunoprecipitates with importin α1. Two first lines show the 

results of co-immunoprecipitation. In the next two lines extracts from Cos7 cells were resolved: 
non-transfected and transfected with YFP-EcR and YFP-Usp. WB = Western blot. IP = co-
immunoprecipitation. Expected MM of YFP-EcR = 122 kDa and of YFP-Usp = 84 kDa. 

. 

2.2.3. EcR, but not Usp reacts with exportin-1. Usp impairs the interaction of EcR 
with exportin-1. 

The concentration of YFP-EcR and YFP-Usp, expressed separately and together in 

CHO-K1, was determined by Western blotting using anti-YFP antibody. YFP-Usp 

concentration is about 4.5 fold higher compared to YFP-EcR, if the receptors are 

expressed separately (Fig. 16A). By co-expression when both heterodimerization 

partners are present, YFP-EcR protein seems to be more stable since its 

concentration is about 1.5 fold higher in the presence of YFP-Usp (Fig. 16B). In every 

lane the same amount of total protein was resolved what shows Ponceau staining (Fig. 

16C). 
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Fig. 16. Demonstration of YFP-EcR and YFP-Usp expression in CHO-K1 cells. YFP-EcR and YFP-
Usp were expressed separately (A) or coexpressed (B). On each lane 25 µg protein were applied. 
The observed molecular mass of YFP-EcR (=127 kDa) and of YFP-Usp (=87 kDa) corresponds to 
the expected molecular mass (calculated in EXPASY ProtParam tool), respectively 122 kDa for 
YFP-EcR and 84 kDa for YFP-Usp. Ponceau staining shows that on every line the same amount 
of total protein were applied (C). 

 

The ecdysteroid receptor was observed in nucleus and cytoplasm. The question arose 

if exportin-1 is responsible for the cytoplasmic localization of EcR. In contrast to EcR, 

ultraspiracle was localized almost exclusively in the nucleus. However the interaction 

Usp – exportin-1 was also investigated because of a hypothesis that Usp is able to 

react with exportin-1, whereas the absence of ultraspiracle in the cytoplasm is caused 

by a very efficient import which exceed the export. The interactions between exportin-1 

and EcR or Usp were studied in CHO-K1. The cells were transfected separately with 

appropriate plasmids and co-immunoprecipitation with anti-YFP antibody was 

performed. The probes were resolved on the SDS-PAGE gel and immunoblotted with 

anti-exportin-1. EcR, but not Usp reacted with exportin-1 (Fig. 17), although the 

concentration of Usp in CHO-K1 extracts was 4.5 fold higher compared to EcR and the 

co-immunoprecipitations were performed under the same conditions. 

A B 

C 
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Fig. 17. EcR, but not Usp reacts with exportin-1 in CHO-K1 cells. In the first lane from left CHO-

K1 extract was resolved. The two next lines show the result of co-immunoprecipitation of 

exportin-1 with YFP-EcR. The last two last lines show the result of co-immunoprecipitation of 

exportin-1 with YFP-Usp. WB = Western blot. IP = co-immunoprecipitation. Expected MM of 

exportin-1 = 112 kDa. 

 

To prove that the interaction between EcR and exportin-1 is not restricted only to one 

cell line (CHO-K1), the co-immunoprecipitation was performed in Cos7 cell. The result 

was also positive (Fig. 18). 
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Fig. 18. EcR reacts with exportin-1 in Cos7 cells. WB = Western blot. IP = co-

immunoprecipitation. Expected MM of exportin-1 = 112 kDa. 

 

From the previous experiments it is known that in the presence of Usp EcR is localized 

almost exclusively in the nucleus. Therefore, it was interesting to investigate if in the 

presence of ultraspiracle ecdysteroid receptor is also able to react with exportin-1. 

YFP-EcR and YFP-Usp were co-expressed in CHO-K1 cells. Co-immunoprecipitation 

was performed with anti-YFP and next Western blotting against exportin-1. Although 
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EcR is stabilized by Usp resulting in an approximately 1.5 higher EcR concentration in 

CHO-K1 extracts (Fig. 16B), the intensity of the exportin-1 band in Western blotting is 

4 fold lower (Fig. 19), which means that the interaction of exportin-1 and EcR is 

reduced about 6 fold in the presence of Usp. The intensity of the bands obtained with 

a specific antibody was quantified using BIO-RAD Quantity One – 4.4.0. 
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Fig. 19. Usp impairs the interaction of EcR with exportin-1. In the first lane from left CHO-K1 
extract was resolved. The next two lanes show the result of co-immunoprecipitation of exportin-
1 with ecdysteroid receptor if CHO-K1 cells were transfected only with YFP-EcR. The last two 
lanes show the result of the same co-immunoprecipitation but in the presence of Usp. WB = 
Western blot. IP = co-immunoprecipitation. Expected MM of exportin-1 = 112 kDa. 
 

2.3. Energy requirement for nucleocytoplasmic transport of EcR and Usp 

2.3.1. Co-immunoprecipitation of Ran with EcR and Usp 

It was shown that Ran is present in all three vertebrate cell lines (CHO-K1, Cos7 and 

HeLa) in about the same concentration (Fig. 20A) as well as in S2 cells (Fig. 20B). 

However the amount of protein in S2 is much lower or rather, what is more probable, 

the antibody has lower specificity for insects Ran (Fig. 21, Table 4). The intensity of 

the bands observed on the gels is comparable in HeLa and D. melanogaster cells, 

although only 5 µg of protein (HeLa) instead of 25 µg (S2) were applied. The 

calculated molecular mass of Drosophila Ran is in agreement with corresponding MM 

and with vertebrate protein (Table 3), but the observed molecular mass on SDS gels is 

a little bit lower. 
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Fig. 20. Demonstration of Ran in mammalian cell lines (A) and in D. melanogaster S2 cells (B). 
On each lane 5 µg (mammalian cells) or 25 µg protein (S2 cells) were applied. Expected MM of 
Ran = 24 kDa. 
 
Table 3. Comparison of molecular mass of Ran in Human and D. melanogaster, evaluated 
according to the electrophoretic mobility (MM1) and calculated according to the amino acids 
sequence in ProtParam tool (MM2; http://www.expasy.ch/tools/protparam.html). 

Protein Species aa MM1 
[kDa] 

MM2 
[kDa] 

Theoretical 
pI 

Human 216 23.44 24.42 7.01 Ran 

D. melanogaster 216 22.55 24.71 7.66 

 
Table 4. The sequences identity of a hole protein and immunogen of Ran from Human and D. 
melanogaster were compared in ClustalW (http://clustalw.genome.jp/). Fig. 21. Ran immunogen 
(http://www.bdbiosciences.com/index_us.shtml). 

 
 

 

To prove the interaction between Ran and Usp (Fig. 22), or Ran and EcR (not shown) 

co-immunoprecipitaton was applied. However in the conditions of co-

immunoprecipitation no complex could be demonstrated.      

 

 Ran 

Protein alignment  87 % 

Immunogen alignment 92 % 

A B 
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Fig. 22. A trial to demonstrate the interaction between Ran and Usp. WB = Western blot. IP = co-
immunoprecipitation. Expected MM of Ran is 24 kDa. 

 
2.3.2. Effect of oligomycin on intracellular distribution of EcR and Usp 

Other approach was used to investigate the influence of energy on intracellular 

distribution of EcR and Usp, CHO-K1 cells were treated with the ATPase inhibitor 

oligomycin. Energy depletion led to changes in the pattern of localization of both 

proteins, EcR and Usp. Ten hours after transfection, within 2.5 hours of observation, 

the percentage of cells with nuclear distribution of EcR remained rather constant (Fig. 

23A). The addition of oligomycin led to a steady loss of exclusively nuclear localization 

of EcR, whereas the percentage of cells with more or less even distribution of EcR 

between nucleus and cytoplasm increased (Fig. 23B) which also hold true if protein 

synthesis was blocked, by adding cycloheximide (Fig. 23C). The percentage of cells 

with exclusively cytoplasmic distribution of EcR did not change, also in the presence of 

oligomycin.  
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Fig. 23. Distribution of YFP-EcR in CHO-K1 cells after ATP depletion. Cells were incubated for 10 
hours in medium without glucose, but supplemented with 6 mM 2-deoxyglucose. At time 0 cells 
were non-treated (A) or treated with 1 µM oligomycin (B), or 1 µM oligomycin and 50 µg/ml 
cycloheximide simultaneously (C). Green bars = predominant nuclear localization, yellow bars = 
even distribution between nucleus and cytoplasm, red bars = predominant cytoplasmic 
localization. 
 

Usp could remain entirely nuclear over 19 hours. However, after treatment with 

oligomycin the percentage of cells with nuclear localization decreased and almost 

even distribution of Usp between nucleus and cytoplasm was observed (Fig. 24A, B). 

This was not due to a new protein synthesis since cycloheximide was added to the cell 

culture. Cycloheximide did not change the localization pattern of Usp (Fig. 24C) and 

simultaneous application of both inhibitors led to the same result, as the treatment with 

oligomycin alone (Fig. 24D).  
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Fig. 24. Distribution of YFP-Usp in CHO-K1 cells after ATP depletion. At time 0 cells were treated 
with 1 µM oligomycin (A, B), or 50 µg/ml cycloheximide (C), or both reagents (D). Material and 
methods, and legend like in the figure 23. 
 

As shown before, Usp promotes the nuclear distribution of YFP-EcR. However, the 

addition of oligomycin caused a decrease in the number of cells with exclusively 

nuclear distribution of YFP-EcR and simultaneously an increase in the number of cells 

with an even distribution between nucleus and cytoplasm also in the presence of Usp 

(Fig. 25A). Even the addition of a specific hormone, muristerone A, which favours the 

binding of the heterodimer EcR / Usp to DNA did not stop this process (Fig. 25B). 

 
 
 
 
 
  
 
 
 
Fig. 25. Distribution of YFP-EcR, co-transfected with Usp in CHO-K1 cells after ATP depletion. At 
time 0 cells were treated with 1 µM oligomycin without (A) or in the presence of muristerone A 
(B). Material and methods, and legend like in the figure 23. 
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2.3.3. Knock down experiments with Ran 

Ran protein was knocked down in order to directly demonstrate a role of this GTPase 

for EcR and Usp shuttling. After 48h siRan treatment, the level of Ran was reduced to 

about 25% of the expression in cells incubated with non-specific control (Fig. 26). 

Higher reduction was not possible with regards to cell viability. In cells treated with 

siRan, 10h after YFP-EcR transfection, the protein was localized in about 80% in 

cytoplasm and 20 % showed even distribution between cytoplasm and nucleus. In a 

control probe, 41% cells showed exclusively nuclear distribution and 59% nuclear and 

cytoplasmic (Fig. 27). Surprisingly, reduced level of Ran did not change the 

localization of YFP-Usp. The protein was still distributed in 100% cells in nucleus, in 

the presence or absence siRan (Fig. 28). 
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Fig. 26. Ran concentration in HeLa cells transfected only with lipofectamine LTX, non-specific 

siRNA or siRNA against Ran for 72 hours. β-actin as a loading control, and graphic presentation 

of Western blotting result. 
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Fig. 27. Localization of YFP-EcR in HeLa cells if treated with non-specific siRNA (control) or 
siRNA against Ran (treated, B). Black = exclusive nuclear, white = even distribution between 
cytoplasm and nucleus, striped = only cytoplasmic. 
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Fig. 28. Localization of YFP-Usp in HeLa cells if treated with siRNA against Ran. 

 

2.3.4. Nuclear export of EcR is controlled by the export receptor exportin-1 

CHO-K1 cells, which expressed EcR-YFP, were treated with the antibiotic leptomycin 

B, which prevents the interaction between exportin-1 and leucine-rich nuclear export 

signals. In contrast to YFP-EcR, EcR-YFP has fluorescent tag protein on C-terminus 

and is distributed in almost all cells evenly between nucleus and cytoplasm (Fig. 29B). 

