
 

 

 

 

The Nucleocytoplasmic Barrier in Apoptosis 

–  Dysfunction and Regulation 

 

 

 

Dissertation 

 

zur Erlangung des akademischen Grades des 

 Doktors der Naturwissenschaften 

des Fachbereichs für Biologie 

der Universität Konstanz 

 

 

 

 

 

vorgelegt von 

Patricia Grote 

 

 

Tag der mündlichen Prüfung: 09.07.2007 

Referenten: PD Dr. Elisa Ferrando-May (Gutachter und Prüfer) 

   Prof. Dr. Alexander Bürkle (Gutachter und Prüfer) 

   Prof. Dr. Martin Scheffner (Prüfer) 

http://www.ub.uni-konstanz.de/kops/volltexte/2007/3546/
http://nbn-resolving.de/urn:nbn:de:bsz:352-opus-35468


 LIST OF PUBLICATIONS 

 

Parts of this thesis are published or in preparation for publication: 

 
 
• Grote, P. and E. Ferrando-May (2006). “Quantitative measurement of nuclear 

permeability changes in apoptosis.” Nature Protocols 1(6): 3034-40. 

 

• Grote, P., K. Schaeuble and E. Ferrando-May (2007). “Commuting (to) suicide. 

An update on nucleocytoplasmic transport in apoptosis.” Arch Biochem Biophys, 

in press. 

 

• Grote, P., C. Strasser and E. Ferrando-May. “Bcl-2 and serine proteases 

modulate the size exclusion limit of the Nuclear Pore Complex.” in preparation. 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
“Life is pleasant. Death is peaceful. It’s the transition that’s troublesome.” 
Isaac Asimov 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

DANKSAGUNG 

 

Die vorliegende Arbeit wurde im Zeitraum vom März 2004 bis Mai 2007 am Lehrstuhl 

für Molekulare Toxikologie durchgeführt. Ich möchte mich herzlich bei allen 

bedanken, die mich während dieser Zeit unterstützt haben! 

 

Ich danke Herrn Prof. Alexander Bürkle für die freundliche Aufnahme an seinem 

Lehrstuhl, sowie für seine ansteckende Freude an Lehre und Forschung. 

 

Bei Frau PD Dr. Elisa Ferrando-May möchte ich mich für die Überlassung des 

interessanten Themas bedanken. Ganz besonders danke ich ihr für die gute 

Betreuung und vor allem für die stetige Unterstützung in jeglicher Hinsicht. 

 

Vielen lieben Dank an alle gegenwärtigen und ehemaligen Mitarbeiter des Lehrstuhl 

Bürkle für die ausgesprochen gute und hilfsbereite Arbeitsatmosphäre sowie die 

vielen lustigen Mittagsstunden!  

Ganz besonders danke ich Daniela Hermann für ihre Unterstützung, die zusammen 

„durchlittenen“ Stunden beim NPA, sowie für die schöne gemeinsame Zeit. In diesem 

Zusammenhang auch ein herzlicher Dank an Marijke Baldock für die freiwillige 

Opferung ihrer Wochenenden im Auftrag der NPA-Forschung.  

 

Besonders bedanken möchte ich mich auch bei Katharina Hüttner, Andrea 

Kunzmann und Sascha Beneke, die mir immer mit Rat und/oder Tat zur Seite 

gestanden haben. Danke auch an Christine Strasser für die Hilfe bei so vielen 

kleinen Aufgaben während des Zusammenschreibens dieser Arbeit. 

 

Danke an Tine Brabeck, Karin Superdiplomandin Schäuble, Clara Tandler und 

Nathalie Veith, für ihre Freundschaft – und natürlich die wissenschaftliche 

Unterstützung.  

 

Ein Dank der besonderen Art geht an meinen Freund Lutz Ellmann, der mich die 

letzten drei Jahre mit bewundernswerter Geduld ertragen, alle großen und kleinen 

Sorgen mit mir geteilt und immer an die große starke Krabbe in mir geglaubt hat. 

 



 

 

Nicht zuletzt bedanke ich mich bei meiner Familie für jegliche Unterstützung während 

meiner gesamten Ausbildung. 



 TABLE OF CONTENTS   

TABLE OF CONTENTS 

I. ZUSAMMENFASSUNG ........................................................................................... 1 

II. SUMMARY............................................................................................................... 4 

III. INTRODUCTION .................................................................................................. 6 

III.1. Cell death by apoptosis: significance and features..................................................... 6 

III.2. Apoptosis signalling pathways ..................................................................................... 7 

III.2.1. Caspase-dependent apoptosis...................................................................................... 7 

III.2.2. The mitochondrial apoptosis pathway......................................................................... 9 

III.2.3. Caspase-independent apoptosis pathways................................................................. 10 

III.3. Nucleocytoplasmic transport and the Nuclear Pore Complex ................................ 13 

III.3.1. Structure and composition of the Nuclear Pore Complex (NPC) ............................. 13 

III.3.2. Mechanisms of nucleocytoplasmic transport ............................................................ 16 

III.3.2.1. Active nucleocytoplasmic transport .................................................................. 17 

III.3.2.2. Involvement of nucleoporins in nucleocytoplasmic transport .......................... 19 

III.3.2.3. Passive nucleocytoplasmic diffusion ................................................................ 20 

III.3.3. Regulation of nucleocytoplasmic transport and NPC composition .......................... 22 

III.3.4. Alterations of nucleocytoplasmic transport and NPC-degradation in apoptosis....... 23 

III.4. The Bcl-2 protein family ............................................................................................. 26 

III.4.1. Anti-apoptotic proteins.............................................................................................. 28 

III.4.2. Multidomain pro-apoptotic proteins.......................................................................... 31 

III.4.3. BH3-only proteins ..................................................................................................... 32 

IV. OBJECTIVES OF THE THESIS ......................................................................... 33 

V. METHODS AND MATERIAL ................................................................................. 35 

V.1. Methods ............................................................................................................................ 35 

V.1.1. Cell culture experiments............................................................................................ 35 

V.1.1.1. Culturing eucaryotic cells.................................................................................. 35 

  i



 TABLE OF CONTENTS   

V.1.1.2. Cryopreservation of eucaryotic cells................................................................. 35 

V.1.1.3. Preparation of S-20 extracts by freeze-thaw procedure .................................... 35 

V.1.1.4. Isolation of Jurkat cell nuclei ............................................................................ 36 

V.1.1.5. Determination of protein concentrations........................................................... 36 

V.1.1.6. Bead Loading [132, 133]................................................................................... 36 

V.1.1.7. Viability assays ................................................................................................. 37 

V.1.1.8. Collagen coating................................................................................................ 38 

V.1.1.9. Transfection of plasmid DNA ........................................................................... 38 

V.1.1.10. Immunocytochemistry....................................................................................... 40 

V.1.2. Immunoprecipitation of mBcl-2................................................................................ 41 

V.1.3. SDS-PAGE and Western Blot................................................................................... 42 

V.1.3.1. SDS-PAGE according to Laemmli ................................................................... 42 

V.1.3.2. SDS-PAGE for electrophoresis of nuclear pore complex proteins ................... 42 

V.1.3.3. Blotting procedure and signal detection............................................................ 43 

V.1.4. Measurement of DEVDase activity........................................................................... 44 

V.1.5. Measurement of chymotrypsin-like activity with FLISP  KitTM ................................ 44 

V.1.6. OMI activity assay .................................................................................................... 45 

V.1.7. In vitro reaction of OMI with isolated Jurkat cell nuclei .......................................... 45 

V.1.8. Live Cell Imaging...................................................................................................... 45 

V.1.8.1. Data acquisition................................................................................................. 45 

V.1.8.2. Data evaluation.................................................................................................. 47 

V.1.9. Nuclear Permeability Assay (NPA) .......................................................................... 48 

V.1.10. Microbiological experiments..................................................................................... 48 

V.1.10.1. Cryopreservation of bacteria ............................................................................. 48 

V.1.10.2. Small scale preparation of plasmid DNA from E. coli ..................................... 48 

V.1.10.3. Large scale preparation of plasmid DNA from E. coli ..................................... 48 

V.1.10.4. Preparation of competent E. coli for transformation by heat-shock ................. 48 

V.1.10.5. Preparation of electro competent E. coli ........................................................... 49 

V.1.10.6. Transformation of E. coli by heat shock ........................................................... 49 

V.1.10.7. Transformation of E. coli by electroporation .................................................... 49 

V.1.10.8. Solutions for microbiological experiments ....................................................... 50 

V.1.11. DNA techniques ........................................................................................................ 51 

V.1.11.1. Gel extraction of DNA fragments ..................................................................... 51 

V.1.11.2. Ligation ............................................................................................................. 51 

  ii



 TABLE OF CONTENTS   

V.2. Material ............................................................................................................................ 51 

V.2.1. Technical devices ...................................................................................................... 51 

V.2.2. Chemicals .................................................................................................................. 52 

V.2.3. Antibodies ................................................................................................................. 53 

V.2.4. Cell lines.................................................................................................................... 53 

V.2.5. Cell culture material .................................................................................................. 54 

V.2.6. DNA constructs ......................................................................................................... 54 

V.2.7. E. coli strains ............................................................................................................. 55 

V.2.8. Kits ............................................................................................................................ 55 

VI. RESULTS ........................................................................................................... 56 

VI.1. Increase of passive nuclear envelope permeability during apoptosis measured by 

Nuclear Permeability Assay (NPA) ........................................................................................... 56 

VI.1.1. Nuclear Permeability Assay (NPA) .......................................................................... 56 

VI.1.2. Optimisation of the Nuclear Permeability Assay (NPA) .......................................... 58 

VI.1.3. Inhibitor studies with Nuclear Permeability Assay (NPA) ....................................... 63 

VI.1.4. Measurement of chymotrypsin-like serine protease activity with FLISP ................. 66 

VI.1.5. Involvement of OMI in regulation of nuclear envelope permeability ...................... 68 

VI.2. Bcl-2 and nuclear permeability.................................................................................. 72 

VI.2.1. Overexpression of mBcl-2 confers resistance to apoptotic stimuli in HeLa cells .... 72 

VI.2.2. Localisation of exogenous mBcl-2 in HeLa K bcl-2................................................. 74 

VI.2.3. Bcl-2 overexpression alters nuclear permeability ..................................................... 76 

VI.2.3.1. Nuclear Permeability Assay (NPA) .................................................................. 76 

VI.2.3.2. Measurement of nuclear permeability by Bead Loading of 70 kDa fluorescent 

dextran......... .......................................................................................................................... 79 

VI.2.3.3. Measurement of nuclear permeability with the permeability marker 4xCherry80 

VI.2.4. Influence of Bcl-2 on nuclear permeability is dependent on its subcellular 

localization ................................................................................................................................ 82 

VI.2.5. Localisation of transport factors in Bcl-2 overexpressing cells ................................ 84 

VI.2.6. FG-repeat nucleoporins did not co-immunoprecipitate with mBcl-2 ....................... 87 

VI.2.7. Calcium, Bcl-2 and nuclear permeability.................................................................. 88 

VI.2.7.1. Passive nuclear permeability after depletion of [Ca] .ER .................................... 89 

  iii



 TABLE OF CONTENTS   

VI.2.7.2. Nuclear permeability decreases after transfection of Bcl-2 expressing cells with 

SERCA2...... .......................................................................................................................... 90 

VI.3. Visualization and characterization of structural and functional changes of the 

nuclear pore complex (NPC) in apoptosis................................................................................. 91 

VI.3.1. Characterization of nuclear pore complex degradation in NRK cells....................... 92 

VI.3.1.1. Degradation of POM121 in NRK cells ............................................................. 92 

VI.3.1.2. Degradation of Nup93 in NRK cells ................................................................. 98 

VI.3.1.3. Characterization of different apoptosis models in NRK cells......................... 100 

VI.3.2. Characterization of nuclear pore complex degradation in HeLa cells .................... 103 

VI.3.2.1. Degradation of POM121 in HeLa cells........................................................... 103 

VI.3.2.2. Degradation of Nup96 in HeLa cells............................................................... 106 

VI.3.2.3. Degradation of Nup153 in HeLa cells............................................................. 108 

VI.3.3. Setup of Confocal Live Cell Microscopy for the visualization of structural and 

functional changes of the NPC in apoptosis............................................................................ 112 

VI.3.3.1. Cell culturing and transfection ........................................................................ 113 

VI.3.3.2. Automated cell tracking and image acquisition .............................................. 114 

VI.3.3.3. Data evaluation................................................................................................ 118 

VI.3.4. Nup153-GFP is a marker for caspase-dependent degradation of nuclear pore 

complex proteins ..................................................................................................................... 121 

VI.3.5. Measuring alterations of functional NPC properties during apoptosis ................... 122 

VI.3.5.1. 70 kDa Texas Red Dextran as permeability marker ....................................... 122 

VI.3.5.2. The tetrameric fluorescent protein 4xCherry as permeability marker ............ 124 

VII. DISCUSSION ................................................................................................... 126 

VII.1. Caspase-independent regulation of the nucleocytoplasmic barrier in apoptosis 126 

VII.1.1. HtrA2/OMI.......................................................................................................... 128 

VII.1.2. Chymotrypsin-like serine proteases .................................................................... 130 

VII.1.3. Ca -regulated nuclear scaffold associated serine protease (CRP)2+ ..................... 130 

VII.1.4. 24 kDa apoptotic protease AP24......................................................................... 131 

VII.1.5. Bin1 ..................................................................................................................... 132 

VII.2. Alteration of the nucleocytoplasmic barrier by Bcl-2............................................ 133 

VII.2.1. How does Bcl-2 influence the nucleocytoplasmic barrier?................................. 134 

VII.2.1.1. Potential pore forming by Bcl-2...................................................................... 134 
  iv



 TABLE OF CONTENTS   

VII.2.1.2. Modulation of nuclear pore complex (NPC) properties by Bcl-2................... 135 

VII.2.1.3. Modulation of nuclear transport by interaction of Bcl-2 with other proteins . 140 

VII.2.2. Bcl-2 and nucleocytoplasmic transport in apoptosis........................................... 141 

VII.3. Visualization and characterization of structural and functional alterations of the 

nuclear pore complex (NPC) .................................................................................................... 143 

VII.3.1. Cell death and degradation of Nuclear Pore Complex proteins in NRK (normal rat 

kidney) cells ............................................................................................................................ 143 

VII.3.2. Visualization of apoptosis-induced alterations of the nucleocytoplasmic barrier in 

HeLa cells................................................................................................................................ 146 

VII.3.2.1. A fluorescent reporter for caspase-dependent degradation of nucleoporins in 

apoptosis.............................................................................................................................. 146 

VII.3.2.2. A fluorescent marker for changes in passive nuclear permeability during 

apoptosis.............................................................................................................................. 147 

VII.4. Relevance of alterations of the nucleocytoplasmic barrier in apoptosis .............. 148 

VIII. PERSPECTIVES .............................................................................................. 152 

VIII.1. Caspase-independent regulation of the nucleocytoplasmic barrier in apoptosis 152 

VIII.2. Alteration of the nucleocytoplasmic barrier by Bcl-2............................................ 153 

VIII.3. Apoptosis-induced alterations of the nucleocytoplasmic barrier: future 

perspectives ................................................................................................................................ 154 

IX. REFERENCES ................................................................................................. 156 

X. APPENDIX ........................................................................................................... 169 

X.1. Abbreviations................................................................................................................. 169 

X.2. Figures ............................................................................................................................ 170 

X.3. Tables.............................................................................................................................. 172 

  v



 ZUSAMMENFASSUNG 

I. ZUSAMMENFASSUNG 

Die Kernpore ist ein dynamischer makromolekularer Komplex, dessen strukturelle und 

funktionelle Eigenschaften je nach physiologischem Zustand der Zelle reguliert werden 

[1]. In Anbetracht der Tatsache, dass der Austausch apoptotischer Signal- und 

Effektormoleküle zwischen Kern und Zytoplasma essentiell für deren Funktion ist, 

könnte die Regulation dieses Austausches ein Schlüsselelement apoptotischer 

Signalwege darstellen [2]. 

 

Ziel dieser Arbeit war es, zum Verständnis der Regulation struktureller und funktioneller 

Veränderungen der Kern-Zytoplasma-Barriere beizutragen. Hierzu wurden drei 

unabhängige experimentelle Ansätze verfolgt. 

 

Im ersten Ansatz wurde ein in vitro Kernpermeabilitätsassay (NPA) [3] verwendet, um 

den Einfluss einzelner molekularer Faktoren auf die Kernpermeabilität zu untersuchen. 

Hierzu wurde der NPA optimiert und validiert um statistisch aussagekräftige 

Probengrößen untersuchen zu können [4].  

Inhibitorstudien mittels NPA zeigten, dass ein durch den Serinproteaseinhibitor 

Pefablock inhibierbares Enzym die Kernpermeabilität beeinflusst.  

Als potentiell an der Regulation der Kernpermeabilität beteiligte Serinproteasen wurden 

sowohl Chymotrypsin-ähnliche Proteasen als auch die mitochondriale Serinprotease 

HtrA2/OMI näher untersucht. Es konnte gezeigt werden, dass Chymotrypsin-ähnliche 

Serinproteasen - von denen bekannt ist, dass sie durch Pefablock gehemmt werden - in 

dem untersuchten apoptotischen System in geringen, aber messbaren Mengen aktiviert 

werden. Die Aktivität der mitochondrialen Serinprotease HtrA2/OMI konnte nicht durch 

Pefablock gehemmt werden. Es konnte jedoch gezeigt werden, dass HtrA2/OMI einen 

Einfluss auf die Kernpermeabilität und die proteolytische Prozessierung von 

Kernporenproteinen hat. Diese Ergebnisse legen nahe, dass, abhängig vom zellulären 

sowie apoptotischen Modelsystem, unterschiedliche Faktoren einen Einfluss auf die 

Kernpermeabilität haben. 

 

Im zweiten Ansatz wurde der Einfluss des membranständigen, anti-apoptotischen 

Proteins Bcl-2 auf die Kernpermeabilität untersucht. Es wurde in zwei verschiedenen, 

stabil mit murinem oder humanem Bcl-2 transfizierten Zellinien, sowie nach transienter 
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Transfektion gezeigt, dass Überexpression von Bcl-2 eine basale Erhöhung der 

Kernpermeabilität zur Folge hat. Dieses Ergebnis wurde mit drei verschiedenen 

experimentellen Ansätzen verifiziert: NPA, Bead Loading von fluoreszentem 70 kDa 

Dextran sowie Transfektion des Permeabilitätsmarkers 4xCherry.  

Es wurde gezeigt, dass ausschließlich an den Mitochondrien lokalisiertes Bcl-2 keinen 

Einfluss auf die Kernpermeabilität hat, wohingegen sich die Lokalisation and der ER 

und/oder Kernmembran als essentiell für die Bcl-2-bedingte Erhöhung der 

Kernpermeabilität erwies.  

Durch Überexpression der Calcium ATPase SERCA in Bcl-2 überexprimierenden Zellen 

konnte die erhöhte Kernpermeabilität wieder erniedrigt werden. Dieses Ergebnis legt 

nahe, dass Bcl-2 durch Calcium als Signalmolekül eine Erhöhung der Kernpermeabilität 

vermitteln könnte.  

 

Der dritte Ansatz der vorliegenden Arbeit bestand aus der Entwicklung eines Systems 

zur Visualisierung und Charakterisierung funktioneller sowie struktureller 

Veränderungen der Kernpore während der Apoptose mittels konfokaler 

Lebendzellmikroskopie. Es wurde gezeigt, dass transient mit fluoreszent markierten 

Kernporenproteinen transfizierte HeLa Zellen ein hierfür geeignetes zelluläres System 

darstellen. Nup153-GFP, im Gegensatz zu GFP-Nup96, wurde als geeignetes 

Markerprotein zur Visualisierung der Caspase-abhängigen Proteolyse von 

Kernporenproteinen identifiziert und validiert. Es konnte gezeigt werden, dass Spaltung 

an der Caspase-3-Schnittstelle notwendig für den Apoptose-bedingten Verlust von 

Nup153-GFP von der Kernpore ist. Im Gegensatz dazu, hat eine putative Caspase-8 

Schnittstelle keinen Einfluss auf die Verankerung von Nup153-GFP in der Kernpore. Um 

Apoptose-induzierte Veränderungen der Kernpermeabilität zu visualisieren, wurde ein 

tetrameres fluoreszentes Markerprotein (4xCherry) hergestellt und als 

Permeabilitätsmarker validiert. 

Mit Nup153-GFP und 4xCherry als fluoreszente Markerproteine wurde eine auf 

konfokaler Lebendzellmikroskopie basierende Methode entwickelt, welche die 

spezifischen Anforderungen zur Visualisierung von Veränderungen der Kern-

Zytoplasma-Barriere während der Apoptose erfüllt. Zur graphischen Auswertung der 

Ergebnisse wurde eine entsprechende Bildanalyseprozedur entwickelt. 

Mit Hilfe der entwickelten experimentellen Methode konnte gezeigt werden, dass die 

Kernpermeabilität sich, je nach apoptotischem Modelsystem, zu verschiedenen 
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Zeitpunkten ändert (früh während STS-induzierter Apoptose, spät während rezeptor-

induzierter Apoptose). In beiden untersuchten Modellsystemen erfolgt die caspase-

abhängige Spaltung von Kernporenproteinen zu einem späten Zeitpunkt, zeitgleich mit 

Veränderungen der Chromatinstruktur. 

 

Im Laufe dieser Untersuchungen konnte außerdem für die Rattenzellinie NRK folgendes 

gezeigt werden:  

1) Apoptose in NRK Zellen findet hauptsächlich durch caspase-unabhängige 

Mechanismen statt; 

2) Jedes der beiden analysierten, fluoreszent markierten Kernporenproteine 

(POM121, Nup93) wird nach stabiler Transfektion in NRK Zellen nicht mehr 

vergleichbar zum endogenen Protein von Caspasen gespalten; 

3) Kernporenproteinen aus Ratte und Mensch werden in der Apoptose teilweise 

unterschiedlich prozessiert. 
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 SUMMARY 

II. SUMMARY 

 

Alterations of NPC structural properties have been found in various cellular systems and 

following diverse intrinsic and environmental challenges. These changes were 

associated with selective alterations of functional NPC properties [reviewed in 1]. In light 

of the finding that nucleocytoplasmic shuttling is essential for apoptotic signaling and 

execution proteins these alterations might represent a key element of apoptotic 

pathways [2]. 

 

The objective of the present study was to contribute to the understanding of the 

mechanisms regulating structural and functional alterations of the nucleocytoplasmic 

barrier in apoptosis. To this end, three independent approaches were devised. 