Exclusively nuclear localization is almost not observed. The treatment with leptomycin 

B decreases the proportion of cells with even distribution of fluorescence between 

nucleus and cytoplasm, instead exclusive nuclear localization of EcR-YFP can be 

observed (Fig. 29A, C). The retainment of EcR-YFP in the nucleus or its import to the 

nucleus is energy-dependent since if cells were treated with oligomycin, which is an 

ATPase inhibitor, for one hour, the percentage of cells with exclusively or predominant 

nuclear localization of EcR-YFP is significantly reduced (Fig. 29A). 

 

   
 

 
 
Fig. 29. Energy requirement for retainment of EcR-YFP in the nucleus (A). Cells were incubated 
for 10 hours in medium without glucose supplemented with 6 mM 2-deoxyglucose. At time 0 
cells were non-treated (white bars) or treated with 10 ng/ml leptomycin B (black bars). One hour 
before leptomycin B treatment cells were incubated in 1 µM oligomycin (stripped bars). EcR-YFP 
distribution in CHO-K1 cells without (B) and in the presence of leptomycin B (C). 
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2.3.5. Knock down experiments with exportin-1 

In order to get a direct proof of the role of exportin-1 in nuclear export of EcR, exportin-

1 was knocked down in HeLa cells using siRNA technique. It was possible to reduce 

the level of exportin-1 to almost 0% of the regular expression if the cells were 

transfected with siRNA twice and the time of incubation was 72h (Fig. 30). However, 

with regards to cell viability, shorter incubation time was used: 36h treatment with 

siRNA, followed with YFP-EcR transfection. 10 hours after the second transfection, the 

percentage of cells with nuclear distribution was determined. In siCRM1 treated cells, 

about 67% cells showed nuclear distribution, compared to control, about 41% (Fig. 

31). It corresponds with the reduction of the exportin content to about 33%. 
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Fig. 30. Exportin-1 concentration in HeLa cells transfected only with lipofectamine LTX (lanes 1, 
4, 7), non-specific siRNA (lanes 2, 5, 8) or siRNA against exportin-1 (lanes 3, 6, 9) for 46, 60 and 

72 hours. β-actin as a loading control, and graphic presentation of Western blotting result.  
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Fig. 31. Nuclear localization of YFP-EcR in HeLa cells if incubated with non-specific siRNA 
(control, B) or siRNA against exportin-1 (treated, C). 

 

2.4. Influence of the cell cycle on EcR expression and intracellular distribution 

2.4.1. Cell cycle synchronization 

In order to study the influence of the cell cycle on EcR expression and intracellular 

distribution, synchronization of the cell culture is mandatory. Therefore, CHO-K1 cells 

were reversibly arrested in different phases of the cell cycle. Cells remain in G1 during 

serum starvation. Cell population devoid of serum exits into G0 quiescence due to lack 

of growth factors, present in serum, which upregulate D-cyclins. In this way, the 

sequence of processes advancing the cell toward mitosis (initiation of DNA synthesis, 

DNA synthesis and initiation of mitosis) is affected (Zetterberg and Sköld, 1969). To 

arrest the cell cycle in S phase, cells were treated with 2.5 mM thymidine. The 

synthesis of DNA in mammalian cells is prevented by a high concentration of 

thymidine in the medium due to inhibition of the reduction of cytidine diphosphate to 

deoxycytidine diphosphate (Bostock et al., 1971). Synchronization in G2/M phase was 

achieved by incubation with 200 ng/ml nocodazole, which is an antimitotic agent that 

disrupts microtubules by binding to β-tubulin and preventing formation of one of the 

two interchain disulfide linkages, thus inhibiting microtubule dynamics. In addition, it 

disrupts mitotic spindle function, and causes fragmentation of the Golgi complex. The 

level of synchronization for all agents in comparison to controls was determined using 

fluorescent activated cell sorter (FACS). The result is shown in figure 32 and 

calculated in table 5. 
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Cell cycle phase  
The method of synchronization and 

percentage of cells in each cell phase 

 Asynchronous
Serum 

starvation 
Thymidine Nocodazole 

G1 53.20 80.30 19.60 3.16 

S 37.20 19.40 70.20 7.84 

G2/M 10.60 3.69 11.90 85.30 

 
Fig. 32. Determination of the cell cycle phases. Table 5. Percentage of CHO-K1 cells in different 
phases of the cell cycle in asynchronous and synchronized cells.   
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The cell cycle of CHO-K1 cells lasts about 17 hours. For the following experiments, the 

population was synchronized using two more effective methods: serum starvation and 

nocodazole treatment. Then release from the arrest was achieved by adding serum to 

5% in the case of serum starvation or by removal of nocodazole. The ability of cells to 

re-enter the cell cycle and to maintain the synchronization was controlled by FACS 

after different time intervals (Fig. 33, Table 6). It should be noticed that after serum 

starvation, the cells need more time to recover and re-enter the cell cycle than after 

treatment with nocodazole. 15 hours after addition of 5% FCS, the cell culture reaches 

the S phase. In contrast, after withdrawal of nocodazole the cells complete a whole 

cell cycle within 15 hours. Furthermore, the synchronization can be effectively 

maintained only during one cell cycle. 
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Cell cycle phase Time after serum addition and percentage of cells in each 
cell cycle phase 

 0 15 20 35 

G1 65.30 28.60 48.80 52.00 

S 31.70 43.20 34.60 33.10 

G2/M 10.70 25.10 13.80 17.20 

 

Cell cycle phase Time after removal nocodazole (h) and percentage of cells 
in each cell cycle phase 

 0 10 15 20 30 

G1 3.16 26.20 64.50 45.00 49.30 

S 7.84 67.80 26.60 43.80 22.80 

G2/M 85.30 9.93 17.70 7.98 13.20 

 
Fig. 33. Cell cycle progress in CHO-K1 cells after removal of cell cycle arrest. Table 6. 
Percentage of cells in different cell cycle phases. 
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2.4.2. EcR expression 

The expression of EcR was studied during the cell cycle using Western blotting. CHO-

K1 cells were synchronized, transfected at the indicated times, and incubated 8 hours 

before harvesting. The cells were transfected with a plasmid pEYFP-C1 / EcR (coding 

for YFP-EcR) alone, or in combination with a vector pEYFP-C1 (coding for YFP), or 

with pEYFP-C1 and pEYFP-N1 / Usp STOP (coding for Usp). The FACS analysis was 

performed to determine the proportion of cells in each cell cycle phase in the moment 

of harvesting (Fig. 34, Table 7). In the probes 0 h and 10 h (it means, transfection was 

performed 0 h and 10 h after nocodazole removal) the most cells were in G1 phase 

(59.7% and 43.1%, respectively). In the probe 2 h (transfection was performed 2h after 

nocodazole removal) most of the cells were in S phase (52.7%), although there were 

also many cells in G1 (40.9%). Probes 4.5 h and 6.5 h were in the moment of 

harvesting predominantly in the S and G2/M phases. It was respectively 44.6% in S, 

45.4% in G2/M (4.5 h after nocodazole removal) and 40.2% in S, 39.1% in G2/M (6.5 h 

after nocodazole removal). 

The highest EcR concentration was in the probes 0 h, 2 h and 10 h (Fig. 35) where the 

predominant or high percentage of cell culture was in G1 phase (Fig. 34). The lowest 

EcR concentration, almost not detectable, was in the probes 4.5 h and 6.5 h (Fig. 35). 

These cells were in majority in S and G2/M phases and a very low percentage of cells 

were in G1 phase (Fig. 34). The intensity of the bands was calculated using software 

BIO-RAD Quantity One – 4.4.0 and the values from each probe were compared to the 

value in the probe 6.5 h (Table 8). EcR level is respectively 23, 14, 1.5, and 9 fold 

higher in probes 0 h, 2 h, 4.5 h and 10 h, compared to the probe 6.5 h. For EcR level 

control, the extract from asynchronous, not treated cells was also resolved on the gel.  
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Cell cycle phase  Time after removal nocodazole (h) 

 Asynchro-
nous 0 2 4.5 6.5 10 

G1 43.90 59.70 40.90 17.70 26.90 43.10 

S 37.30 18.90 52.70 44.60 40.20 25.40 

G2/M 24.60 22.60 15.20 45.40 39.10 26.10 

 
Fig. 34. Cell cycle progress in CHO-K1 cells after removal of nocodazole.  In the brackets = 
predominant cell phase. Table 7. Percentage of cells in different cell cycle phases. 
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Fig. 35. EcR expression in G1, S and G2/M phases. CHO-K1 cells were synchronized 11 hours 
with nocodazole, then the nocodazole was removed. The cells were transfected with a plasmid 
expressing YFP-EcR: 0, 2, 4.5, 6.5, 10 hours after nocodazole removal and incubated 8 hours 

before harvesting. Loading control: β-actin. 

 

To exclude the possibility that different concentrations of the ecdysteroid receptor are 

an effect of low EcR stability, CHO-K1 cells were co-transfected with Usp (Fig. 36A) 

which stabilises EcR. In the control experiment, cells were co-transfected with, so 

called “filler DNA” (Fig. 36B). It is a pGEM vector which is not expressed in 

mammalian cell lines. The reason for using this DNA was to keep the same relation: 

DNA to lipofectamine by transfection like in the probe co-transfected with Usp. In the 

presence of Usp, as well as without it, the concentration of EcR was high in the probes 

0 h and 2 h (predominantly G1 phase or high percentage of cells in G1 phase) and very 

low in probes 4.5 h and 6.5 h (predominantly S and G2/M phases). For cells co-

transfected with Usp, EcR level was, respectively: 15, 11 and 1.6 fold higher in 0 h, 2 h 

and 4.5 h probes compared to 6.5 h probe. For cells co-transfected with ‘filler DNA’, 

the difference in EcR levels between probes was a little bit lower. It was respectively: 

10, 7.5 and 2 fold compared to probe 6.5 h. The co-transfection with Usp did not 

change the result what means that the differences in ecdysteroid receptor 

concentration are not due to EcR degradation.  

To verify if the changes in EcR concentration were specific for the protein, cells were 

additionally co-transfected with pEYFP-C1 (coding for YFP). YFP was down regulated 

in the similar manner like EcR (Fig. 36). In the probes 0 h and 2 h (predominantly G1 

phase or high percentage of cells in G1 phase), the concentration of YFP was very 

high (comparable to this in asynchronous, not manipulated cells). The cells, 

transfected 4.5 and 6.5 h after nocodazole removal (predominantly S and G2/M 
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phases) showed much lower YFP expression, like it was also for EcR. Concentration 

of an endogenous, skeletal protein β-actin was on the same level, independent of the 

cell cycle phase. 
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Fig. 36. EcR and YFP expression in G1, S and G2/M phases. CHO-K1 cells were synchronized 11 
hours with nocodazole, then the nocodazole was removed. The cells were transfected with the 
plasmids expressing YFP-EcR, YFP, and Usp (A) or “filler DNA” (B): 0, 2, 4.5, 6.5 hours after 

nocodazole removal and incubated 8 hours before harvesting. Loading control: β-actin. 
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Table 8. The comparison of band intensity from Western blotting. BIO-RAD Quantity One – 4.4.0 
software was used for calculation. 

Probe Absolute band 
intensity 

(Trace Qty: Int x mm) 

Band intensity in 
the ratio to the probe 

6.5h 

Asynchronous 321.61 21.3 
0 h    (G1) 350.507 23.2 
2 h    (S) 222.67 14.7 
4.5 h (G2/M) 22.06 1.5 
6.5 h (G2/M) 15.10 1.0 

Fig. 35 
EcR 

10 h  (G1) 134.762 8.9 
 

Asynchronous 454.26 17.6 
0 h    (G1) 392.31 15.2 
2 h    (S) 281.33 10.9 
4.5 h (G2/M) 41.30 1.6 

Fig. 36A 
EcR 

6.5 h (G2/M) 25.81 1.0 
 

Asynchronous 279.69 25.8 
0 h    (G1) 232.46 21.4 
2 h    (S) 225.84 20.8 
4.5 h (G2/M) 39.46 3.6 

Fig. 36A 
YFP 

6.5 h (G2/M) 10.84 1 
 

Asynchronous 115.23 12.2 
0 h    (G1) 93.98 9.9 
2 h    (S) 71.99 7.6 
4.5 h (G2/M) 20.47 2.2 

Fig. 36B 
EcR 

6.5 h (G2/M) 9.48 1.0 
 

Asynchronous 445.227 13.6 
0 h    (G1) 394.769 12.1 
2 h    (S) 378.819 11.6 
4.5 h (G2/M) 200.685 6.1 

Fig. 36B 
YFP 

6.5 h (G2/M) 32.74 1 
 

The differences in EcR and YFP expression could also arise as an effect of different 

efficiency of transfection. To verify the hypothesis, CHO-K1 cells were synchronized, 

transfected like before (with YFP-EcR, YFP and Usp) 4.5 h and 6.5 h after nocodazole 

removal, and harvested 8 as well as 20 hours after transfection. Western blotting (Fig. 