 

In the first approach an in vitro assay (NPA, Nuclear Permeability Assay) [3] was used 

to characterise molecular factors affecting nuclear permeability. Inhibitor studies using 

an optimised version of NPA [4] revealed that an enzyme inhibitable by the general 

serine protease inhibitor Pefablock influences nuclear permeability. 

As potential candidate enzymes, chymotrypsin-like proteases and the mitochondrial 

serine protease HtrA2/OMI were further analysed. Chymotrypsin-like proteases, known 

to be inhibited by Pefablock, were found to be activated to a minor degree in the 

apoptotic system analysed. The mitochondrial serine protease HtrA2/OMI was not 

inhibitable by Pefablock but was shown to affect nuclear permeability and to induce 

proteolytic processing of nucleoporins. Altogether, these data suggest that multiple 

factors may contribute to alterations in nuclear permeability dependent on the cellular 

setting and the apoptotic model system. 

 

In the second approach the influence of the membrane-anchored, anti-apoptotic protein 

Bcl-2 on nuclear permeability was investigated. It was found that Bcl-2 overexpression 

leads to a basal increase in nuclear permeability. This was shown in two different cell 

lines stably expressing Bcl-2 from mouse or human origin as well as after transient 

transfection of Bcl-2. The result was confirmed using three independent experimental 

approaches, namely NPA, Bead Loading of 70 kDa fluorescent dextran, and transfection 

of the permeability marker 4xCherry. Localization of Bcl-2 at the ER and/or the nuclear 
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envelope, but not at the mitochondria, was found to be essential for the ability of Bcl-2 to 

alter nuclear permeability. The increase of nuclear permeability by Bcl-2 might be 

mediated by calcium signalling as it was reversible by overexpression of the calcium 

ATPase SERCA.  

 

The development of a system to visualize and characterise functional as well as 

structural changes of the NPC during apoptosis by confocal live cell imaging was the 

third approach undertaken in this thesis. HeLa cells transiently transfected with 

fluorescently tagged nucleoporins were found to present a suitable cellular system for 

this purpose. Nup153-GFP, but not GFP-Nup96, was identified and validated as a 

marker protein well suited to visualize caspase-dependent nucleoporin-degradation 

during apoptosis. It was shown that processing at the caspase-3 cleavage-site is 

necessary to displace Nup153-GFP from the NPC during apoptosis while a putative 

caspase-8 cleavage-site has no impact on NPC anchorage.  

To monitor changes in passive nuclear permeability during apoptosis a tetrameric 

fluorescent protein (4xCherry) was constructed and validated as a suitable reporter 

protein. 

Using Nup153-GFP and 4xCherry as marker proteins, a live cell imaging procedure was 

established and specifically designed to meet the demands for the imaging of alterations 

of the nucleocytoplasmic barrier in single living cells undergoing apoptosis. For 

evaluation of the obtained results an appropriate image analysis procedure was 

developed.  

Investigations using the developed experimental system revealed that nuclear 

permeability increases at different time-points depending on the apoptotic model system 

(early during STS-induced apoptosis but at a late time point during receptor-induced 

apoptosis). Caspase-dependent nucleoporin degradation occurs late, concomitant with 

DNA condensation, in both systems. 

 

During the screening for a suitable cellular system, it was found that apoptosis in NRK 

cells proceeds mainly by caspase-independent mechanisms, that both of the analysed 

stably transfected fluorescently tagged nucleoporins (POM121, Nup93) are no longer 

proteolytically processed by caspases and that nucleoporins from rat and human origin 

are in part processed differently upon apoptosis induction. 
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III. INTRODUCTION 

III.1. Cell death by apoptosis: significance and features 

Apoptosis is a morphologically defined form of programmed cell death (PCD) leading to 

controlled, locally and temporally defined self-destruction in multicellular organisms. The 

term apoptosis was coined by John F. Kerr, Andrew H. Wyllie and A.R. Currie in 1972 in 

order to differentiate naturally developmental cell death from necrosis [5]. They adopted 

the Greek word for the process of leaves falling from trees or petals falling from flowers 

(apo = from, ptosis = falling). The term was adopted to indicate that death of living 

matter is an integral and necessary part of the life cycle of organisms. 

 

Apoptosis is a conserved process throughout the plant and animal kingdom [6]. It plays 

a considerable role during physiological processes of multicellular organisms. The 

balance between apoptosis and mitosis is important for the maintenance of an healthy 

organism. In the human body, for example, about 100.000 cells are produced every 

second by mitosis and a similar number die by apoptosis [7].  

 

Apoptosis is an important process for development, differentiation and tissue 

homeostasis. The most prominent examples are the formation of free and independent 

digits by cell death in the interdigital mesenchymal tissue [8], the development of the 

brain during which half of the neurons that are initially created will die when the adult 

brain is formed [9] and the development of the reproductive organs [10]. Furthermore 

apoptosis is essential for the development, regulation and function of the immune 

system including the elimination of self-reactive thymocytes, negative selection of B- 

and T-lymphocytes and cell killing by cytotoxic T-lymphocytes [11, 12].  

 

A dysregulation of apoptosis is implicated in a variety of pathological conditions. 

Excessive cell death leads to neurodegenerative disorders like Parkinson´s, Alzheimer´s 

and Huntington´s disease or ischaemic diseases, for example, while insufficient 

apoptosis results in cancer, autoimmune diseases or spreading of viral infections [13, 

14]. 

 

Apoptosis is associated with characteristic morphological changes. Cells detach from 

their neighbouring cells, deform and shrink. The chromatin condenses, marginates at 
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the nuclear membrane and is finally degraded into small “clumps”. The so-called 

“apoptotic bodies” are formed which contain chromatin, organelles and cytosol. These 

membrane enclosed vesicles are engulfed by macrophages and thus circumvent an 

inflammatory response by removing the apoptotic cells from the tissue. This is in 

contrast to cell death by necrosis, which is mostly occurring after a severe and acute 

injury of cells. It is associated with the swelling of cells and the loss of membrane 

integrity. The cellular contents are released into the surrounding tissue leading to an 

inflammatory response [15]. 

 

III.2. Apoptosis signalling pathways 

Induction of apoptosis occurs by various stimuli either from outside or inside the cell. 

These stimuli include: ligation of cell surface receptors, DNA damage due to defects in 

repair mechanisms, cytotoxic drugs or irradiation, lack of survival signals, contradictory 

cell cycle signalling or developmental death signals. Although inducible by such a 

variety of different stimuli, apoptotic cell death nevertheless appears to result in 

activation of a common cell death machinery leading to its characteristic features. 

 

III.2.1. Caspase-dependent apoptosis 

Caspases are the major proteases involved in apoptotic signalling and execution. As a 

first member of the caspase family the ced-3 protease was identified during genetic 

studies in the nematode Caenorhabditis elegans. Shortly thereafter homologues in the 

fly Drosophila melanogaster and in mammals were found. So far 14 members of the 

caspase family have been identified [reviewed in 16]. 

Caspases are a family of cysteine dependent aspartate specific proteases, peptidases 

that employ a cysteine as the catalytic nucleophile and cleave their target proteins after 

aspartatic acid residues. Human caspases are grouped according to their in-vivo 

function into cytokine activators (caspase-1, -4 and -5), initiator (or apical) caspases 

(caspase-2, -8, -9 and -10) and executioner (or effector) caspases (caspase-3, -6 and -

7), the latter two groups being implicated in apoptosis. 

 

Caspases exist as inactive zymogens, the procaspases, which are composed of a 

variable N-terminal prodomain followed by a large (~20 kDa) and a small (~10 kDa) 

subunit joined by a linker peptide. Initiator and executioner caspases differ in the 

sequence of their prodomain and in their mechanism of activation. While executioner 
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caspases have only short prodomains, initiator caspases possess long prodomains 

containing either death effector domains (DED) (caspase-8 and –10) or caspase 

recruitment domains (CARD) (caspase-2 and -9). These homotypic interaction domains 

are important for their recruitment to multiprotein complexes mediating their activation. 

Initiator caspases exist as monomeric zymogens and are activated by dimerization. 

Proteolytic processing is, in contrast to the effector caspases, not necessary for their 

activation but may stabilise the active dimer [17]. 

 

Initiator caspases can be activated either by extrinsic or by intrinsic apoptotic pathways. 

Activation of the extrinsic pathway occurs by binding of a cognate ligand (e.g. 

CD95L/FasL or TRAIL) to a receptor of the tumor necrosis factor (TNF) superfamily. 

Ligand binding to its receptor results in trimerization of the receptor and the recruitment 

of an adapter molecule like FADD, containing both a DD and a DED. The DD binds to 

the cytoplasmic DD of the receptor while the DED mediates binding to caspase-8 (or 

caspase-10) resulting in its subsequent activation (Figure 1). 

Caspase-9 and also caspase-2 are activated via the intrinsic pathway  in response to 

stress or genotoxic damage involving the release of pro-apoptotic factors from the 

mitochondria (see below). 

 

Executioner caspases are present as dimeric zymogens which are activated by 

proteolytic processing between their large and small subunit by initiator caspases or 

other proteases. After cleavage, a heterotetramer consisting of two large and two small 

subunits forms the active caspase. 

 

Caspases were shown to play a major role in the formation of biochemical and 

morphological changes during apoptosis. This is achieved through proteolytic 

processing of a variety of cellular targets. Among them are proteins involved in cell 

structure, signalling, cell cycle control and DNA repair. Cleavage by caspases may 

result either in inactivation or in activation of regulatory proteins. Several hundred 

proteins have been identified as caspase-targets to date but the importance of their 

processing in apoptotic signalling and execution has not been fully elucidated yet. 

Although some proteins seem to be cleaved as “innocent bystanders” because they 

happen to contain a caspase cleavage site, some caspase substrates have been found 

to be biologically relevant death substrates involved in amplification or transduction of 
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apoptotic signalling [18]. Prominent caspase substrates are for example the Bcl-2 family 

member Bid which, upon cleavage, transduces death signals from the extrinsic death 

receptor pathway to the mitochondria (see below), ICAD (inhibitor of caspase-activated 

DNAse) which inhibits the apoptotic nuclease CAD/DFF40 (caspase-activated 

DNAse/DNA fragmentation factor) by complex formation [19], and PARP-1 (poly(ADP-

ribose)-polymerase-1), an enzyme involved in DNA repair which is inactivated upon 

proteolytic processing by caspases [20]. Also structurally important proteins such as 

gelsolin and lamins are caspase targets [21]. 

 

III.2.2. The mitochondrial apoptosis pathway 

Mitochondria are a central component of apoptosis signalling induced by intrinsic stimuli 

as DNA-damage, cytotoxic drugs or the removal of growth factors. How exactly stress 

signals are transmitted to mitochondria is still under debate but members of the Bcl-2 

protein family have been shown to play an important role. 

An essential step during mitochondrial apoptotic signalling is the discrete perforation of 

the outer mitochondrial membrane (mitochondrial membrane permeabilisation, MMP) 

leading to the release of pro-apoptotic factors from its intermembrane space into the 

cytosol. The exact mechanism of MMP has not been clarified to date. MMP might 

involve the so-called permeability transition pore (PTP) formed at the contact sites 

between the inner and the outer mitochondrial membrane. The core components of the 

PTP are the voltage dependent anion channel (VDAC) in the outer mitochondrial 

membrane and the adenine nucleotide transporter (ANP) in the inner mitochondrial 

membrane [22]. On the other hand, channel formation by multimerization of the pro-

apoptotic proteins Bax and Bak alone has been proposed. They can be activated either 

transcriptionally or by conformational changes induced by cleavage or binding to other 

Bcl-2 like proteins, such as Bad, tBid, Bim, Noxa or PUMA. Modulation of the PTP by 

Bax-like proteins of the Bcl-2 family is also under debate. The anti-apoptotic members of 

the Bcl-2 family as Bcl-2 or Bcl-XL can oppose MMP most likely by hetero-dimerization 

with Bax-like proteins [23, 24]. 

 

Various apoptosis-related proteins are released from the mitochondria upon MMP 

(Figure 1). Release of cytochrome c leads to the ATP-dependent formation of the so-

called apoptosome consistent of multiple copies of Apaf-1 (apoptotic protease activating 

factor). Recruitment of procaspase-9 to the apoptosome induces its activation. 
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Subsequently executioner caspases are activated by caspase-9 leading to the 

completion of the apoptotic programme. Additional factors released from the 

mitochondria are Smac/DIABLO and the serine protease HtrA2/OMI which both play an 

important role in caspase activation as they inactivate inhibitory proteins like IAPs 

(inhibitor of apoptosis proteins) by sequestration and/or degradation. Furthermore, AIF 

(apoptosis inducing factor) is released from the mitochondria leading to caspase-

independent cell death. AIF release has recently been shown to be triggered by PAR 

(poly(ADP-ribose)), which is released from the nucleus after genotoxic damage [25].  

Mitochondria are also involved in apoptosis signalling via the extrinsic pathway 

dependent on transmission of the apoptotic signal by the Bcl-2 family member Bid. 

Cleavage of Bid by caspase-8 results in a truncated protein (tBid) which is able to 

induce MMP and thus engage the mitochondrial apoptosis pathway [26]. 

 

III.2.3. Caspase-independent apoptosis pathways 

Although caspases are widely accepted to be the key executors of apoptosis, inhibition 

of caspases is often not sufficient to prevent apoptosis.  

One of these caspase-independent pathways involves the mitochondrial flavoprotein 

AIF (apoptosis-inducing factor). It is released from the mitochondria and induces 

chromatin condensation and high molecular weight DNA fragmentation also in the 

absence of caspase-activity [27]. The pro-apoptotic effects of AIF require translocation 

into the nucleus which is mediated by a NLS (nuclear localisation signal) and is 

regulated by the heat shock protein hsp70 [28-30]. AIF has no nuclease activity itself 

and the molecular mechanism of AIF mediated chromatin degradation is not clear so far.  

Endonuclease G is another factor which is released from the mitochondria during 

apoptosis and acts in a caspase-independent fashion [31]. Endonuclease G is a 

nonspecific DNA/RNA nuclease inducing chromatin fragmentation. It translocates to the 

nucleus by an unknown mechanism. 

 

Beside caspases a number of other proteases have been implicated in apoptosis. 

However, their role during apoptosis is mostly unclear. They may act either 

independently of caspases or exert a cooperative function. Some of these proteases are 

described in the following paragraph. 
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Involvement of lipoxygenases (LOX) and phospholipases (PLA) in apoptosis has been 

shown to occur in a caspase-independent but also in caspase-dependent apoptotic 

systems [32-36]. Their activation is associated with translocation to the nucleus or the 

nuclear membrane [37-39]. LOX and PLA degrade phospholipids and thereby modify 

the composition and properties of biological membranes. In healthy cells, both play a 

central role in processes which are connected to a strong membrane turnover as for 

example differentiation and proliferation of haematopoietic cells [40, 41].  

 

Also implicated in apoptosis is a group of lysosomal proteases, the cathepsins. 

Cathepsin B, for example, may process several caspases [42] and has been shown to 

be translocated to cytosol and nucleus during apoptosis [43, 44]. Bid [45, 46] and 

poly(ADP-ribose) polymerase [47] as well as cPLA2 [48] were pointed out as potential 

cathepsin substrates in in-vitro experiments. Cathepsin B is able to induce nuclear 

apoptosis in an open-cell- as well as a cell-free-system. It was therefore suggested that 

cathepsin B activates a nuclease by proteolytic cleavage as it has no nuclease activity 

itself [42]. Thus, cathepsin B is a potential apoptotic signal mediator. 

 

The role of a group of cytosolic, Ca2+-dependent cysteine proteases, calpains, during 

apoptosis is also not completely clarified to date. Calpains are activated during 

apoptosis and apoptotic events can be prevented by calpain inhibitors. They may 

process a variety of proteins (e.g. actin, protein kinase c, c-jun, p53, cyclin D1, Bid, Ca-

ATPase) some of which are also caspase substrates [49-52]. Calpains cleave 

procaspase-3 and –9 without activating nor inactivating them, indicating a potential 

cross-talk between caspase-dependent and calpain-dependent pathways [51]. In 

contrast, the endogenous calpain inhibitor calpastatin is cleaved by caspases during 

apoptosis [49]. Calpains have been shown to translocate from the cytosol to the plasma 

membrane in a Ca2+-dependent manner, where they show proteolytic activity [53].  

 

Further studies demonstrated the involvement of serine proteases in apoptosis 

[reviewed in 54]. The role of serine proteases in cell death is presented in more detail in 

the discussion section of this thesis (chapter VII.1). 
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Figure 1 Caspase-dependent and –independent apoptosis pathways 

The extrinsic death receptor pathway as well as the mitochondrial pathway are depicted. Also indicated 

are some caspase-independent factors as AIF, Endo G and the serine protease Omi. Adapted from [55]. 
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III.3. Nucleocytoplasmic transport and the Nuclear Pore Complex 

 

III.3.1. Structure and composition of the Nuclear Pore Complex (NPC) 

 

The Nuclear Pore Complex (NPC) is a large protein complex (~120 MDa) spanning the 

nuclear envelope [56]. NPCs represent the gateway mediating transport of ions, small 

molecules, proteins, RNAs, and ribonucleoprotein particles in and out of the nucleus of 

interphase cells [reviewed in 57]. 

The overall 3D structure of NPCs is conserved from yeast to higher eucaryotes. It 

displays an eight-fold rotational symmetry and consists of a central framework (or 

central core), eight cytoplasmic filaments attached to a cytoplasmic ring moiety as well 

as a nuclear basket capping a nuclear ring moiety. The nuclear basket consists of eight 

filaments that are joined in a distal ring structure (Figure 2). 

In addition, a particle obstructing the NPC channel is often observed, named the “central 

plug”. The relevance of this central plug and whether it is cargo in transit or an integral 

part of the NPC is subject of debate [58]. 

The NPC has a length of about 90 nm and is smallest at the midplane of the NE where it 

has a diameter of about 45-50 nm. It allows active, receptor mediated transport of 

cargos with up to 40nm [59] indicating that the functional and the physical diameter 

correspond. 

 

 

The NPC consists of ~30 different proteins, termed nucleoporins or Nups, which are 

present in a copy number of eight or multiple of eight [56, 60]. The nucleoporins are 

organized in distinct subcomplexes which are located either symmetrically on both faces 

of the NPC or asymmetrically on either the cytoplasmic or the nucleoplasmic side. 

Dependent on the order of nucleoporin assembly after mitosis and their residence time 

at the NPC, they have been defined to have rather structural functions or to be 

implicated in nucleocytoplasmic transport (Figure 3, Table 1). 
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Figure 2 Schematic representation of the 3D architecture of the nuclear pore complex (NPC) 

(a) The main structural components of the NPC include the central framework (i.e., the part of the NPC 

that spans the two membranes of the nuclear envelope (NE)), the cytoplasmic ring moiety, which is 

decorated by the nuclear basket. Enclosed by the central framework is the central pore of the NPC, which 

mediates the macromolecular exchange between the cytoplasm and the nucleus. (b) Linear dimensions of 

the central pore of the NPC. Blue boxes represent the cytoplasmic ring moiety, orange boxes represent 

the nuclear ring moiety. Modified from [61]. 

 

 

The nucleoporins have been generally arranged into three main groups depending on 

their structural features ([1], Table 1): 

 

(1) nucleoporins with transmembrane helices anchoring the NPC in the NE 

(2) nucleoporins of structural importance with β propeller and α solenoid-folds  

(3) FG-nucleoporins with repetitive stretches of phenylalanine-glycine residues 

(FXFG- or GLFG-motives) separated by hydrophobic linkers of variable length 

and sequence 
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FG-nucleoporins contain also additional structural features as coiled-coil domains, β 

propeller or unique β sandwich structures (Nup98 fold) presumably involved in their 

anchoring at the NPC. FG-nucleoporins are mainly mobile nucleoporins located at the 

periphery of the NPC (e.g. Nup98, Nup153, Nup214, Nup50). The FG domains have 

been shown to be important for active nucleocytoplasmic transport (see chapter 

III.3.2.1). The long stretches of FG-repeats (20-30 FG repeats, ~ 300 nm in length for 

Nup214 [62]) were found to be natively unfolded [63] presumably allowing multiple 

locations within the NPC and even complete spanning of the NPC which was shown for 

Nup153 and Nup214 [1, 62].  

 

 

 

Figure 3 Organisation, assembly and nucleoporin dynamics within the NPC 

A cross-section of an NPC is shown, with the central region magnified in the right three panels. General 

features are based on data reviewed in [64] and Table 1. The order of nucleoporin assembly (late to early) 

into NPC following mitosis [65 and references therein] and the relative nucleoporin residence time or 

shuttling activity (stable to transient) [66-68] are illustrated. The predicted function (structural to transport) 

for each nucleoporin or subcomplex is also shown. Common colours between the three figures in each 

structure indicate correlations in assembly, dynamics, and function. Those that are early in assembly and 

stable in residence time are likely structural in function. In contrast, those that are late in assembly and 

transient in residence time are likely directly involved in transport. Adapted from [1]. 
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Table 1 Summary of vertebrate and yeast nucleoporins or NPC subcomplexes 

(adopted from [1]; references herein: [64-72]) 

 

 

III.3.2. Mechanisms of nucleocytoplasmic transport 

NPCs form aqueous channels through the NE that mediate nucleocytoplasmic 

exchange of macromolecules. Thus, they represent an important gateway for the 

exchange of information between nucleus and cytosol. Transport through the NPC 

occurs by two mechanisms: passive diffusion and active signal-dependent, receptor-

mediated transport.  
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III.3.2.1. Active nucleocytoplasmic transport 

In contrast to nucleocytoplasmic exchange of small molecules and ions by passive 

diffusion along a concentration-gradient, macromolecular transport events occur by 

facilitated, energy-dependent transport [reviewed in 73, 74]. Active nuclear transport 

depends on a group of transport receptors, the karyopherins, that are specialised for 

import (importins) or export (exportins). In human cells, 20 members of the karyopherin 

family have been identified. Karyopherins bind to cargo proteins either directly or 

mediated by adaptor proteins. In addition they are able to bind to the small GTPase 

Ran, which controls directionality of transport through its nucleotide-bound state. A 

steep gradient of RanGTP in the nucleoplasm and RanGDP in the cytoplasm is crucial 

for the functionality of this transport pathway [75].  

The best studied nuclear transport pathway involves proteins harbouring a so called 

classical nuclear localisation signal (NLS), characterised by a stretch of basic amino 

acids (Figure 4). The transport receptor importin β binds to the NLS-containing protein 

through the adapter protein importin α , which recognises the NLS. Translocation of this 

receptor-cargo complex through the NPC is mediated by binding to a subset of 

nucleoporins (via their FG-domains). In the nucleoplasm, binding of RanGTP to importin 

β induces a conformational change and the cargo as well as importin α are released. 

The karyopherins are then recycled to the cytoplasm in complex with RanGTP by 

independent mechanisms (depicted as one process in Figure 4 for simplicity). 