37A) and microscopic analysis (Fig. 37C) were performed. 8 hours after transfection 

the EcR concentration in 4.5 h and 6.5 h probes, like it was already shown, was very 

low. However 20 hours after transfection, in the same probes, EcR expression was 
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respectively higher. It was especially visible in the probe 6.5 h. YFP expression was 

regulated in the similar manner like EcR. Ponceau staining shows that on every line 

the same amount of total protein (30 µg) were applied (Fig. 37B). The figures from 

fluorescent microscope supported the Western blotting results. In the probes 4.5 h and 

6.5 h, only about 10% of cells showed the fluorescence 8 hours after transfection. 20 

hours after transfection the percentage of fluorescent cells increased to 60 % in 4.5 h 

probe and 70 % in 6.5 h probe. It conclusion, the differences in the EcR level are not 

due to changes in transfection efficiency. In the asynchronous cells, already 8 hours 

after transfection, ecdysteroid receptor was efficiently expressed.  
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Fig. 37. EcR and YFP expression 8 and 20 hours after transfection: Western blotting (A), 
ponceau staining of the nitrocellulose membrane (B) as well as fluorescent images and 
transmitted light images of the same field (C). CHO-K1 cells were synchronized 11 hours with 
nocodazole, then the nocodazole was removed. The cells were transfected, with plasmids 
expressing YFP-EcR, YFP and Usp, 4.5 or 6.5 h after nocodazole removal. Next, cells were 
harvested 8 or 20 h after transfection.  

4.5 h probe, 8 h 

6.5 h probe, 8 h 

4.5 h probe, 20 h 

6.5 h probe, 20 h 

Asynchronous, 20 h 
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2.4.3. EcR distribution 

The ecdysteroid receptor was distributed heterogeneously within the cells and was 

observed exclusively in the nucleus, nucleus and cytoplasm and as well exclusively in 

the cytoplasm. To test the hypothesis that the distribution could be regulated by the 

cell cycle, cells were synchronized and transfected like before (description like in the 

figure 35, cell cycle correspond to the figure 34), and observed under the fluorescent 

microscope. The graphs present the percentage of cells with exclusively nuclear or 

exclusively cytoplasmic distribution of YFP-EcR (Fig. 38). The preliminary results 

suggest that by the decrease of the percentage of cells in S phase, the number of cells 

with cytoplasmic distribution of EcR decrease, whereas the level of cells with nuclear 

localization is increased.  
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Fig. 38. EcR distribution in CHO-K1 cells after synchronization (A). Percentage of cells in S 
phase (B). Green bars = cells exhibiting exclusively nuclear distribution of YFP-tagged EcR. Red 
bars = cells with only cytoplasmic fluorescence. Cells with equal fluorescent in nucleus and 
cytoplasm have not been taken into consideration on the graphs. Time schedule, and material 
and methods like in the Figure 35. 

 

2.5. The influence of insect moulting hormone (muristerone A) on the cell cycle 
in CHO-K1 cells 

Ecdysteroids are not synthesized in mammals. However, they are normal components 

of the diet of many animals. The low mammalian toxicity of these compounds, together 

with the specificity of the ecdysteroid receptor complex (EcR and Usp) gave rise to the 

development of a successful gene-switching system, which nowadays is commonly 

used in mammalian cell lines to regulate the expression of particular genes. The point 

of interest was to investigate, whether the insect moulting hormone (muristerone A), 

which is the elicitor in the ecdysteroid-inducible gene expression system, can influence 

cell cycle in mammalian systems. Therefore, the cell cycle of CHO-K1 cells after 

B A 
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treatment with muristerone A (diluted in DMSO) was investigated. Muristerone A did 

not change the cell cycle in CHO-K1 cells in the absence of insect receptors (Fig. 39). 

 

 
 

Fig. 39. Analysis of the cell cycle in CHO-K1 cells: without anything, in the presence of DMSO or 

10-5 M muristerone A.   

 

Next, CHO-K1 cells were co-transfected with plasmids coding for YFP-EcR and Usp, 

and treated with muristerone A in a concentration of 4*10-6 or 10-5M. The fluorescence 

was measured using FACS machine in two different channels, FL1 for YFP and FL2 

for propidium iodide. Cells with a fluorescence exceeding 10 on a relative scale in FL1 

channel (Fig. 40, x-axis in the dot blot: FL1-H) were considered as transfected. The 

pink gates in the dot blots determine the percentage of transfected and non-

transfected cells. Cell cycle histograms were traced basing on the propidium iodide 

level, separately for non-transfected (FL1-H = 0 – 10) and transfected cells (FL1-H = 

10 – 10 000).  In table 9 the values from the FACS analysis are summarized. In the 

population of transfected cells, there was a higher percentage of cells in G1 phase and 

a lower one in G2/M. However, muristerone A did not have any effect on the cell cycle 

in CHO-K1 cells even in the presence of insect receptors.  

 

 

 

 

 

 

 

 

 

Control + DMSO + Muristerone A 
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Fig. 40. Analysis of the cell cycle in CHO-K1 cells, transfected with vectors coding for YFP-EcR 
and Usp. First column from left: dot blots for the whole population of cells. Second and third 
columns: cell cycle histograms for non-transfected (FL1-H = 0 – 10) and transfected cells (FL1-H 
= 10 – 10 000), respectively. In the absence of hormone (A), in the presence of 4*10-6M (B) or 10-

5M (C) muristerone A.  
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  Table 9. Values are given in % of the total cells analyzed. 

Cell cycle 
phases 

Without 
muristerone A 

4*10-6M   
muristerone A 

10-5M 
muristerone A 

 
Non-

transf. 
Transf.

Non-
transf. 

Transf. 
Non-

transf. 
Transf. 

G1 45.60 55.70 46.20 53.00 41.90 56.00 

S 41.20 32.00 37.20 34.50 40.60 31.90 

G2/M 17.10 10.60 20.60 11.90 21.60 11.60 
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3. DISCUSSION 

 
3.1. Intracellular distribution of nuclear receptors 

In the last ten years significant progress has been made in understanding the 

mechanisms underlying intracellular transport of nuclear receptors. The issue is 

important and interesting since the translocation between nucleus and cytoplasm 

seems to be an important factor contributing to the transcription regulatory function. 

In the absence of hormone, the intracellular localization of steroid receptors varies. In 

the ligand-bound state most of receptors are in the nucleus. Some of them form a 

punctuate pattern (Table 10). This reorganization within nucleus may be an important 

regulatory process since the pattern appears only upon agonists’ treatment, but not 

in the presence of antagonists.  

 
Table 10. Intracellular localization of nuclear receptors detected with live cell imaging 
techniques. h = homodimer, r = heterodimer. 

Nuclear receptor Intracellular localization Intracellular 
localization      

+ ligand 

References 

Androgen receptor 
(rAR) predominantly cytoplasmic 

nuclear 
punctuate 

pattern 

Tyagi et al., 
2000 

Estrogen receptor 
(hER) nuclear 

nuclear 
punctuate 

pattern 

Htun et al., 
1999 

Glucocorticoid 
receptor (GR)  predominantly cytoplasmic 

nuclear 
punctuate 

pattern 

Htun et al., 
1996 

Mineralocorticoid 
receptor (rMR) 
              (hMR) 

 
nuclear + cytoplasmic 

predominantly cytoplasmic 

nuclear 
punctuate 

pattern 

Fejes-Toth 
et al., 1998 
Sartorato et 

al., 2004 
Progesterone 
receptor A (hPR-A) predominantly nuclear nuclear Lim et al., 

1999 
Progesterone 
receptor B (hPR-B) nuclear + cytoplasmic nuclear Lim et al., 

1999 
Retinoic acid 
receptor α (hRARα) nuclear nuclear Mackem et 

al., 2001 

Retinoid X receptor 
(RXR) nuclear 

nuclear 
punctuate 

pattern 

Prüfer et al., 
2000 
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Thyroid hormone 
receptor α (TRα) nuclear nuclear Bunn et al., 

2001 

Thyroid hormone 
receptor β (hTRβ) predominantly nuclear 

nuclear 
punctuate 

pattern 

Baumann et 
al., 2001 

Vitamin D receptor 
(VDR) nuclear + cytoplasmic nuclear 

Racz and 
Barsony, 

1999 

 

dmEcR-A 
nuclear in COS7 and HeLa 
cells, evenly distributed in 

CHO-K1 cells 
- Gwóźdź et 

al., 2007  

dmEcR-B1 
nuclear  

evenly distributed  
cytoplasmic 

increase in 
nuclear 

localization  

Nieva et al., 
2005;  

Nieva et al., 
2007 

dmEcR-B2 evenly distributed - Gwóźdź et 
al., 2007 

dmUsp nuclear nuclear Nieva et al., 
2005 

 
3.2. Which mechanisms are responsible for the different intracellular 
distribution of EcR and Usp? 

Previous experiments applied biochemical and immuno-histochemical techniques to 

investigate the intracellular shuttling of the ecdysteroid receptor. However, the results 

were not always clear since the staining procedure caused many artefacts. In the 

epithelial cell line of Chironomus tentans EcR was partially present in the cytoplasm, 

and was shifted into the nucleus upon 20-hydroxyecdysone treatment (Lammerding-

Köppel et al., 1998). Using antibodies against EcR and Usp, Riddiford et al. (2000) 

have shown that these proteins are localized in the nucleus. In this project, EcR-B1 

and Usp proteins were fused to derivatives of green fluorescent proteins (GFP) in 

order to study their intracellular localization. Fluorescent proteins have been shown 

to be a useful tool for investigating the distribution and shuttling of vertebrate nuclear 

receptors. GFP is a relative small protein (about 27 kDa) that is equally distributed in 

cells and diffuses freely through nuclear membranes. In addition, its maturation 

occurs by autocatalysis without any species-specific factors (Tsien et al., 1998). 

Fusion proteins were still functional, although transactivation potency of EcR / Usp 

heterodimer was reduced of about 30% (Nieva et al., 2005). A similar effect has been 

observed for the androgen receptor (Tomura et al., 2001).  
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In mammalian cell lines Usp was localized exclusively in the nucleus, whereas EcR 

distribution varied, changing with the time after transfection. Some differences were 

also observed depending on the cell line and EcR isoform (Table 10; Nieva et al., 

2005; Gwóźdź et al. 2007). 

Importantly, both EcR and Usp were able to localize independently of each other in 

the nuclear compartment. This indicates that there are active nuclear localization 

signals in both proteins, responsible for their nuclear localization. Using deletion 

mutants and computer analysis of the sequence, a putative NLS in DNA binding 

domain of Usp has been described. EcR contains NLS activity within the DBD-hinge 

region (Gwóźdź et al. 2007). Simultaneously, co-immunoprecipitation experiments 

demonstrated that both proteins react with importin α1. This interaction does not 

definitely determine whether EcR and Usp are imported into the nucleus through 

importin α1 mediation, although it can be supposed taking into account the presence 

of NLS activity.  

Until recently, the spatial and temporal interactions between other nuclear receptors 

and importins were not studied by direct experimental approach. Only in one study a 

binding of GR NLS to importin α and its subsequent import into the nucleus was 

proven (Freedman and Yamamoto, 2004). Moreover, using variants of GFP protein, 

visual evidence of GR and MR association with importin α following corticosterone 

treatment was shown (Tanaka et al., 2003; Tanaka et al., 2005). Fluorescent protein 

tagged GR or MR and importin α translocated from the cytoplasm to the nucleus at 

nearly the same speed upon hormone treatment. Nuclear import mediated through 

the importin α/β heterodimer may be a general feature of the nuclear receptor family. 