Conversely, nuclear export occurs by binding of exportins to the nuclear export signal 

(NES) of cargo proteins and building of a ternary export complex consisting of exportin, 

RanGTP and the NES-bearing cargo protein. This export complex translocates through 

the NPC. Conversion of RanGTP to RanGDP is stimulated by RanGAP (GTPase 

activating protein), which is located at the cytoplasmic fibrils of the NPC. Upon this 

conversion exportin and the cargo protein are released from the complex. Exportin and 

RanGDP shuttle back into the nucleus where RanGDP is again converted to RanGTP, a 

process catalysed by the chromatin associated Ran-GEF (guanine nucleotide exchange 

factor) RCC1. 
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Figure 4 Active nucleocytoplasmic transport mediated by importins and exportins. 

Import substrates bearing an NLS are complexed by the importin α/β transport receptor heterodimer in the 

cytoplasm and translocated through the NPC. In the nucleus, RanGTP binds to the import substrate-

receptor complex and induces cargo release. The importin β-RanGTP complex as well as importin α are 

then recycled to the cytoplasm, where RanGTP is displaced from the complex and hydrolysis to RanGDP 

is catalysed by RanGAP, which is associated with the cytoplasmic filaments of the NPC. In the nucleus 

RanGTP promotes the formation of export complexes consisting of an export substrate carrying an NES, 

the export receptor (exportin), and RanGTP itself. After translocation to the cytoplasm, hydrolysis of 

RanGTP induces the release of free exportin and RanGDP. Both are re-imported into the nucleus by 

independent mechanisms. Chromatin-bound RCC1 ensures that conversion of RanGDP to RanGTP 

occurs in the nucleus. Adapted from [2]. 

 

Cytoplasmic RanGDP is transported into the nucleus by NTF2, its specific carrier 

protein. Recycling of karyopherins occurs by independent mechanisms. Importin β is 

transported back into the cytosol in complex with RanGTP. Nuclear export of Importin α 

occurs after formation of a complex with its export receptor CAS bound to RanGTP.  

 

Beside the described transport pathways mediated by Ran and members of the importin 

β transport receptor family, also other transport pathways seem to exist. Nuclear import 

of the Ran GEF RCC1, for example, was found to be independent of Ran, as well as 

nuclear export of the glucocorticoid receptor (GR) [76, 77]. The latter was found to be 

independent from the classical export receptor Crm1 but to be mediated by calreticulin. 

It was suggested that increased calcium levels would positively regulate calreticulin and 

thus inhibit GR function through nuclear export.  
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III.3.2.2. Involvement of nucleoporins in nucleocytoplasmic transport 

There a number of nucleoporins that are known to play an active and essential role in 

nucleocytoplasmic transport [reviewed in 78]. FG-repeat containing nucleoporins were 

found to be involved in nuclear transport by binding to nuclear transport receptors as 

e.g. importin β and to NTF2 [79-81]. Hydrophobic low-affinity interactions between the 

carrier proteins and FG-repeat cores clearly facilitate nuclear transport although the 

precise molecular mechanism is controversial [e.g. 73, 82].  

Interactions between nucleoporins and nuclear transport factors seem to be systematic. 

Some transport factors were shown to preferentially or exclusively bind to certain 

nucleoporins in yeast and vertebrates leading to the hypothesis, that there are distinct 

transport pathways through the NPC [83-87]. Indeed, some of the nucleoporin-transport 

receptor-interactions were found to be linked to specific transport pathways [88-90]. 

 

Essential roles for successful nucleocytoplasmic transport have also been described for 

Nup50 and its yeast homologue Nup1 as well as for yeast Nup2 (homologue of the 

vertebrate Nup153), both located at the nuclear periphery. Both nucleoporins were 

found to accelerate disassembly of the importin α/β-cargo import complex Nup50/Nup2 

directly bind to RanGTP, CAS and Importin α. By binding to the latter, Nup50/Nup2 

competes with the imported NLS-bearing cargo protein for binding to importin α and 

thus actively displaces the cargo from its transport receptor. The facilitated release of 

cargo from importins is thought to be essential to obtain the observed transport rates of 

~100-1000 molecules per second per NPC. In line with this hypothesis deletion of Nup1 

and Nup2 in yeast resulted in growth defects. 

 

On the cytoplasmic side, a similar role of Nup358 (also named RanBP2, Ran binding 

protein 2) has been suggested during conversion of RanGTP to RanGDP. 

Nup358/RanBP2 has the potential to bind RanGAP, importin β and Ran. Thus, its role 

might be to accelerate conversion of RanGTP by concentrating the essential factors for 

this process. 
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III.3.2.3. Passive nucleocytoplasmic diffusion 

Beside providing a gateway for actively transported cargoes, the NPC functions as a 

permeability barrier allowing free diffusion of small molecules of up to ~50 kDa in size 

(or ~9 nm in diameter) [91]. 

The occurrence of passive diffusion on the one hand and active transport on the other 

hand raises the question of how the NPC can provide a diffusion barrier and additionally 

facilitate the transition of transport complexes during the active transport process. 

Different models have been proposed to explain how selective, facilitated transport 

through the NPC can occur (Figure 5). All models have in common that the transition 

process through the NPC per se is energy-independent and that selectivity as well as 

maintenance of a permeability barrier is achieved by FG-repeat nucleoporins.  

 

 

Figure 5 Schematic illustration of NPC selectivity models 

The virtual-gate model [60] proposes that the NPC channel consists of a narrow central tube. FG-repeat-

containing, non-interacting nucleoporins prevent passive diffusion by entropic exclusion. Binding of 

transport receptors to FG-nucleoporins increases the probability of entering the channel and thus 

facilitates the translocation step. Translocation itself occurs by Brownian motion (left panel). The selective 

phase model [92] puts forward that the NPC channel represents a selective phase consisting of a 

meshwork formed by weakly interacting, hydrophobic FG-rich repeats, forming a sieve-like structure. The 

selective phase can only be entered and permeated by transport receptors that can interact with FG-

repeats and disrupt the meshwork (middle panel). The “oily-spaghetti” model [93] proposes that the open 

NPC channel is filled by hydrophobic, unstructured, non-interacting FG-repeats that can be pushed aside 

by receptor-cargo complexes but prevent the passage of other molecules (right panel). The inserts show a 

cross-section through the central channel of the NPC according to the three models. Adapted from [82]. 

 

To gain further insight into the mechanisms of NPC selectivity, a recent elegant study in 

yeast addressed the question whether FG domains of nucleoporins bind to each other 

or not [94]. Based on the results of in vitro interaction studies and in vivo permeability 

assays the authors suggest a two-gate model of NPC architecture (Figure 6). According 
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to this model the first gate is provided by a meshwork of cohesive FG domains in the 

central framework of the NPC in accordance with the selective phase model. The 

second gate is proposed to be formed in line with the virtual-gate model by non-

cohesive FG domains in the nuclear basket structure of the NPC  

 

A B

 

Figure 6 Two-gate model for the NPC permeability barrier 

(A) Two-gate model for NPC architecture and web diagram of a low-affinity “interactome”. Nups are 

positioned in the NPC according to their anchor sites. The FG domains of nups (in black bold font) form a 

web of low-affinity interactions (indicated by lines) with each other and with a discrete subset of non-FG 

nups (in light blue font). In the two-gate model, the FG domains of nups that are anchored at the NPC 

centre form a cohesive meshwork of filaments, as hypothesized by the selective phase model, whereas 

the FG domains of nups anchored at the nuclear basket structure do not interact and behave as repulsive 

filaments, as hypothesized by the virtual-gate model. (B) The table summarises the Saccharomyces 

cerevisiae (sc) nups involved in cohesive and non-cohesive interactions and their location within the NPC 

structure. Modified from [94]. 

 

Amino acid composition analysis of human nucleoporins indicated the involvement of 

each of the proteins forming the Nup62 complex (Nup54, Nup62, Nup45, Nup58) as well 

as the peripheral nucleoporin Nup214 in formation of a cohesive meshwork. The FG-

repeats of Nup98, POM121, Nup153, Nup50 and Nup358/RanBP2 are hypothesized to 

contain non-cohesive FG-repeats [94]. 
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III.3.3. Regulation of nucleocytoplasmic transport and NPC composition 

Regulation of nucleocytoplasmic exchange of macromolecules is a crucial aspect to 

control cellular mechanisms like gene expression, signal transduction, and 

differentiation. Positive or negative regulation of nucleocytoplasmic transport can occur 

by masking or unmasking of NLS or NES sequences of cargo molecules, cytoplasmic or 

nuclear retention through specific anchors, or modification (mainly through 

phosphorylation) of the cargo molecules [reviewed in 95].  

 

Beside the regulation of transport through modification of cargo molecules, there is 

increasing evidence that NPCs themselves are involved in the control of 

nucleocytoplasmic traffic [1 and references therein]. 

 

Recent studies have demonstrated that structural and compositional changes in the 

NPC are mechanisms by which transport flux and individual pathways can be regulated. 

The study of NPC alterations during mitosis revealed most of these changes known to 

date. 

During the closed mitosis of Saccharomyces cerevisiae, for example, rearrangements in 

the NPC were observed which altered the binding affinity for a specific transport 

receptor and inhibited this transport pathway [96]. In line with the hypothesis that global 

NPC dynamics during mitosis might be based on regulated posttranslational 

modifications [65, 97], the likewise closed mitosis in the slime mould Aspergillus 

nidulans was found to be associated with alterations in NPC composition after 

phosphorylation of specific peripheral, dynamic nucleoporins by mitotic kinases [98]. 

These alterations lead to increased permeability of NPCs, thus increasing the number of 

proteins which are able to pass the NPC by passive diffusion. Compositional changes of 

the NPC are not only restricted to organisms which undergo a closed mitosis, without 

nuclear envelope breakdown. Also during the open mitosis in starfish oocytes a partial 

release of peripheral, dynamic nucleoporins prior to complete nuclear envelope 

breakdown was observed [99]. Again this loss was associated with an increase in NPC 

permeability. 

 

In addition to the ability of the NPC to undergo dynamic changes in response to specific 

cellular challenges such as mitosis, also more global compositional differences were 

described [1 and references therein]. The nucleoporins gp210, Nup50, 
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Nup358/RanBP2, for example, were found to exhibit tissue-specific expression levels. 

Differences in NPC composition were even observed between NPCs of the same 

nucleus. In S. cerevisiae the nucleoporins Mlp1 and Mlp2 (homologous to the vertebrate 

TPR) are excluded from regions adjacent to the nucleolus but are found near NPCs 

associated with presumably active chromatin. Mlp1/2 are also implicated in control of 

mRNA export and it was hypothesized that they might be specialized for transport 

events required in ribosome biogenesis. 

 

Based on the observations mentioned above it is surely appropriate to “envision the 

NPC as an ever-changing portal with the potential to regulate crucial cellular functions 

both locally and globally” [1]. 

 

 

III.3.4. Alterations of nucleocytoplasmic transport and NPC-degradation in 

apoptosis 

Based on the observations of mitotic compositional changes of the NPC (chapter III.3.3) 

the questions arises whether such regulatory mechanisms of nucleocytoplasmic 

transport also occur during a similarly fundamental cellular process like apoptosis.  

 

As in mitosis, a variety of apoptosis-related proteins are known to change their 

subcellular localization to fulfil their function. Within this group of proteins are apoptotic 

signalling as well as execution factors [reviewed in 2, and 100]. 