Especially because many of the family members possess a classical NLS, such as 

AR (Zhou et al., 1994), ER (Picard et al., 1990), GR (Savory et al., 1999), PR (Tyagi 

et al., 1998), steroid and xenobiotic receptor (SXR; Kawana et al., 2003), TR (Zhu et 

al., 1998), VDR (Michigami et al., 1999). 

On the other hand, analysis of the signals and receptors that mediate nuclear export 

is still an active area of investigation. Nuclear export signals have been identified in 

the DNA binding domain of steroid receptors (Black et al., 2001). But there are also 

evidences for a NES in the ligand binding domain of AR (Saporita et al., 2003). The 

hydrophobic NES is active only in absence of androgen, and is leptomycin B 

insensitive. However, application of LMB has in some cases indicated that exportin-1 

is implicated in nuclear export of nuclear receptors. For example, orphan nuclear 
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receptor NGFI-B posses a leptomycin B sensitive NES in the ligand binding domain 

(Katagiri et al., 2000). 

Results presented here provide new additional evidences that members of the 

nuclear superfamily are exported from the nucleus via interaction with exportin-1. Co-

immunoprecipitation experiments revealed that EcR but not Usp reacts with exportin-

1. The results of the co-immunoprecipitation are in accordance with the fact that EcR 

is distributed between cytoplasm and nucleus, whereas Usp is exclusively present in 

the nucleus. Consequently, leucine-rich NESs were found only in the ligand binding 

domain of EcR. According to the crystal structure of EcR-LBD, the NESs are 

localized in helix 1 and helix 3, which are highly conserved in insect species (Gwóźdź 

et al. 2007). Importantly, in the presence of Usp, the EcR – exportin-1 interaction was 

reduced about six fold. A reasonable explanation is that interaction of EcR with 

exportin-1 is sterically hindered by heterodimerization. Therefore, by Usp co-

transfection EcR is observed mainly in the nucleus. Additional experiments with 

leptomycin B and siRNA supported the importance of exportin-1 for nuclear export of 

EcR. In the presence of leptomycin B, or absence of exportin-1, nuclear localization 

was enhanced, but EcR was still not exclusively localized in the nucleus, which 

indicates that several factors contribute to the equilibrium of nucleoplasmic shuttling. 

There may be additional export receptors. For example, GR export can be mediated 

through two different pathways: in an exportin-1 dependent manner (Savory et al., 

1999) or calreticulin dependent way (Holaska et al., 2001). 

In the absence of DNA the dimerization of EcR and Usp in cytoplasm is mediated by 

the ligand binding domains and apparently occurs to a sufficient degree without 

hormone, although ligand binding increases dimerization significantly (Greb-

Markiewicz et al., 2005). Ultraspiracle facilitates the nuclear accumulation of 

ecdysteroid receptor. Interestingly, EcR can also stimulate nuclear distribution of 

UspIII devoid of DNA binding domain, which contains a nuclear localization signal 

(Cronauer et al., 2007). UspIII is localized exclusively in the cytoplasm, but is 

imported into the nucleus if EcR is present. This result supports the importance of 

LBDs for heterodimerization. There is still an open question, if the receptors can be 

transported in and out of the nucleus as heterodimer. In the presence of low Ran 

concentration cytoplasmic distribution of EcR, but not Usp increases. The co-

transfection of EcR and UspIII in the absence of Ran may give new evidences for 

heterodimeric co-transport. 
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In conclusion, distinct intracellular localization of EcR and Usp is probably achieved 

by differences in the nuclear export. The relative high cytoplasmic concentration of 

EcR seems to be due to the effective nuclear export, whereas lack of NES in Usp 

sequence results in its constant high nuclear localization. The differences in 

localization point to separate roles of both receptors. The hypothesis is further 

supported by the fact that the developmental profiles of EcR and Usp do not 

correspond (Spindler-Barth and Spindler, 2000). Furthermore, Usp is involved in 

some signalling pathways independently of EcR, such as juvenile hormone signalling 

(Xu et al., 2002). 

 

3.3. Nucleocytoplasmic shuttling and energy requirement 

Almost all nucleocytoplasmic transport processes studied so far are energy-

dependent and require the small GTPase Ran. Energy requirement for the protein 

transport was demonstrated using inhibitors of ATP synthesis: oligomycin and 

sodium azide. The ATP is produced by oxidative phosphorylation, and to a small 

degree by glycolysis. Oligomycin occludes Na+ within Na/K-ATPase and enhances 

their binding to the enzyme resulting in inhibiting Na+ transport and ATPase activity. 

Lack of ATP results in repression of the sequential phosphorylation of GMP to GDP 

and GTP required for producing RanGTP (Zalkin and Dixon, 1992; Schwoebel et al., 

2002). 

Upon oligomycin treatment, the percentage of CHO-K1 cells with nuclear localization 

of YFP-EcR or YFP-Usp decreased of about 50% resulting in an even distribution 

between cytoplasm and nucleus. The same result could be observed, whether CHO-

K1 were co-transfected with YFP-Usp and EcR or YFP-EcR and Usp, independent of 

the presence of hormone. It indicates that a subpopulation of proteins shuttles 

between cell compartments. The mobility of the ecdysteroid receptor seems to be a 

very important factor that determines its functionality since muristerone A treatment, 

heterodimerization or DNA binding cannot repress cytoplasmic accumulation. 

Cronauer et al. (2007) have shown that Usp does not interact with DNA to a 

considerable degree and even in the presence of EcR only a fraction (about 39%) of 

the heterodimer is bound to DNA. The same effect was observed for TR, DNA 

binding does not significantly contribute to its nuclear retention (Baumann et al., 

2001). However, for GR it has been reported that DNA binding enhances nuclear 

localization by reducing nuclear export (Sackey et al., 1996). Continuous shuttling is 
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a general phenomenon observed for vertebrate nuclear receptors (Maruvada et al., 

2003). Similarly to ecdysteroid receptor, the ligand has no significant affect on the 

mobility of Type II receptors, such as RAR and TR. Instead, RXR reduces the 

shuttling rate of the RAR, suggesting that heterodimerization plays a major role in 

maintaining the cellular distribution of RAR. On the other hand, ER export out of the 

nucleus, upon sodium azide treatment, could be prevented if an appropriate 

hormone was applied. Taken together, ligands, heterodimerization partners and DNA 

binding can exert differential effects on the intracellular shuttling and be differentially 

employed by nuclear receptors.  

To show the importance of Ran for ecdysteroid transport co-immunoprecipitation and 

siRNA interference have been applied. I was not able to show any interaction 

between EcR or Usp and Ran. Probably, Ran does not react directly with cargo 

proteins or the interaction is very weak. Using siRNA interference, the level of Ran 

was reduced to about 25% of the normal expression. The reduction resulted in an 

increase of cell death. It was not surprising since the protein plays a great role in cell 

physiology. It has been shown that Ran is necessary for nuclear import of EcR, 

whereas for Usp it is unclear. Lyman et al. (2002) proposed that Ran and energy 

requirement for import is dictated by a combination of two properties of the receptor 

– cargo complex: its diffusion coefficient, which is related to its molecular mass and 

shape. They found that import of small proteins (between 60 and 125 kDa) was 

supported by Ran and a nonhydrolyzable GTP analogue, whereas efficient transport 

of large proteins (about 500 kDa) required both Ran and GTP. The difference in EcR 

and Usp import may be explained taking into account their size and diffusion 

properties. Usp (in the fusion with YFP protein = 87 kDa) may be imported into the 

nucleus also when the Ran level is decreased and GTP hydrolysis occurs 

ineffectively. EcR, even if not much bigger (in the fusion with YFP protein = 127 

kDa), but perhaps with smaller diffusion coefficient and reduced mobility, would be 

more likely to rebind to the same nucleoporin after dissociating from it and thereby 

could be preferentially stalled in a particular region of the NPC.  

The retention of ecdysteroid receptor in the nucleus is energy-dependent. It has 

been shown that nuclear export of YFP-EcR is mediated by a leucine-rich NES, and 

in the presence of LMB the receptor accumulates in the nucleus. However, if prior to 

LMB treatment, cells were incubated with oligomycin, the percentage of cells with 

nuclear localization of YFP-EcR was significantly reduced. For vertebrate nuclear 
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receptors different energy requirements have been reported. Import into the nucleus 

needs energy in the case of PR (Guiochon-Mantel, et al., 1991), TRβ (Baumann et 

al., 2001), ER, RAR (Maruvada et al., 2003), and AR (Whitaker et al., 2004), 

whereas export into the cytoplasm occurs through passive diffusion. This in 

agreement with the fact, that export of PR (Tyagi et al., 1998), TRα (Bunn et al., 

2001) and AR (Saporita et al., 2003) is not mediated by a NES. It is unclear why high 

structurally related proteins like nuclear receptors reveal so different energy 

requirements for intracellular translocation. Other cellular pathways that act in 

commitment with nuclear transport must be taken into account. For instance, prior to 

export, GR is being released from association with the nuclear matrix, and this step 

is energy-dependent (Tang and DeFranco, 1996).  

 

3.4. Components of intracellular transport machinery in mammalian cell lines 
and S2 cells 

Exportin-1 and Ran were demonstrated in three mammalian cell lines: hamster CHO-

K1, monkey Cos7 and human HeLa cells. For these two proteins, there were no 

visible differences in expression level dependent on the cell line. Surprisingly, 

importin α1 was present in Cos7 and HeLa cells but not in CHO-K1. It is unlikely that 

the applied antibody was not specific since importin α1 shares a great identity 

between different species, reaching at least 80% (Köhler et al., 1997; Goldfarb et al., 

2004). The presence of importin α2 in CHO-K1 could not be demonstrated. But in 

this case, the quality of antibody may play a role. The possibility that CHO-K1 

possess neither importin α1 nor importin α2 must be taken into account. There have 

been described six human importins α which reveal different expression level in 

distinct tissues, and may replace each other by NLS-substrate transport (Köhler et 

al., 1999). Consequently, hamster ovary may be devoid of importin α1 and α2, but 

express other members of the importin α family which mediate nuclear import. 

Two bands for importin α1 that are visible in the gel probably correspond to 

phosphorylated and unphosphorylated state of the protein. Hachet et al. (2004) have 

shown that in Xenopus laevis egg extract are present two importin α fractions: 

cytosolic and membrane-associated, which differ in their phosphorylation level.  

The fundamental mechanism and mediators of intracellular transport are highly 

conserved, and presumably arose before separation of vertebrates and 
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invertebrates. It was shown in this project that the transport machinery of mammalian 

cells recognises and is able to import and export insect receptors. What is also 

important, antibody against mammalian proteins crossreact with D. melanogaster 

exportin-1, importin α and Ran. Protein alignment of human and insect proteins 

revealed that they share a high identity, despite of the fact that they come from so 

distant species. The function of import receptors in intracellular transport in mammals 

has been very well described, whereas in the case of insects, only an exportin-1 

homologue has been found to actively participate in nuclear export of NES-cargos in 

LMB dependent manner (Fasken et al., 2000). It cannot be ruled out that nuclear 

export of ecdysteroid receptor in D. melanogaster is also mediated through the 

reaction with exportin-1. Especially, that two other transcription factors from the 

insects require exportin-1 for their translocation, Dorsal Rel proteins (Roth et al., 

2003) and Extradenticle protein (Abu-Shaar et al., 1999). Besides, in D. 

melanogaster have been characterized three importin α classes, according to their 

homology to vertebrate proteins. These are: α1 (Giarrè et al., 2002), α2 (pendulin 

encoded by the oho31 locus; Küssel and Frasch, 1995; Török et al., 1995) and α3 

(Dockendorff et al., 1999). Similarly to tissue differences in humans, Drosophila 

importins are expressed in a developmental stage- and cell-dependent manner 

(Küssel and Frasch, 1995; Máthé et al., 2000; Giarrè et al., 2002). The action of 

insect importins in intracellular transport is still unclear, although there are again 

some premises proving importins’ ancestral character and function. For example, 

importin α2 regulates the assembly of ring canals during fruit fly oogenesis. 

Interestingly, ring canals are functionally related to nuclear pores, both structures 

mediate transport (Gorjánácz et al., 2002). In the case of insect Ran, there are still no 

results present that would prove its importance for intracellular transport. Interference 

with Ran expression or function does not have any major repercussions on D. 

melanogaster development, although a severe eye phenotype has been observed 

(Koizumi et al., 2001). 

 

3.5. Influence of the cell cycle on EcR expression and intracellular distribution 

A single cell passes through the cell cycle individually, and shows two characteristics: 

a particular DNA content and cell mass. To investigate the influence of the cell cycle 

in a population, a cell culture has to be synchronized. It means, both mentioned 

attributes should be on average in every cell at the same level. By choosing the 
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synchronization method different parameters have to be taken into account, such as 

cell type, the doubling time of the cell cycle, duration of each cell-cycle phase and the 

event to be studied (Davis et al., 2001). In this project three methods have been used 

to synchronize CHO-K1 cells: serum starvation, thymidine block and nocodazole 

treatment. Serum starvation seemed to be an optimal method with regard to its 

simplicity and lack of chemical factors that could influence the investigated process. 

In some cases, serum starvation was combined with contact inhibition which occurs 

when dividing cells reach a high level of confluence and cell-to-cell contact. 

Unfortunately, the method was limited by several factors. Some morphologic 

changes of cells were observed which were probably due to high density or lack of 

growth factors. Furthermore, after serum starvation, a cell population required many 

hours to recover and re-enter the cell cycle. The second synchronization method, 

thymidine block, was not efficient enough, and the percentage of synchronization 

was lower than by the other methods. In conclusion, nocodazole treatment was 

considered to be the most optimal way of synchronization for the following reasons: 

First, to synchronize the cells with nocodazole, a relative short time was needed, 

compared to serum starvation or thymidine treatment. Second, immediately after 

nocodazole removal the cells re-enter the cell cycle. Third, the highest level of 

synchronization could be achieved (to 85%), and the cells were more vital 

(microscopic observation). The synchronization was maintained in the culture only 

during one cell cycle. Therefore, it was not possible to study the EcR expression and 

distribution changes during cell cycle over a longer period of time. 

The studies demonstrated that expression of ecdysteroid receptor varies according to 

the cell cycle. From the synchronization experiments, high EcR concentration was 

observed in G1 and S phases, but a progressive decrease in its expression during 

late S and G2/M phases.  The changes in EcR level are probably not due to its 

degradation because of low stability or different efficiency of transfection. Firstly, the 

same result was obtained in the presence of Usp that stabilizes EcR. Secondly, 

prolonged expression of EcR to 20 h showed that CHO-K1 cells were transfected 

efficiently. Changes in expression profile were nevertheless not specific for EcR 

since YFP revealed a similar expression pattern like ecdysteroid receptor. One 

possible explanation of the results considers general properties of cell cycle, during 

which higher protein synthesis occurs in G1 but not in G2/M phases, although specific 

for the cell cycle phase EcR expression cannot be excluded. Cell cycle dependent 
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expression has been already described for TR (Maruvada et al., 2004) and PR 

(Narayanan et al., 2005). TR was hardly expressed in early S phase, but then an 

increase in its expression during late S and G2 was observed until maximal levels in 

G2/M. In contrary to TR, but similar to ecdysteroid receptor, analysis of the PR level 

indicates equal levels of receptor expression in G1 and S phases but reduced 

expression in G2/M. Consequently, changes in receptor expression during cell cycle 

influence hormone sensitivity and transcriptional activity. If a variation in 

transcriptional activity, dependent on the cell cycle would be found for ecdysteroid 

receptor, there would be an additional, besides isoforms, explanation for differences 

in developmentally regulated responses and tissue-specific sensitivities to ligand.  

There are also some first results that suggest that EcR distribution varies according 

to the cell cycle. The lower the percentage of cells in S phase the lower is the 

number of cells with cytoplasmic and the higher with nuclear localization of EcR. How 

the cell cycle may regulate intracellular distribution of ecdysteroid receptor is unclear. 

There are evidences that protein kinase C (PKC) activity is necessary for nuclear 

translocation of EcR and Usp in larval salivary glands of D. melanogaster (Henrich, 

personal communication). PKC can also mediate cellular pathways that regulate the 

expression of specific cell cycle components, which may contribute to its ability to 

affect cell cycle. For example there is a direct correlation between the induced 

expression of PKC and the expression of both the G1 cyclins D and E, and the cdk 

inhibitor p21 (Fima et al., 2001). Cyclin D may increase nuclear receptor-mediated 

cell proliferation in hormone-responsive tissues. Furthermore, different intracellular 

distribution may be due to association with insoluble nuclear components (Baumann 

et al., 2001; Reid et al., 2003). The function of some of them could be regulated in a 

cell-cycle dependent manner. 

In summary, I have observed cell cycle-dependent changes in EcR expression and 

localization, which in turn could affect transcriptional responses to hormone. These 

observations of cell cycle-dependent effects are probably a general feature of nuclear 

hormone receptors. 

 

3.6. Influence of muristerone A on cell cycle 

An ecdysteroid inducible gene expression system was applied in studying a multitude 

of processes, such as lipid metabolism, apoptosis, cell cycle, embryonic development 

and signal transduction (Saez et al., 2000). At the same time, ecdysteroids have 
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been found to exert a number of effects on metabolism of mammals. The hormones 

increase conversion of cholesterol into bile acids (Schroepfer, 2000), reduce 

hyperglycaemia, and have general stimulatory effect on protein synthesis (Dinan and 

Lafont, 2006). However, the point of interest is the influence of ecdysteroids on 

cellular proliferation and differentiation. For example, wound-healing effects of 

ecdysteroids have described. Furthermore, 20-hydroxyecdysone can stimulate in 

vitro proliferation of different mammalian cells (Lafont and Dinan, 2003). The 

question arises, whether ecdysteroid inducible gene expression system may be used 

to investigate cell cycle dependent processes. Results obtained in my work did not 

reveal any muristerone A dependent effects in CHO-K1 cells, in the presence as well 

as in the absence of ecdysteroid receptor. However, I cannot exclude that the action 

of ecdysteroid in mammalian cells may be cell line specific. In the population of 

transfected cells, I observed slightly higher percentage of cells in G1 phase. I 

presume, some cells may be more sensitive to transfection and presence of EcR / 

Usp heterodimer, and enter in G0 quiescence, which is in its DNA level 

undistinguishable from G1 phase. 

 

3.7. Application of mammalian cell lines in studying insect receptors 

Mammalian cell lines were chosen for this project for a few reasons. Firstly, separate 

heterologous expression of EcR and Usp in mammalian cells facilitates analysis of 

their individual intracellular transport capabilities, whereas insect tissue typically 

contains variable amounts of both receptors. Secondly, ecdysteroid receptor and its 

ligands indicate many actual and potential applications. Not only in insects, where 

moulting hormones mimics are being used as pesticides (Spindler-Barth and 

Spindler, 2003), but also in vertebrates. Low mammalian toxicity of moulting 

hormones, together with the specificity of the ecdysteroid receptor complex makes it 

a good candidate for designing ecdysteroid-inducible gene expression systems and 

molecular switches for gene therapy (Lafont and Dinan, 2003). Finally, the 

ecdysteroid receptor is phylogenetically the oldest known nuclear receptor. 

Therefore, it is as well a very interesting model for studies which can provide new 

insights into the evolution and nucleocytoplasmic shuttling of nuclear receptors.  

 

 

 



 

71 

 

4. MATERIALS AND METHODS 

 
4.1. Materials 

4.1.1. Chemicals and reagents 

CHEMICALS & REAGENTS COMPANY 

 

2-deoxyglucose Sigma-Aldrich  

3-Morpholinopropane sulfonic acid (MOPS) Merck 

4-(2-Aminoethyl)benzenesulphonyl fluoride (AEBSF) Merck 

Accutase PAA Laboratories 

Acetic acid Merck 

Acrylamide Merck 

Agar INC Biomedicals 

Ammonium persulfate (APS) Sigma -Aldrich 

Ampicillin Natriumsalz Roth 

Anti-Mouse IgG (Whole Molecule) Peroxidase Conjugate Sigma-Aldrich 

Anti-Rabbit IgG (Whole Molecule) Peroxidase Conjugate Sigma-Aldrich 

Anti-Rabbit (Whole Molecule) IgG-Agarose Sigma-Aldrich 

Aprotinin  Roche 

β-actin antibody Abcam 

β-merkaptoethanol Merck  

BD Living Colors ™ Antibody Clontech a TAKARA BIO 

Bovine serum albumine (BSA) Sigma-Aldrich 

Bromophenol blue Merck  

Calcium chloride Merck  

Coomassie Brilliant Blue G-250 Serva 

Cycloheximide Sigma-Aldrich 

DALTON MARK VII-L Sigma-Aldrich  

Dimethylsulfoxide (DMSO) Merck 

Dithiothreitol (DTT) Serva 

D-MEM/F12 (1X) liquid 1:1 Gibco 

D-MEM/F12 (1x) with L-Glutamine, without Phenol Red Gibco  
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Donkey anti-goat IgG-HRP antibody Santa Cruz  

Dulbecco’s Modified Eagle Medium (1X) liquid  PAA Laboratories 

Dulbecco’s Modified Eagle Medium (1X) without glucose  Gibco  

Dynabeads Protein G Dynal Biotech  

ECL Western blotting detection system Amersham Biosciences 

Ethanol Merck 

Ethylenedinitrilotetraacetic acid (EDTA) Merck 

Ethylenedioxybis(ethylenenitrilo)tetraacetic acid (EGTA) Merck  

Exportin-1 / CRM1 antibody Pharmingen 

Fetal calf serum (FCS) Gibco  

Glycerol Merck 

Glycine Merck  

High Molecular Weight Standart Mixture Sigma-Aldrich 

Kanamycin Monosulfat Sigma-Aldrich 

Importin α1 / Rch-1 antibody  Pharmingen 

Importin α2 antibody Santa Cruz 

Leptomycin B M. Yoshida (Hirosawa) 

Leupeptin Sigma-Aldrich 

L-glutamine 200 nM (100X) PAA Laboratories 

Lipofectamine 2000 Invitrogen 

Lipofectamine LTX Invitrogen 

Manganese (II) chloride Fluka 

MEM Non-essential amino acids (100X) PAA Laboratories 

Methanol Merck 

Muristerone A Invitrogen 

N,N’-Methylenbisacrylamide BIOMOL 

N,N,N',N'-Di-(dimethylamino)ethane (TEMED) Sigma-Aldrich 

Nocodazole Sigma-Aldrich 

Non-fat milk Heirler 

Oligomycin Sigma-Aldrich 

Opti-MEM 1X medium Gibco 

Pepstatine A Sigma-Aldrich 

Pepton Merck 

Phenylmethylsulphonylfluoride (PMSF) Sigma-Aldrich 
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Phosphoric acid Merck 

Ponceau S (Sodium salt) Sigma-Aldrich  

Potassium acetate Merck 

Potassium chroride Merck 

Potassium phosphate monobasic Merck 

Propidium iodide solution Sigma-Aldrich 

Ran antibody Pharmingen 

RNaze Sigma-Aldrich 

Rubidium chloride Merck 

Sodium chloride Merck 

Sodium dodecyl sulfate (SDS) Merck 

Sodium phosphate dibasic dihydrate Roth 

Sodium pyruvate solution 100 mM PAA Laboratories 

Thymidine Sigma-Aldrich 

Tris Roth 

Triton X-100 Merck 

Trypan blue solution (0,4%) Sigma-Aldrich 

Trypsine-EDTA (1X) PAA Laboratories 

Tween 20 Merck 

Yeast extract Gibco  

 
4.1.2. Plasmids 

4.1.2.1. pEYFP-C1 

The vector encodes an enhanced yellow-green variant of the Aequorea Victoria 

green fluorescent protein. The EYFP contains the four amino acid substitutions 

previously published as GFP-10C (Ormö, M., et al., 1996): Ser-65 to Gly; Val-68 to 

Leu; Ser-72 to Ala; and Thr-203 to Tyr. The fluorescence excitation maximum of 

EYFP is 513 nm; the emission spectrum has a peak at 527 nm (in the yellow-green 

region). 