The most prominent examples are the proteins that are released from the mitochondrial 

intermembrane space after activation of the mitochondrial apoptosis pathway. EndoG 

and AIF, for example, subsequently translocate to the nucleus and induce apoptotic 

chromatin changes. 

The transcription factor p53 is one of the apoptotic signalling molecules known to trigger 

the release of mitochondrial factors. It was found to interact with members of the Bcl-2 

family regulating mitochondrial permeability [reviewed in 101]. A recent study also 

showed the involvement of poly(ADP-ribose) (PAR) in mediation of AIF release from the 

mitochondria [25, 102]. PAR is formed in the nucleus after DNA damage mainly by 

PARP-1 (poly(ADP-ribose)-polymerase 1), an enzyme involved in DNA-repair. Both, p53 

and PAR have to shuttle from the nucleus to the mitochondria to fulfil their apoptosis-

related function. 
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EndoG, AIF, p53 and PAR are just a few out of a variety of molecules that undergo 

apoptosis-induced nucleocytoplasmic shuttling (Table 2). The exact mechanisms 

regulating their transport and whether this is dependent on caspase-activity or not, is 

often elusive. 

 

Table 2 Nucleocytoplasmic transport of apoptosis-related factors.  

Adopted from [100]. 

 

During apoptosis, alterations of NPCs functional and structural properties occur. An 

increase in NPC permeability was observed during the early phase of STS 

(staurosporine)-induced apoptosis in HeLa cells and in TNFα-treated MCF-7 cells [103, 

104]. These changes occurred prior to apparent morphological changes, were found to 

be caspase-independent and independent of proteolysis of nucleoporins. At 

approximately the same time point a redistribution of Ran and nuclear transport factors 

occurred. While Ran and the nuclear transport factors are not targets for caspase-

mediated degradation, several nucleoporins were found to be cleaved by caspases 

during apoptosis. A recent comprehensive study of analysed in detail the caspase-

dependent degradation of nucleoporins after application of extrinsic as well as intrinsic 

apoptotic stimuli [105]. Only seven out of the ~30 nucleoporins were found to be 
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proteolytically processed by caspases, including Nup153, Nup50 and Tpr on the 

nucleoplasmic side, Nup214 and Nup358/RanBP2 on the cytoplasmic side and Nup93 

and Nup96 as components of the NPC central framework. Interestingly, Nup93 and 

Nup96 were the first nucleoporins to be processed, independently from the apoptotic 

trigger and despite their central localisation within the NPC.  
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III.4. The Bcl-2 protein family  

The bcl-2 gene was first discovered as the translocated locus in a B-cell lymphoma by 

David L. Vaux et al. in 1988 [106]. Since then, many homologous proteins have been 

identified expanding the group of the Bcl-2 family proteins. 

Bcl-2 family proteins are key regulators of the apoptotic program acting mainly via the 

mitochondrial apoptosis pathway ([reviewed in 107], see also III.2.2). Members of the 

Bcl-2 family of proteins are either pro- or anti-apoptotic and can be divided into three 

groups, based on their structure and their role in apoptosis (Figure 7): 

 

a. Anti-apoptotic proteins (Bcl-2-like proteins). They are characterized by the 

presence of Bcl-2 homology (BH) domains 1-4. Non-mammalian homologues 

include E1B 19K (adenovirus), BHFR1 (Eppstein Barr virus) and CED-9 (C. 

elegans). 

b. Multidomain pro-apoptotic proteins containing the BH-domains BH1, BH2 and BH3 

(Bax-like proteins). 

c. Pro-apoptotic BH3-only proteins (BOPs).  

 

Most of these proteins contain a potential C-terminal transmembrane region (TM) 

involved in their tail-anchoring into intracellular membranes such as the mitochondria, 

the endoplasmic reticulum (ER) and the nuclear envelope (NE).  

BH1, BH2 and BH3 regions form a hydrophobic groove on both the anti- and pro-

apoptotic proteins mediating their homo- and hetero-multimerization. 

Although many aspects of their mode of action still remain elusive, regulation of 

apoptosis by Bcl-2 family members seems to occur mainly by interaction of the different 

members. Anti-apoptotic Bcl-2-like proteins are known to keep the pro-apoptotic Bax-

like proteins inactive by direct binding. BH3-only proteins (BOPs) are thought to “sense” 

apoptotic stimuli and transmit the apoptotic signal by sequestering Bcl-2-like proteins 

and thus neutralizing their anti-apoptotic function. Once activated, Bax-like proteins 

undergo homo-oligomerisation, which seems to be involved in mitochondrial membrane 

permeabilisation and thus activation of the mitochondrial apoptosis pathway. Interaction 

of the different Bcl-2 family members seems to occur mainly at the mitochondrial outer 

membrane. Thus, proteins that are not constitutively located at their site of action under 

physiological conditions have to translocate to fulfil their function, which is associated 

with transcriptional, posttranslational and/or structural changes.  
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Figure 7 Bcl-2 family members. 

Bcl-2 homology regions 1-4 (BH1-4) are indicated. TM indicates a putative transmembrane region that 

mediates localization to intracellular membranes. α: α helix. The α5-α6 overlapping region containing the 

BH1 domain corresponds to the pore-forming region based on structural homology with bacterial toxins 

(see below). The BH3 domain in the pro-apoptotic members is a ligand for the hydrophobic pocket formed 

by the BH1-BH3 domains of the anti-apoptotic members. Adopted from [108]. 
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III.4.1. Anti-apoptotic proteins 

Bcl-2-like anti-apoptotic proteins (including the members depicted in Figure 7 a) were 

shown to confer resistance to a multitude of intrinsic apoptotic stimuli including cytokine 

deprivation, UV- and γ-irradiation, and chemotherapeutic drugs. Inhibition of apoptosis 

induced via activation of the extrinsic death receptor pathway by Bcl-2-like anti-apoptotic 

proteins seems to depend on the cell type. While, for example, in lymphocytes the 

receptor-mediated apoptosis is independent of Bcl-2 other cell lines require the 

additional activation of the mitochondrial pathway via the BH3-only protein Bid and are 

thus susceptible to apoptosis-inhibition by anti-apoptotic Bcl-2 family members [e.g. 109, 

110]. 

Bcl-2 itself exists as an integral membrane protein with about two thirds located at the 

ER and the associated nuclear envelope, and about one third anchored in the 

mitochondrial outer membrane [reviewed in 111]. Its anti-apoptotic homologues Bcl-XL 

and Bcl-w reside primarily on mitochondria, but a substantial amount can also be found 

in the cytosol after subcellular fractionation [112-115]. This may be due to differences in 

protein structure, as the C-terminus of was found to occlude their hydrophobic groove. 

Binding of BH3-only family members to Bcl-XL and Bcl-w during apoptosis leads to 

conformational changes which are followed by membrane insertion [116, 117]. Notably, 

also the constitutively membrane anchored Bcl-2 was found to undergo conformational 

changes during apoptosis induced by BH3-only proteins leading to membrane insertion 

of parts of the protein in addition to its C-terminus [118]. However, whether membrane 

insertion of Bcl-2-like proteins is really necessary for their anti-apoptotic function is 

controversial [119, 120]. Furthermore, the BH4 domain has been found to be implicated 

in the control of their anti-apoptotic functions, although not all pro-apoptotic members of 

the Bcl-2 family share sequence homology in the BH4 domain [121 and references 

therein]. This is interesting in view of the finding that the BH4 domain is removed from 

Bcl-2 and Bcl-XL upon cleavage by caspases in some apoptotic systems [122, 123]. 

How the BH4 domain might mediate the anti-apoptotic function of Bcl-2-like proteins is 

not known to date. 

 

Beside the regulation of their pro-apoptotic counterparts by direct interaction, Bcl-2 

might also be implicated in apoptosis inhibition via regulation of intracellular calcium 

stores (Figure 8). Overexpression of Bcl-2 or Bcl-XL, for example, was shown to reduce 

the calcium content of the ER, an effect, which was also obtained by deletion of Bax and 
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Bak [124]. The ER calcium content might be regulated by interaction of Bcl-2 and Bcl-XL 

with inositol-triphosphate (IP3)-receptors and/or the calcium ATPase SERCA (further 

discussed in chapter VII.2). Lowering ER-calcium would lower the peak of releasable 

calcium upon apoptosis induction with certain stimuli and thus prevent mitochondrial 

calcium uptake and the subsequent release of apoptogenic factors. However, also this 

aspect of Bcl-2 function remains controversial [discussed in 125, 126, 127].   

Figure 8 The ER Ca2+ apoptotic gateway. 

or Bcl-2 overexp.

(A) Under normal conditions, Ca2+ continuously cycles between the ER and mitochondria. Ca2+ is pumped 

into the ER by Ca2+ ATPases (SERCA), and released by IP3-gated channels (IP3R). Ca2+ enters 

mitochondria by a Ca2+ uniporter (mCU) and is released by a Na2+/Ca2+ exchanger (mNCE). The ER Ca2+ 

load reflects the balance between Bcl-2 and Bax/Bak proteins. (B) Ablation of Bax/Bak or overexpression 

of Bcl-2 decreases the ER Ca2+ load and protects cells from apoptosis. (C) Correction of the ER Ca2+ load 

by overexpressing SERCA proteins or selective expression of Bax in mitochondria (D) defines three 

classes of apoptotic stimuli: (i) stimuli that engage the ER Ca2+ gateway and do not require Bax/Bak at 

mitochondria, such as arachidonic acid, ceramide, and oxidative stress; (ii) stimuli that do not engage the 

ER Ca2+ gateway but require mitochondrial Bax/Bak such as the BOP protein tBid; and (iii) stimuli that 

engage both pathways, such as T cell receptor activation, staurosporine, etoposide and brefeldin A. 

Adapted from [124]. 

  29



 INTRODUCTION 

As the majority of Bcl-2 is located at the ER/NE, studies with solely ER/NE-targeted Bcl-

2 were performed to elucidate the role of Bcl-2 at this intracellular site. These studies 

revealed that ER/NE-targeted Bcl-2 protects cells from most of the applied apoptotic 

stimuli [reviewed in 127]. Based on these data the authors suggested also alternative 

hypotheses regarding the anti-apoptotic function of Bcl-2. Beside the above mentioned 

role in regulation of the ER calcium content, also a control of its anti-apoptotic family 

members by interaction with BOPs at the ER has been proposed. This interaction would 

prevent them from activating multi-domain pro-apoptotic Bcl-2 family members and 

trigger mitochondrial membrane permeabilisation (Figure 9 B). This model differs from 

the hypothesis that BOPs induce apoptosis by interfering with the interaction of multi-

domain pro-apoptotic Bcl-2 family members with Bcl-2-like anti-apoptotic proteins 

(Figure 9 A).  

 

 

Figure 9 Alternative models of Bcl-2 family interactions. 

(A) Anti-apoptotic Bcl-2 family members bind multi-domain pro-apoptotic family members (e.g. Bax), 

preventing them form inducing cytochrome c release. BOPs relieve this inhibition, freeing the multi-

domain pro-apoptotic family members. (B) Anti-apoptotic Bcl-2 family members bind to BOPs, thus 

preventing them from inducing Bax activity and cytochrome c release. Adopted from [127]. 
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III.4.2. Multidomain pro-apoptotic proteins 

Bax-like multidomain pro-apoptotic members of the Bcl-2 protein family play an essential 

role in mitochondrial membrane permeabilisation during apoptosis. Overexpression of 

these proteins is generally sufficient to kill cells supporting the idea that their activation 

is tightly regulated by other proteins in addition to the anti-apoptotic Bcl-2 family 

members. As for the anti-apoptotic Bcl-2-like proteins the subcellular localization of the 

different multidomain pro-apoptotic proteins is variable. While Bak and Bok are 

constitutively localized within membranes, Bax is largely cytosolic (~60%) or loosely 

attached to intracellular membranes. This could be due to its tertiary structure which, in 

analogy to Bcl-XL and Bcl-w, displays a TM domain that is folded back into its 

hydrophobic groove. Approximately 10-15% of Bax or Bak is also localized at the 

endoplasmic reticulum [128]. 