 
4.1.2.2. pEYFP-C1 / EcR (YFP-EcR) and pEYFP-N1 / EcR (EcR-YFP) 

Full-length D. melanogaster EcR B1 isoform was amplified by PCR (Saiki et al., 

1988) and fused to the fluorescent protein YFP by ligation into pEYFP-C1 or pEYFP-
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N1 (Clontech a TAKARA BIO) using HindIII and BamHI restriction sites. The YFP-

EcR was expressed with six additional amino acids at the end of the sequence which 

come from the multiply cloning side: Gly-Ser-Thr-Gly-Ser-Arg. Furthermore in the 

cloning procedure a mutation in EcR occurred: Ile803Thr. All cloning were performed 

in the Department of Biochemistry at the Wrocław University of Technology (Poland). 

 

4.1.2.3. PEYFP-C1 / Usp (YFP-Usp) 

Full-length D. melanogaster Usp was amplified by PCR (Saiki et al., 1988) and fused 

to the fluorescent protein YFP by ligation into pEYFP-C1 (Clontech a TAKARA BIO) 

using EcoRI and SalI restriction sites. The protein was expressed with thirteen 

additional amino acids at the end of the sequence which come from the multiply 

cloning side: Val-Asp-Gly-Thr-Ala-Gly-Pro-Gly-Ser-Thr-Gly-Ser-Arg. 

 

4.1.2.4. PEYFP-N1 / Usp STOP (Usp) 

Full-length D. melanogaster Usp was amplified by PCR (Saiki et al., 1988) and fused 

to the fluorescent protein YFP by ligation into pEYFP-N1 (Clontech a TAKARA BIO) 

using EcoRI and SalI restriction sites. A stop codon: TAG (Ter) was introduced 

between Usp and YFP sequence so that only Usp was expressed. 

 

4.1.2.5. “Filler DNA” 

A pGEM is a vector that can be expressed only in bacteria. The DNA was used in the 

experiments concerning changes of EcR concentration in the phases of the cell 

cycle, in CHO-K1 cells.  

 

4.1.3. Bacteria strain E.coli (Stratagene) 

XL1-Blue – endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB+ lacIq 

∆(lacZ)M15] hsdR17(rK
- mK

+) 

 

The meaning of genetic markers is in the table below. 
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Marker Meaning 

 

F’ Strain contains an F' episome. 

endA1  Mutation in endonuclease I gene. It improves quality of isolated 

plasmid DNA. 

glnV44  Suppression of amber (UAG) stop codons by insertion of 

glutamine. 

gyrA96 (nalR) Mutation in DNA gyrase gene. It confers resistance to nalidixic 

acid. 

hsdR17 (rK
- mK

+) Restriction system that methylates host DNA specific sites and 

cleaves DNA that is not methylated. The R gene codes for 

endonuclease, the M gene codes for methylase, and the S 

gene is required for the functionality of both enzymes. Thus 

hsdR mutants don’t have the endonuclease function, but can 

still methylate. 

lacIq Mutation leads to high levels of the lac repressor protein, 

inhibiting transcription from the lac promoter.  

∆(lacZ)M15 Partial deletion of beta-galactosidase gene. It allows blue/white 

selection for recombinant colonies when plated on X-Gal/IPTG. 

proAB+ Mutation in genes involved in proline metabolism. Strains 

require proline for growth on minimal media. 

recA1 Mutation in general recombination gene. 

relA1 Relaxed phenotype, mutation eliminates stringent factor. It 

allows RNA synthesis in the absence of protein synthesis. 

thi-1 Mutation in thiamine metabolism gene. Strains require thiamine 

for growth on minimal media. 

Tn10 Transposon conferring resistance to tetracycline.  

 
4.1.4. Cell lines 

Chinese hamster ovary cells (CHO-K1) 

African green monkey kidney fibroblasts (Cos7) 

Human cervix adenocarcinoma (HeLa) 

The Schneider line-2 cell (S2 cell) of Drosophila melanogaster 
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4.1.5. Kits 

Pure YieldTM Plasmid Midiprep System Promega 

 

4.1.6. Antibody 

Antibody 
against 

Company Blocking Primary 
antibody dilution 

Secondary 
antibody dilution

β-actin Abcam 3% non-fat 

milk in TBS-T, 

1 hour 

1:20 000 

3% non-fat milk in 

TBS-T 

anti-mouse 

1:1000 in TBS-T 

Exportin-1 / 
CRM1 

Pharmingen 5% BSA in 

TBS-T, 1 hour 

1:2500 

5% BSA in TBS-T 

anti-mouse 

1:1000 in TBS-T 

Importin α1 / 

Rch-1 

Pharmingen  5% BSA in 

TBS-T, 1 hours

1:20 000 

5% BSA in TBS-T 

anti-mouse  

1:1000 in TBS-T 

Importin α2 Santa Cruz 5% BSA in 

TBS-T, 3 hour 

1:200 

5% BSA in TBS-T 

anti-goat     

1:2000 in TBS-T 

Ran Pharmingen 5% BSA in 

TBS-T, 1 hour 

1:60 000 

5% BSA in TBS-T 

anti-mouse 

1:1000 in TBS-T 

YFP Clontech a 

TAKARA BIO 

3% non-fat 

milk in TBS-T, 

1 hour 

1:250 

3% non-fat milk in 

TBS-T 

anti-rabbit 1:500 

in TBS-T 

 

4.2. Methods 

4.2.1. Cellular and biological methods 

4.2.1.1. Cell culture 

1xPBS: 

 138 mM NaCl 

 2.7 mM KCl 

 1.8 mM KH2PO4 

 10 mM Na2HPO4 x 2H2O 

pH = 7.2 

Chinese hamster ovaricytes CHO-K1 were maintained in D-MEM / F12 (1:1) medium 

supplemented with 5% fetal calf serum. Cos7 and HeLa cells were maintained in 

Dulbecco’s modified Eagle medium supplemented with 10% FCS, 1% non-essential 
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amino acids, 1 mM sodium pyruvate and 2 mM L-glutamine. Cells were grown in 

370C in a 95% air / 5% CO2 atmosphere. Cells were passaged using trypsine that 

was diluted 1:2 (Cos7 and HeLa) or 1:5 (CHO-K1) in 1xPBS. Cells were washed 

once with PBS, trypsinized for 3 min. at 370C, diluted in medium, counted and 

passaged into T-flasks (Greiner). In 25 cm2 T-flask 400 000 of cells were passage.  

Cells were split every second day. 

 

4.2.1.2. Counting cells using a microscope counting chamber (hemacytometer) 

The cell suspension was diluted 1:1 with the dye Trypan blue, which enables easy 

identification of dead cells. Dead cells take up the dye and appear blue with uneven 

cell membranes. By contrast, living cells repel the dye and appear refractile and 

colorless. The cover slip was centered on the hemacytometer and 10 µl of the diluted 

cell suspension was loaded to the chamber. The cells were counted using an 

inverted microscope (Zeiss Axiovert M35) with the objective magnification 10x. To 

calculate the concentration in cells / ml, the total count was first divided by 0.1 

(chamber depth) then by 4 mm2, which is the total area counted (each large corner 

square is 1 mm2). The result (x cells / mm3) was multiplied with 1000 (= 1000 mm3 

per ml) and divided by 2 (dilution with Trypan blue). 

 
4.2.1.3. Cell cycle synchronization 

For synchronization in G1 phase, the cells were starved for 36 h in medium 

supplemented with 0.1% FCS. To synchronize in S phase, the cells were incubated 

25 h in medium with 2.5 mM thymidine. Synchronization in G2/M phase was carried 

on by treating the cells 11 h with nocodazole (200 ng / ml). To investigate the EcR 

concentration and distribution in different phases of the cell cycle, CHO-K1 cells were 

first synchronized with nocodazole, then medium with the chemical was removed, 

cells were washed once with growth medium and transfected 0, 2, 4.5, 6.5 and 10 

hours after removal of nocodazole. Cells were harvested 8 or 20 hours later. The 

Western blotting and FACS were performed, and the intracellular distribution was 

examined. 
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4.2.1.4. Application of muristerone A  

For analysing the influence of muristerone A on the cell cycle in mammalian system, 

CHO-K1 cells were transfected with pEYFP-C1 / EcR (coding for YFP-EcR) and 

pEYFP-N1 / Usp STOP (coding for Usp). 6 hours after transfection, muristerone A 

was added to the cell culture, in the concentrations 4 * 10-6 M or 10-5 M. Cells were 

incubated 24 hours with muristerone A, harvested and the cell cycle was analysed by 

FACS. YFP protein was detected in the fluorescence channel 1 (FL1). Propidium 

iodide was detected in fluorescence channel (FL2). 

 

4.2.1.5. Experiments with oligomycin (ATP depletion) and leptomycin B 

For studies inhibiting ATP hydrolysis, 10 hours after transfection, CHO-K1 cells, 

incubated in medium without glucose, but supplemented with 6 mM 2-deoxyglucose, 

were treated with 1 µM oligomycin for 2.5 hour. Cycloheximide was applied in a 

concentration 50 µg/ml to inhibit possible protein synthesis. Muristerone A was 

applied in a concentration of 10-5 M. Leptomycin B was a gift from M. Yoshida 

(RIKEN, Hirosawa). It was added to the medium (final concentration: 10 ng/ml) 10 

hours after transfection. This treatment retained cell viability what was controlled by 

trypan blue staining. 

 
4.2.1.6. RNA Interference 

CRM1 targeting siRNA (according to Miki and Yoneda, 2004; sense UGU GGU GAA 

UUG CUU AUA C d(TT); antisense GUA UAA GCA AUU CAC CAC A d(TT)), Ran 

targeting siRNA (according to manufacturer MWG-Biotech AG; sense AGA CUG 

CUG CAG UCA CAU C d(TT); antisense GAU GUG ACU GCA GCA GUC U d(TT)), 

and non-specific control (sense UAA UGU AUU GGA ACG CAU A d(TT); antisense 

UAU GCG UUC CAA UAC AUU A d(TT)) were obtained from MWG-Biotech AG 

(Ebersberg, Germany). Transfection of HeLa cells with 100 pmol CRM1 or 200 pmol 

Ran was performed in 12-well plates or 60 µ-dishes (Ibidi Integrated BioDiagnostics) 

using Lipofectamine LTX (6 µl) and Opti-MEM medium. 36 hours after CRM1 

transfection or 48 hours after Ran transfection, cells were co-transfected with YFP-

EcR or YFP-Usp. After 10 hours western blot analysis was performed, and the 

intracellular distribution of fluorescence was evaluated.  
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4.2.1.7. Transfection 

Mammalian cells were transfected using lipofectamine 2000 or lipofectamine LTX. 

For co-immunoprecipitation experiment, 1*106 CHO-K1 or Cos7 cells were passaged 

in 10-cm plates and transfected using 10 µg DNA and 25 µl lipofectamine 2000. For 

experiments with oligomycin and leptomycin B, 120*103 CHO-K1 cell were grown and 

transfected in 12-well plates. For one well 1.6 µg DNA and 3 µl lipofectamine 2000 

were applied. For cell synchronization experiments, (250 – 300)*103 CHO-K1 cells 

were grown and transfected in 6-well plates (4 µg DNA and 7 µl lipofectamine 2000). 

For siRNA experiment, 70*103 HeLa cells were passage in 60 µ-dishes (Ibidi 

Integrated BioDiagnostics), and transfected using 3 µl Lipofectamine LTX and 1.5 µg 

DNA.  

 

4.2.1.8. Harvesting mammalian cells 

Lysis buffer: 

 50 mM Tris / HCl pH 7.6 

 2 mM EGTA 

 2 mM EDTA 

 1% Triton X-100 

 2 mM DTT 

 + Protease inhibitors: 

 1 mM PMSF 

 1 µg/ml ALP (Aprotinin, Leupeptin, Pepstatine A) 

 1 mM AEBSF 

 

Cells were harvested 15 – 24 h after transfection. They were washed once with 

1xPBS, solubilized for 20 min. on ice in 500 µl (for one 10-cm plate) cold lysis buffer, 

gently scraped off and homogenised by 5 strokes through a 26G x 23 needle 

(Terumo). Then the cells were centrifuged 5 min. (Eppendorf 5415C, 12 000 rpm) 

and the supernatant was transferred to a fresh 1.5 ml Eppendorf tube. 
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4.2.1.9. Flow cytometry 

RNaze / pI solution in 1x PBS: 

 40 µg/ml Propidium iodide 

 100 µg/ml RNaze 

 

At least 1*106 CHO-K1 cells were detached from the T-flask using accutase (3 min. 

at 370C) and resuspended in 1xPBS (room temperature) in 15 ml tubes. The probe 

was centrifuged 5 min (Eppendorf 5804R, 1500 rpm, room temperature) and the 

pellet was resuspended in 1 ml cold 1xPBS (40C). In order to fixate the cells, cold 

ethanol (40C) was used. To prevent clustering during fixation, 3 ml of ethanol was 

added by drops to the cell suspension (final concentration of ethanol was 

approximately 70%). The probes were incubated at 40C for four hours to one night. 

After the incubation cell suspension was centrifuged 10 min (Eppendorf 5804R, 1500 

rpm, room temperature) and the pellet was resuspended in 500 µl RNaze / pI 

solution. RNaze digests RNA that is present in cells and can be also stained by 

propidium iodide, and thus can disturb the FACS analysis. Nuclear DNA was stained 

by propidium iodide and its level in the cells was measured using a flow cytometer 

(FACSCaliburTM, Becton Dickinson). The amount of the dye bound is proportional to 

the amount of DNA present in the cells. Propidium iodide was detected in the 

fluorescence channel 2 (FL2). Forward light scatter (FSC) and side light scatter 

(SSC) were measured by using linear and logarithmic amplifiers, respectively. 50 000 

events were collected and evaluated using FlowJo software. 

 

4.2.2. Biochemistry 

4.2.2.1. Bradford reaction (Bradford, 1976) 

Bradford solution: 

 0.1 g/l Coomassie Brilliant Blue G-250 

 5% (v/v) 96% (v/v) Ethanol 

 10% (v/v) 85% (w/v) Phosphoric acid (H3PO4) 

 

Total protein concentration in extracts was determined by the Bradford reaction. The 

concentration of protein in the samples was compared with BSA which was used to 

prepare a standard curve. The samples were supplemented with water up to 800 µl 
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total volume. To every probe 200 µl of Coomassie dye was added, mixed and the 

absorbance of Coomassie dye protein complex was measured after 15 min. at 595 

nm using a Pharmacia Biotech Novaspec II spectrophotometer. 

 
4.2.2.2. SDS polyacrylamide gel electrophoresis (SDS-PAGE) (Laemmli, 1970) 

Acrylamide / Bisacrylamide solution (37.5 : 1, 30%): 

 300 g/l Acrylamide 

 8 g/l N,N’-Methylenbisacrylamide 

 

Stacking gel buffer: 

 1000 mM Tris / HCl (pH 6.8) 

 

Running gel buffer: 

 1500 mM Tris / HCl (pH 8.8) 

 

Sodium dodecyl sulfate (SDS) solution: 

 10% (w/v) Sodium dodecyl sulfate 

 

Ammonium persulfate (APS) solution: 

 0.4 g/ml Ammonium persulfate 

 

 Stacking gel Running gel 

 4% 10% 12% 

Acrylamide / 
Bisacrylamide 

400 µl 2333 µl 2917 

H20 1318 µl 2809 µl 2225 

Stacking gel buffer 250 µl - - 

Running gel buffer - 1750 µl 1750 µl 

10% SDS 20 µl 70 µl 70 µl 

TEMED 2 µl 2,9 µl 2,9 µl 

40% APS 10 µl 35 µl 35 µl 
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Electrophoresis buffer (10x): 

 250 mM Tris-base 

 1920 mM Glycine 

 1% (w/v) SDS 

pH = 8.3 

 

2x loading buffer: 

 200 mM Tris-HCl 

 4% (w/v) SDS 

 6% (v/v) β-mercaptoethanol 

 20% (v/v) Glycerol 

 0.1% (w/v) Bromophenol blue 

pH = 8.8 

 

Ponceau solution: 

 0.1% (w/v) Ponceau S (Sodium salt) 

 5% (v/v) Acetic acid 

 

High Molecular Weight Standart Mixture (Sigma-Aldrich) 

The mixture of the following 6 proteins: 

 Myosin, rabbit muscle 205.0 kDa 

 β-Galactosidase, E.coli 116.0 kDa 

 Phosphorylase b, rabbit muscle 97.4 kDa 

 Albumin, bovine 66.0 kDa 

 Albumin, egg 45.0 kDa 

 Carbonic Anhydrase, bovine erythrocytes 29.0 kDa 

 

DALTON MARK VII-L (Molecular Weight Range: 14,0 – 70,0 kDa) (Sigma-Aldrich) 

The mixture of the following 7 proteins: 

 Albumin, Bovine 66.0 kDa 

 Albumin, Egg 45.0 kDa 

 Glyceraldehyde-3-phospate  

         Dehydrogenase, rabbit muscle 36.0 kDa 

 Carbonic Anhydrase, bovine 29.0 kDa 
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 Trypsinogen, bovine pancreas 24.0 kDa 

 Trypsin Inhibitor, soybean 20.1 kDa 

 α-Lactalbumin, bovine milk 14.2 kDa 

 

The probes were denatured in 2x loading buffer (Laemmli, 1970), boiled for 5 min. 

and centrifuge 30 s (Eppendorf 5415C, 14 000 rpm). Proteins were separated by a 

10% or 12% gel under denaturating conditions in 1x electrophoresis buffer. Gels 

were run in Electrophoresis and Electrotransfer Unit (Hoefer mini VE) at constant 

current 15 mA / gel until the tracking dye reached the bottom of the gel or one hour 

longer. Molecular mass markers were run on a parallel lane to estimate the molecular 

mass of the proteins of interest.  

 

4.2.2.3. Western blotting (Towbin et al., 1979; Burnette, 1981) 

Tris buffered saline + Tween 20 (TBS-T): 

 20 mM Tris / HCl (pH 7.6) 

 137 mM NaCl 

 0.1% Tween 20 

 

Transfer buffer: 

 25 mM Tris  

 192 mM Glycine 

 20% Methanol 

pH = 8.3 

 

3% non-fat milk in TBS-T: 

 3% (w/v) Non-fat milk 

 
5% bovine serum albumine (BSA): 

 5% (w/v) Bovine serum albumine 

 

ECL Western blotting detection system (Amersham Biosciences) 

Detection reagents 1 and 2. The composition is not known. 
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The transfer buffer were prepared and cooled down to 40C. Nitrocellulose membrane 

NC45 (Serva), filter paper (Whatman 3 MM Chr, Cat. No. 3030917), and packing 

sponges (Amersham Bioscience) were pre-wetted in transfer buffer. After the transfer 

stack was assembled and placed in the tank (Electrophoresis and Electrotransfer 

Unit, Hoefer mini VE), transfer buffer was poured into the top of the transfer stack. 

Electrophoretic transfer conditions for blotting proteins were: 20 V, 300 mA, 1h. 

Membranes were blocked 3h in 5% BSA or 1h in 3% non-fat milk, then incubated 

with appropriate primary antibody, diluted 1:2500 (exportin-1 / CRM1), 1:20 000 

(importin α1 / Rch-1), 1:60 000 (Ran) in 5% BSA over night in 40C. Membranes were 

washed three times for 10 min. in 1xTBS-T and incubated for 2 hours in horseradish 

peroxidase-conjugated anti-mouse secondary antibody (1:1000). Rabbit BD Living 

Colors ™ Antibody against YFP were diluted 1:250 in 3% non-fat milk and the 

secondary anti-rabbit secondary 1:500 in 1xTBS-T. Before developing using ECL 

Western blotting detection system, blots were washed one more time tree times for 

10 min. in 1xTBS-T. 

Detection: An equal volume of detection solution 1 and detection solution 2 were 

mixed. The washed membrane was drained from the excess wash buffer. The mixed 

detection reagent was pipetted to the membrane and incubated for 1 min. at room 

temperature. A sheet of autoradiography film (HyperfilmTM ECL, Amersham 

Biosciences) was placed on top of the membrane, exposed and developed using 

OPTIMAX (PROTEC Medizintechnik GmbH § Co. KG).  

The intensity of the bands was calculated using BIO-RAD Quantity One – 4.4.0. The 

option Band Analysis Quick Guide was chosen. The brightness and contrast of the 

figure was adjusted automatically in the Transform dialog by clicking on the Auto-
scale button. Next, in the middle of each lane Frame Lanes were created. The 

width and length of each lane frame were adjusted by clicking on the Stretch Frame. 

To add or adjust anchor points on the lane frame Add / Adjust Anchors dialog was 

used. The background noise was subtracted in the Lane Background dialog. After 

clicking on a lane, a dialog appeared, where an option All Lanes On (Same Level) 
was chosen, and a basic background line was set. To identify all the bands in the 

figure automatically Detect Bands dialog was used. The width of the lines (Lane 
Width) was also here adjusted. The bands were marked as Brackets in the dialog 

Band Attributes. All Lanes Report was displayed and printed. The bands were 

compared according to the Trace Qty values. It means the quantity of a band 
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measured by the area under its intensity profile curve. Units were given in: intensity x 

mm. 

To estimate the molecular mass of the proteins of interest, molecular mass markers 

were stained with Ponceau S. 

 

4.2.2.4. Optimisation of Western blotting conditions for importin α2  

There were two critical points that concerned Western blotting for importin α2. First, 

the detected band for the protein was very faint, and second the obtained 

background was two strong. The first trial to optimise a procedure was to use 

different dilutions of first anti-importin α2 antibody: 1:200, 1:500, 1:1000. To reduce 

the background different blocking solutions were used: 3% non-fat milk in 1xTBS-T, 

5% non-fat milk in 1xTBS-T + 0,2% Tween 20, 6% BSA in TBS-T, 5% BSA in 1xTBS-

T + 0,2% Tween 20. Above-mentioned solutions were also used to dilute the first 

antibody. The second anti-goat antibody was diluted 1:2000 in 1xTBS-T. In order to 

increase the concentration of importin α2, higher amount of total protein was 

resolved on the gel, started from 20 µg till 50 µg per line. However no of the 

mentioned attempts brought a desired effect. 

 

4.2.2.5. Co-immunoprecipitation 

Cos7 or CHO-K1 cells, co-transfected simultaneously with pEYFP-C1 / EcR and 

pEYFP-C1 / Usp or transfected with each of the plasmids separately were solubilised 

in lysis buffer. Whole cell extracts (1 mg of total protein according to Bradford 

reaction in 500 µl lysis buffer) were incubated with an appropriate antibody 

(overnight, 40C). Immunocomplexes, protein – antibody were pulled down using 

Dynabeads Protein G (50 µl per reaction, 2 hours incubation) and washed three 

times with lysis buffer (500 µl). Protein G is a cell wall component produced by group 

G Streptococcus strains. Protein G has a high specificity for immunoglobulins and 

binds to most mammalian Ig mainly through their Fc regions. After washing proteins 

were solubilized in SDS 2x gel loading buffer (Laemmli, 1970), resolved on SDS-

PAGE gel and analysed by Western blotting. Protein complexes YFP-EcR – exportin-

1 (CRM1) were pulled down using Anti-Rabbit (Whole Molecule) IgG-Agarose (100 µl 

per reaction, 2 hours incubation). Anti-YFP antibody, produced in rabbit, binds Anti-

Rabbit (Whole Molecule) IgG-agarose beads with YFP. To show the interaction 

between Usp and Ran, CHO-K1 extracts, transfected with YFP-Usp, were incubated 
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over night (40C) with anti-YFP antibody (dilution 1:10). Next Anti-Rabbit (Whole 

Molecule IgG-Agarose (100 µl per reaction) was added and the incubation was 

continued 2 hours. Western blotting was performed with anti-Ran antibody (dilution 

1:60 000). 