Bax is the best studied of the multidomain pro-apoptotic Bcl-2 family members. Upon 

apoptosis induction Bax and Bak are activated, undergo conformational changes, homo-

oligomerize and insert into the mitochondrial outer membrane leading to mitochondrial 

membrane permeabilisation. Bax seems to be regulated through phosphorylation and/or 

interaction with other proteins such as Ku70 and Humanin [108 and references therein]. 

It is also hypothesized that it might be activated through BOPs as has been shown for 

Bid. 

The mechanism by which mitochondrial membrane permeabilisation through 

multidomain pro-apoptotic Bcl-2 family proteins occurs is not clarified to date but several 

hypotheses exist [108, 129]. One hypothesis is that after oligomerization of Bax-like 

proteins they insert into membranes and form pores themselves. This could occur in 

analogy to pores formed by bacterial toxins and involves pore forming by their α5/α6 

(Figure 7) which are analogous to the diphtheria toxin membrane-translocation domain 

and the pore forming domains of colicins [reviewed in 130]. Another possible scenario is 

the regulation of mitochondrial membrane permeabilisation through regulation of the 

mitochondrial permeability transition pore (PTP) through interaction with Bax-like 

proteins [22]. 
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III.4.3. BH3-only proteins 

BH3-only proteins (BOPs) play an essential role in the initiation of apoptosis. They are 

thought to represent specific sensors that transmit apoptotic signals to different 

multidomain pro-apoptotic proteins. Dependent on the death stimulus, different BH3-

only proteins are known to be activated. For example, cytokine deprivation, DNA 

damage or activation of the death receptor pathway lead to activation of Bim and Bad, 

Noxa and Puma or Bid, respectively [reviewed in 108]. Activation of BOPs occurs either 

transcriptionaly (e.g. Noxa, Puma, Bim, Hrk) or posttranslationaly mainly through 

phosphorylation (e.g. Bmf, Bad, Bim, Bid). BOPs such as Bad, Bmf and Bim are 

sequestered at intracellular structures or binding partners in healthy cells and 

translocate to the mitochondria following specific apoptotic stimuli [111]. Bid, a cytosolic 

protein which mediates the link between death receptor and mitochondrial apoptosis 

pathways, requires proteolytic cleavage by caspases or granzyme B and subsequent 

myristoylation of the exposed residues for its activation and targeting to the 

mitochondria. 

BOPs can be further subdivided into two groups depending on their mode of action. 

There are Bid-like proteins (Bid, Bim) that can directly activate Bax and Bak, and Bad-

like proteins (Bad, Bik) that sensitize cells to apoptosis by inhibiting the Bcl-2/Bax 

interaction. Binding of BOPs to other Bcl-2 family proteins occurs through docking of 

their amphipathic BH3 a-helix into the hydrophobic groove formed by the BH1, BH2 and 

BH3 regions. 
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IV. OBJECTIVES OF THE THESIS 

 

Alterations of NPC structural and functional properties have been found in various 

cellular systems and following diverse intrinsic and environmental challenges [reviewed 

in 1]. Also in apoptosis, alterations of the nucleocytoplasmic barrier consisting of 

caspase-independent changes of the nuclear permeability barrier and caspase-

dependent degradation of nucleoporins have been observed suggesting a biphasic 

mechanism of alterations of NPC properties [103]. In light of the finding that 

nucleocytoplasmic shuttling is essential for apoptotic signaling and execution proteins 

these alterations might represent a key element of apoptotic pathways [2]. 

  

The objective of the present study was to contribute to the understanding of the 

mechanisms regulating alterations of the nucleocytoplasmic barrier in apoptosis. 

This general interest was focused on three main topics, i.e. apoptosis induced 

alterations of the passive nuclear permeability barrier, the role of the anti-apoptotic 

protein Bcl-2 in modulation of the nucleocytoplasmic barrier and the setup of a general 

system to visualize structural and functional changes of the NPC. 

 

 

(1) Characterisation of apoptosis-induced factors modulating passive 

permeability of the nuclear envelope by an in-vitro Nuclear Permeability 

Assay (NPA).  

 

 Aims: 

� Optimise and validate the NPA to permit analysis of appropriate sample 

sizes and thus statistically significant analysis. 

� Perform inhibitor studies with the NPA to identify the group of proteases 

involved in modulation of nuclear envelope permeability. 

� Investigate the contribution of candidate proteases within this group to the 

modulation of NPC properties during apoptosis. 
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(2) Investigation of the role of the anti-apoptotic protein Bcl-2 in regulation of the 

nucleocytoplasmic barrier. 

 

 Aim: 

� Investigate whether Bcl-2 influences nuclear envelope permeability. 

 

 

(3) Development of a system to allow for the visualization and characterisation 

of functional and structural changes of the nuclear pore complex applying 

live cell imaging methods. 

 

 Aims: 

� Find a suitable cellular system to analyse apoptosis-induced, caspase-

dependent nuclear pore complex degradation with the help of fluorescently 

labelled nucleoporins. 

� Determine and validate a fluorescently labelled nucleoporin suitable as a 

marker for monitoring caspase-dependent degradation during apoptosis. 

� Find and validate a fluorescent permeability marker suitable for live cell 

imaging experiments. 

� Establish a live cell imaging procedure to visualize apoptosis-induced 

alterations of the nucleocytoplasmic barrier. 

� Establish an image analysis procedure for the graphic evaluation of the 

obtained results.  
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V. METHODS AND MATERIAL 

V.1. Methods 

V.1.1. Cell culture experiments 

V.1.1.1. Culturing eucaryotic cells  

Cells were maintained at 37°C with 5% CO2 in a humidified atmosphere. Cell culture 

media were supplemented with 10% heat-inactivated FCS, 100 units/ml penicillin and 

100 µg/ml streptomycin. Cells were passaged every two to three days in a ration of 1:5 

to 1:10 to maintain them in logarithmic growth phase. 

Jurkat human T cells (clone E6-1) were cultured in RPMI-1640 medium. HeLa cell lines 

were grown in high glucose DMEM supplemented with 2mM L-glutamine. R6 rat 

embryonic fibroblasts were maintained in low glucose DMEM supplemented with 2mM 

L-glutamine. SW480 human colon carcinoma cells were cultured in high glucose DMEM 

supplemented with 2mM L-glutamine. 

N2A neuroblastoma cells stably transfected with a plasmid encoding for murine FasL 

(clone 43) were maintained in DMEM supplemented with 2 mM L-glutamine and with 

250 µg/ml G418. FasL was harvested as a culture supernatant after culturing the cells in 

serum free media for 48 hours [131]. The FasL-containing supernatant was 

supplemented with 1% BSA and snap frozen in aliquots in liquid nitrogen. 

 

V.1.1.2. Cryopreservation of eucaryotic cells 

Cells were harvested, counted and resuspended in cold freezing media (DMEM + 20% 

FCS +10% DMSO) at a cell density of 1*106 – 1*107 cells/ml. Then the cells were 

transferred into cryotubes and cooled down to –80°C (1°C/min) in an isopropanol-

containing container. Then the cells were transferred directly into liquid nitrogen and 

stored there until use. 

For thawing the frozen cells were thawed in a 37°C water bath, directly transferred in 50 

ml growth media to dilute the freezing medium, spun down (1000rpm, 5 min) and 

transferred into a culture flask.  

 

V.1.1.3. Preparation of S-20 extracts by freeze-thaw procedure 

For a detailed step by step protocol see Grote and Ferrando-May, 2007 [4]. 
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V.1.1.4. Isolation of Jurkat cell nuclei 

Nuclei of Jurkat cells were isolated according to a protocol from the lab of P. Collas 

(University of Oslo, www.collaslab.com). Cells were harvested by centrifugation at 400 g 

for 10 min. The pellet was washed twice in PBS and resuspended in cold hypotonic 

buffer (10 mM Hepes pH 7.5, 2 mM MgCl2, 5 mM KCl 2 and freshly added 1mM DTT, 

1mM PMSF and complete protease inhibitor cocktail) at 5*107 cells/ml. 5% NP-40 was 

added (5 µl/ml buffer) for lysis of the cells. The cell lysate was centrifuged at 400 g for 7 

min at 4°C. The nuclei containing pellet was washed once in ice-cold buffer N (10 mM 

Hepes pH 7.5, 2 mM MgCl2, 5 mM KCl 2, 250 mM sucrose and freshly added 1mM 

DTT, 1mM PMSF and complete protease inhibitor cocktail) and resuspended in buffer N 

for direct use. For freezing nuclei were resuspended at a concentration of 1*106 

nuclei/ml in ice-cold freezing medium (70% glycerol in buffer N, 1mM DTT, 1mM PMSF). 

500 µl aliquots were directly put at –80°C (avoid freezing in liquid nitrogen). 

For thawing and washing of frozen nuclei they were thawed, diluted with 1 ml of ice-cold 

buffer N and centrifuged at 3000 rpm in a swing-out rotor for 15 min (4°C). The pellet 

was washed once again in buffer N and then resuspended in buffer N to the desired 

density.  

 

V.1.1.5. Determination of protein concentrations 

For determination of protein concentrations in cell lysates the BCA Protein Assay 

Reagent (Pierce) was used. 5 µl appropriately diluted lysate was incubated with 95 µl of 

BCA reaction mixture (1:50 dilution of reagent B in reagent A; provided by the 

manufacturer) in a 96 well plate. After 30 min incubation at 37°C fluorescent readout of 

the protein concentration dependent colour reaction occurred at 550 nm in an ELISA 

reader. In parallel to every measurement a calibration curve was established with 

defined BSA-solutions ranging from 0.2-2 mg/ml. Measurements were performed in 

triplicates. 

 

V.1.1.6. Bead Loading [132, 133] 

Glass beads with a diameter of ~100 µm (Sigma) were washed overnight in 5 M NaOH. 

Then the beads were washed five times in 70% EtOH and once in 100% EtOH. To 

change the liquid, the suspension can briefly be spun down at 1000rpm for 2-5 min. The 

beads were dried by evaporation of the 100% EtOH (overnight to two days). 
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Wholes were made in the lid of a 1.5 ml reaction tube to prepare a cast and the dried 

beads were transferred into this cast. 

 

Cells were cultured in MatTek culture dishes with a glass inset of ~1 cm2 to a density of 

~60%. 

Bead Loading of 70 kDa fluorescent dextran was done by removing all media from the 

cells and addition of 20 µl dextran solution into the glass inset of the MatTek culture dish 

(20 mg/ml 70 kDa TexasRed Dextran (Sigma) solved in PBS). Subsequently a 

monolayer of washed glass beads was added onto the cells in the glass inset and the 

cells were shaken quickly. Depending on the cell type cells were shaken by tapping 

against the side of the culture dish or even by vortexing for 1 sec. The dish was washed 

with PBS until all beads were cleared from the plate and the cells were supplemented 

with medium again. After 45 min in the incubator the loaded cells were taken for 

experiments. 

 

V.1.1.7. Viability assays 

Two different methods were used to quantify cell death after stimulation of cells with 

toxic agents. 