 

4.2.3. Molecular biology 

4.2.3.1. Preparation of chemo-competent E.coli (Hanahan 1992) 

LB medium: 

 10.0 g/l Pepton 

 10.0 g/l NaCl 

  5.0 g/l Yeast extract 

 

1,5 % LB-agar: 

 10.0 g/l Pepton 

 10.0 g/l NaCl 

  5.0 g/l Yeast extract 

 15.0 g/l Agar 

 

Transformation buffer 1 (Tfb1): 

 100 mM RbCl 

 50 mM MnCl2 

 30 mM CH3COOK 

 10 mM CaCl2 * 2H20 

 50% (v/v) Glycerol 

pH = 5.8 

 

 

Transformation buffer 2 (Tfb2): 

 10 mM MOPS 

 10 mM RbCl 

 75 mM CaCl2 * 2H20 

 15% (v/v) Glycerol 

pH = 6.5 
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E.coli XL1-Blue were streaked from a glycerol suspension onto LB-plates and 

incubated overnight at 370C. One colony was picked, and a 5 ml culture of LB was 

inoculated overnight at 370C. The overnight culture was added to 50 ml LB and 

grown until the OD = 0.4 – 0.6 (3 – 4 hours). The culture was chilled on ice for 15 

min., centrifuged in 50 ml tubes for 10 min. (Eppendorf 5804R, 2500 rpm, 40C) and 

the supernatant was discarded. The pellet was resuspended in 15 ml Tfb1. The 

suspension was incubated on ice for 10 min. and then centrifuged for 10 min. 

(Eppendorf 5804R, 2500 rpm, 40C). The supernatant was discarded, the pellet 

resuspended in 4 ml Tfb2 and incubated for 10 min. on ice. The suspension was 

aliquoted into pre-chilled 1.5 ml Eppendorf tubes and frozen in liquid nitrogen. 

 
4.2.3.2. Transformation of XL1-Blue competent E.coli (Quick Change Site-
Directed Mutagenesis Kit, Instruction Manual, Stratagene) 

Ampicillin solution 

 100 mg/ml Ampicillin Natrium  

 

Kanamycin solution 

 50 mg/ml Kanamycin Monosulfate 

 

50 µl XL1-Blue was gently thawed on ice. 50 ng of appropriate DNA was transferred 

to the bacteria. The transformation reaction was gently mixed, incubated on ice for 30 

min., then pulse heated for 45 s at 420C and placed on ice for 2 min. 200 µl of LB 

medium preheated to 420C was added and the transformation reaction was 

incubated at 370C for 1 h with shaking at 180 rpm. The transformation reaction was 

plated on agar plates containing 100 µg / ml ampicillin or 50 µl / ml kanamycin 

according to the plasmid. 

 
4.2.3.3. Plasmid DNA purification from 200 ml culture (Pure YieldTM Plasmid 
Midiprep System, Promega) 

Cell Resuspension Solution: 

 50 mM Tris-HCl (pH 7.5) 

 10 mM EDTA (pH 8.0) 

 100 µg/ml RNaze A  
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Cell Lysis Solution: 

 200 mM NaOH 

 1% SDS 

 
 
Neutralization Solution: 

 4090 mM Guanidine Hydrochloride (pH 4.8) 

 759 mM  CH3COOK 

 2120 mM Glacial Acetic Acid 

Column Wash solution: 

 60 mM CH3COOK 

 60% (v/v) Ethanol 

 8.3 mM Tris-HCl 

 0.04 mM EDTA 

Endotoxin Removal Wash: 

 Composition unknown 

 

Pure YieldTM Clearing Column 

 

Pure YieldTM Binding Column 

 

Nuclease-Free Water 

 

One colony was picked, and a 200 ml culture of transformed E.coli was grown 

overnight at 370C in 500 ml flask. The cells were pelleted by centrifugation at 10 000 

x g for 10 min. (Sorvall RC-5B) and the supernatant was discarded. The cell pellet 

was resuspended in 6.0 ml Cell Resuspension Solution. After addition of 6.0 ml Cell 

Lysis Solution, the suspension was mixed by gently inverting and incubated for 3 

min. at room temperature. The cell lysis was stopped by adding 10.0 ml 

Neutralization Solution. The suspension was centrifuged at 14 000 x g for 10 min. 

(Sorvall RC-5B), the lysate poured onto the Pure YieldTM Clearing Column and 

vacuum was applied. The lysate passed through the clearing membrane of the Pure 

YieldTM Clearing Column, and the DNA bound to the binding membrane of the Pure 

YieldTM Binding Column. The column was washed with 5.0 ml Endotoxin Removal 
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Wash, 20.0 ml Column Wash Solution and dried for 30 s. To elute the DNA, 600 µl of 

Nuclease-Free Water was added in the Pure YieldTM Binding Column. After 

centrifugation at 1 500 x g for 5 min. (Sorvall RC-5B), the DNA was collected in a 50 

ml tube. The concentration and purity of the DNA was measured using Gene Quant II 

RNA / DNA Calculator (Pharmacia Biotech) in a quartz cuvet (HELLMA). 

4.2.4. Live cell fluorescent microscopy 

Time course of YFP-fusion proteins expression in CHO-K1 cells was monitored by 

live cell fluorescent microscopy 5 – 25 hours after transfection using an inverted 

microscope (Zeiss Axiovert M35) equipped with appropriate filter blocks for detection 

of YFP (450 – 490 nm excitation / 515 – 565 nm emission wave length). Using a 32x 

objective, different regions within a well were analyzed, with a total of approximately 

100 cells for each time interval. The intracellular distribution was classified as 

exclusively nuclear, nuclear and cytoplasmic, or only cytoplasmic. Digital images 

were captured using a 40x / 0,60 Corr objective (ZEISS Ld Achroplan) and a CCD 

camera (Canon Ultrasonic 350D). Cells expressing fluorescent fusion proteins were 

imaged as well using confocal laser scanning microscope 510 META (Zeiss, 

Germany), equipped with an argon ion laser. A Plan-Neofluar 20x/0.5 dry objective 

was used with scan zoom 4.0. YFP fluorescence was excited using light at 488 nm, 

with an emission filter LP505. 

 

4.2.5. Computer programs used to analyse the results 

1. The intensity of the signals obtained with a specific antibody was quantified 

using BIO-RAD Quantity One – 4.4.0. 

2. Molecular mass and theoretical pI of proteins were calculated according to 

the amino acid sequences using EXPASY ProtParam tool 
(http://www.expasy.org/tools/protparam.html). 

3. Multiple sequences Alignment was performed using ClustalW 
(http://clustalw.genome.jp/). 

4. FlowJo software was used to quantify FACS results. 

5. For microscopic analysis Zeiss LSM Image Browser was applied. 
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5. SUMMARY 

 

Ecdysteroids are a class of steroid hormones that coordinate development, 

reproduction, and other essential processes in insects through a heterodimer 

consisting of ecdysteroid receptor (EcR) and ultraspiracle (Usp). Both proteins are 

transcription factors that can also act individually, and members of the nuclear 

receptor superfamily. 

Karyopherins represent a family of proteins, which regulate nucleocytoplasmic 

shuttling. Importins are responsible for nuclear import, and recognize cargoes which 

possess a nuclear localization signal (NLS). For nuclear export of various proteins, 

several karyopherins are necessary. The best investigated one in exportin-1, which 

binds to the proteins that contain a leucine-rich nuclear export signal (NES). The 

molecular interactions of transport receptors with their cargos are regulated by the 

small GTPase Ran. 

I analysed the intracellular distribution of EcR and Usp in mammalian cell lines, and 

the role of transport proteins in the nucleocytoplasmic shuttling of these nuclear 

receptors. Usp was found exclusively in the nucleus, whereas the localization of EcR 

was dependent on time and presence of ultraspiracle. Nevertheless, both proteins 

could enter the nucleus separately and interacted with importin α1. Moreover, 

experiments with Ran knock down revealed an essential and direct role of Ran in 

EcR, but not Usp import. Export of EcR was mediated by exportin-1 (CRM1) as 

shown by co-immunoprecipitation experiments, and the inhibiting effect of leptomycin 

B. No export signal and no binding to exportin-1 could be identified for Usp. 

Additional experiments suggest that Usp can weaken the interaction between EcR 

and exportin-1, resulting in almost exclusively nuclear localization of the 

heterodimeric complex. Using oligomycin treatment, it was shown that nuclear 

retainment of EcR and Usp was energy dependent. The data proved that intracellular 

localization is regulated individually for each receptor. 

Heterogeneous localization of ecdysteroid receptor was a starting point for the 

investigation concerning cell cycle as a regulator of EcR distribution and expression. 

In order to pursue the aim, the cell population was synchronized in different cell cycle 

phases. There are also first results that suggest that cell cycle has an influence on 

both mentioned processes.  
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Finally, I examined if the insect hormone, muristerone A may influence the cell cycle 

in CHO-K1 cells. It is important since muristerone A is one of the elicitors of the 

ecdysteroid inducible gene expression system that is commonly used in vertebrates. 

However, no effect of muristerone A on the cell cycle in CHO-K1 cells was revealed  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

92 

 

6. ZUSAMMENFASSUNG 

 
Die Entwicklung und Reproduktion der Insekten wird durch das Zusammenspiel 

mehrerer Hormone kontrolliert, wie z.B. Peptidhormone, Juvenilhormone und 

Ecdysteroide. Ecdysteroide vermitteln ihre Wirkung durch nukleäre Rezeptoren, die 

als ligandenabhängige Transkriptionsfaktoren funktionieren. Zu der Superfamilie der 

nukleären Rezeptoren gehören der Ecdyson Rezeptor (EcR) und Ultraspiracle (Usp), 

die als Heterodimer oder als Homodimere wirken können. 

Die Proteinfamilie Karyopherine vermitteln den intrazellulären Austausch zwischen 

Kern und Zytoplasma. Importine sind für den Kernimport verantwortlich und binden 

die ein Kernlokalisationssignal (NLS; nuclear localization signal) besitzenden 

Substrate. Mit dem Kernexport sind verschiedene Exportine beschäftigt. Der am 

häufigsten beschriebene Exportrezeptor heißt Exportin-1 und erkennt 

Kernexportsignale (NES, nuclear export signal), die durch typische hydrophobe, 

leucinreiche Bereiche gekennzeichnet sind. Der aktive Transport beruht auf einem 

RanGTP / RanGDP Gradienten zwischen Kern und Zytoplasma, der die Import- und 

Exportvorgänge antreibt.       

Im Rahmen dieser Arbeit wurde die intrazelluläre Lokalisation von EcR und Usp 

untersucht sowie die Rolle der Karyopherine beim nukleo-zytoplasmatischen 

Transport dieser nukleären Rezeptoren. Experimente mit fluoreszierenden Proteinen 

ergaben, dass Usp stets Kernlokalisation zeigte, wohingegen EcR in den Zellen 

unterschiedlich verteilt war, abhängig von der Zeit und der Präsenz von Ultraspiracle. 

Beide Rezeptoren konnten dennoch in den Kern transportiert werden und reagierten 

mit Importin α1. Außerdem wiesen siRNA Untersuchungen, die zum Ran knock down 

führten, darauf hin, dass Ran für EcR aber nicht für den Usp Import unerlässlich ist. 

In weiteren Co-immunopräzipitations Studien wurde gezeigt, dass der nukleäre 

Transport von EcR durch Exportin-1 vermittelt wurde und durch das Toxin 

Leptomycin B zum Erliegen gebracht werden konnte. In der Usp Sequenz wurden 

keine Exportsignale gefunden. Das Protein interagierte auch nicht mit Exportin-1. Es 

war aber in der Lage die Reaktion zwischen EcR und Exportin-1 zu schwächen, was 

sich aus der ausschließlich nukleären Lokalisation des EcR / Usp Komplexes ergab. 

Überdies bewies die Behandlung mit Oligomycin, dass nukleo-zytoplasmatischer 

Transport energieabhängig ist. Zusammenfassend kann gesagt werden, dass die 
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intrazelluläre Lokalisation für jeden Rezeptor individuell reguliert wird. 

Interessanterweise weisen erste Ergebnisse darauf hin, dass der Zellzyklus in der 

Lokalisation und Expression  des EcR eine Rolle spielen kann.  

Schließlich wurde der Einfluss eines Insektenhormons Muristerone A auf den 

Zellzyklus in Zellen von Säugertieren untersucht. Das Hormon wird als Aktivator für 

das Ecdyson System verwendet, das die feinregulierbare Expression eines 

gewünschten Gens ermöglicht. Es wurde jedoch keine Wirkung des 

Insektenhormons in CHO-K1 Zellen nachgewiesen.  
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