 

(1) Sytox/Hoechst staining 

Cells were seeded in 100 µl medium in 96 well plates at a density of approx. 1-2*104 

cells per well 24 hours prior to treatment. After treatment of the cells with toxic agents a 

mixture of Sytox Green and Hoechst33342 (100xstock) was added to the cells to a final 

concentration of 0.5 µM and 500 ng/ml respectively. Sytox Green cannot pass the intact 

cell membrane of healthy cells but that of necrotic. Hoechst33342 is membrane 

permeable and stains the nuclei of all cells. After an incubation period of 10 min at 37°C 

cells were analysed with fluorescence microscopy for Sytox positive cells which were 

scored as necrotic, and for nuclear morphology. Cells with condensed DNA, typical for 

apoptosis were scored as apoptotic, cells with normal nuclear morphology as healthy. 

Sytox positive cells with apoptotic nuclear morphology were also scored as apoptotic 

(secondary lysis). For each time point at least 150 cells were counted in three non 

overlapping visual fields. 

 

  37



 METHODS AND MATERIAL 

(2) AlamarBlue Viability Assay 

Cells were seeded in 100 µl medium in 96 well plates at a density of approx. 1-2*104 

cells per well 24 hours prior to treatment. After the desired time of cell treatment with 

toxic agents, 10 µl of AlamarBlue solution (Biosource) was added per well and 

incubated for 1-2 hours (depending on the cell line) under normal culture conditions. 

Afterwards, conversion of AlamarBlue was measured in an ELISA reader at λex= 530 nm 

and λem = 595 nm.  

 

V.1.1.8. Collagen coating 

Glass surfaces coated with collagen are well suited for the culture of HeLa cell lines as 

they promote attachment. Collagen R (Serva) was diluted in 0.1% sterile acetic acid to a 

final concentration of 40 µg/ml. The glass surfaces were covered by the diluted collagen 

for 1 hour, washed with PBS and either taken directly for cell culture or dried under 

sterile conditions. Collagen coated culture dishes can be stored at 4°C for ~4 weeks. 

 

V.1.1.9. Transfection of plasmid DNA 

V.1.1.9.1. Calciumphosphate 

Transfection was performed in a 12 well plate with 1 ml medium per well. Cells were 

seeded 24 hours prior to transfection in a density of about 1-2*105/ml.  

The following solutions were prepared for transfection of cells in 1 well: 

 

A: 50 µl 2xHBS (281 mM NaCl, 100 mM Hepes, 1.5 mM Na2HPO4, pH 7.12) 

B: 5 µl 2.5 M CaCl2 + 3-5 µg DNA 

 ad 50 µl with TE (0.01 M Tris-HCl pH 8.0, 1 mM EDTA) 

 

Solution B was added dropwise to solution A while stirring on a vortex. After an 

incubation period of 30 min at room temperature the mixture was added dropwise into 

the well. Cells were washed 3 times with PBS and once with medium after 16 h. 

Evaluation for protein expression was possible 24 – 48 hours later. 

 

V.1.1.9.2. Lipotransfection 

Lipotransfection of cells was performed with Effectene Transfection Reagent (Qiagen) 

according to the manufacturers instructions.  
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Protocol for transfection of 1 - 1.5*105 cells seeded in a 12 well plate (culture volume 1 

ml/well) 24 hours prior to transfection: 

 

DNA 0.2 – 0.4 µg 

EC-Buffer ad 75 µl 

Enhancer µl = DNA amount [µg] * 8 

-> vortex 1 sec, incubate 4 min at room temperature 

Effectene µl = DNA amount [µg] * 10 

-> vortex 7 sec, incubate 10 min at room temperature 

--> 100 µl medium was added and the mixture was transferred dropwise into the well 

--> medium was changed after 6 – 8 hours incubation 

 

For cotransfection of pcDNA3.1-4xCherry and different mbcl-2 expression constructs a 

total of 0.4 µg DNA per 12 well (1 ml culture volume) was transfected into cells seeded 

on ∅16 mm glass coverslips. pcDNA3.1-4xCherry and the different mbcl-2 expression 

constructs were transfected in a molar ratio of 1:5 with 0.09 µg pcDNA3.1-4xCherry. If 

necessary DNA content was brought to 0.4 µg DNA per well with the empty expression 

vector pcDNA3.1. 

 

Protocol for transfection of cells seeded in a collagen coated MatTek culture dish 

(P50G-1.5-14-F) 8 hours prior to transfection. 

 

DNA 0.4 – 0.8 µg 

EC-Buffer ad 175 µl 

Enhancer µl = DNA amount [µg] * 8 

-> vortex 1 sec, incubate 4 min at room temperature 

Effectene µl = DNA amount [µg] * 10 

-> vortex 7 sec, incubate 10 min at room temperature 

--> 100 µl medium was added and the mixture was transferred dropwise into the dish 

--> medium was changed after 16 hours incubation 
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V.1.1.10. Immunocytochemistry 

Cells were seeded onto ∅16 mm glass coverslips in 12 well plates at a density of 1 – 

1.5 * 105 cells per well to reach 50-60% confluency at the day of the experiment.  

 

The standard protocol for immunocytochemical staining of HeLa cells was as follows. 

Cells were fixed in 4% paraformaldehyde/PBS for 10 min at room temperature. After 

washing in PBS reactive aldehyde groups were blocked with 50 mM NH4Cl for 10 min at 

room temperature. Another washing step was followed by permeabilisation with 0.1 % 

Triton X-100/PBS for 5 min at room temperature. Unspecific binding of the first antibody 

was reduced by blocking with 1 % BSA/PBS for 30 min at room temperature after 

washing again in PBS. First and secondary antibodies (labelled with Alexa488 or 

Alexa546) were diluted in 10% normal goat serum/PBS and were applied for 60 min at 

room temperature in a humidified chamber (alternatively the first antibody was incubated 

over night at 4°C). Secondary antibodies were diluted 1:400. Coverslips were washed 

extensively in PBS after incubations with the antibodies. Staining of the DNA was done 

10 min at room temperature with 200 ng/ml Hochst33342. Samples were mounted either 

in Aquapolymount or in Vectashield. 

 

Immunocytochemical staining of certain proteins differed from the standard protocol as 

described in the following paragraphs: 

NTF2 staining: Permeabilisation was with 0.2% Triton X-100/PBS for 10 min at room 

temperature. 

 

Immunocytochemical staining of mbcl-2 was performed according to a protocol 

communicated by Prof. Christph Borner (Freiburg). Cells were fixed in 4% 

paraformaldehyde/PBS for 10 min at room temperature or at 4°C overnight if cells had 

been transfected with pcDNA3.1-4xCherry. After washing in PBS reactive aldehyde 

groups were blocked with 50 mM NH4Cl for 10 min at room temperature. Another 

washing step was followed by permeabilization with 0.05 % Saponin/0.1 M Pipes pH 6.8 

for 5 min at room temperature. After washing in PBS cells were treated with pre-cooled 

acetone for 8 min at –20°C. Unspecific binding of the first antibody was reduced by 

blocking with 1 % BSA/PBS for 30 min at room temperature after washing again in PBS. 

The first antibody against mbcl-2 (clone 10C4 from Santa Cruz) was diluted 1:500 in 

10% normal goat serum/PBS and the secondary antibody (labelled with Alexa488 or 
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Alexa546) was diluted 1:400 in 10% normal goat serum/PBS. Antibodies were applied 

for 60 min at room temperature in a humidified chamber (alternatively the first antibody 

was incubated over night at 4°C). Coverslips were washed extensively in PBS after 

incubations with the antibodies. Staining of the DNA was done 10 min at room 

temperature with 200 ng/ml Hochst33342. Immunostained cells were mounted either in 

Aquapolymount or in Vectashield. 

 

The protocol for immunocytochemical staining of mbcl-2 was optimised according to 

[134]. Cells were washed shortly in before permeabilisation with 0.3 % Digitonin/PBS for 

3 min on ice. Digitonin was removed by washing shortly with 5 mM MgCl/PBS and cells 

were fixed in 4% paraformaldehyde/PBS for 10 min at room temperature. After washing 

in PBS reactive aldehyde groups were blocked with 50 mM NH4Cl for 10 min at room 

temperature. Unspecific binding of the first antibody was reduced by blocking with 1 % 

BSA/PBS for 30 min at room temperature after washing again in PBS. The first antibody 

against mbcl-2 (clone 10C4 from Santa Cruz) was diluted 1:500 in 10% normal goat 

serum/PBS and the secondary antibody (labelled with Alexa488 or Alexa546) was 

diluted 1:400 in 10% normal goat serum/PBS. Antibodies were applied for 60 min at 

room temperature in a humidified chamber (alternatively the first antibody was incubated 

over night at 4°C). Coverslips were washed extensively in PBS after incubations with the 

antibodies. Staining of the DNA was done 10 min at room temperature with 200 ng/ml 

Hochst33342. Immunostained cells were mounted either in Aquapolymount or in 

Vectashield. 

 

V.1.2. Immunoprecipitation of mBcl-2 

For immunoprecipitation of mbcl-2 Hela K bcl-2 cells were plated in a 10 cm dish at a 

density of 1.5 * 105/ml (10 ml medium) 24 hours prior to the experiment. The cells were 

first washed with 5 ml PBS (supplemented with complete protease inhibitors (Roche)) 

and then with 5 ml buffer A (10 mM Hepes pH 7.4, 143 mM KCl, 5 mM MgCl, 1 mM 

EGTA, complete protease inhibitor mix [135]. Cells were lysed on the plate by adding 1 

ml buffer A + 0.2 % NP40 on ice in a fridge or cold room for 30 min. The supernatant 

was spun down 10 min at max. rpm and 4°C in a tabletop centrifuge in a pre-clear step 

(named “BPS”). 

The remaining cells on the culture dish were lysed in 1 ml SDS-lysis-buffer (0.5 % SDS, 

0.05 M Tris pH 7.5, 1 mM DTT), scraped off the dish and incubated for 10 min at 95 °C 
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with occasional vortexing. Remaining cell debris was spun down for 10 min at 4°C and 

max. rpm in a tabletop centrifuge and the supernatant was transferred into a new 1.5 ml 

reaction tube (named “SDS”).  

The pre-cleared supernatant “BPS” was supplemented with 20 µl Protein A/G Plus 

Agarose (Santa Cruz) and incubated at 4°C on a rotating wheel for 1 h. Agarose beads 

were removed by centrifugation for 5 min, 3000 rpm, 4°C in a tabletop centrifuge 

(remaining beads were named “BP” and washed 2x with 500 µl PBS + complete 

protease inhibitor mix). The supernatant (named “SN”) was either diluted 1:3 in PBS or 

taken undiluted for immunoprecipitation. 600 µl of diluted or undiluted SN were 

incubated with 5 µl antibody (αmbcl-2, clone 10C4, Santa Cruz) for 2 h at 4°C on a 

rotating wheel. Then 20 µl Protein A/G Plus Agarose was added and incubated for 

another 4 h at 4°C on a rotating wheel. Agarose beads with the immunoprecipitated 

proteins were removed by centrifugation for 5 min, 3000 rpm, 4°C in a tabletop 

centrifuge. The supernatant was removed and named “R”. The beads (named “IP”) were 

washed 3x with 500 µl PBS + complete protease inhibitor mix.  

For SDS-PAGE agarose beads were boiled for 5 min at 95°C in 40 µl freshly prepared 

1x loading buffer, spun down briefly and the supernatant was transferred onto the gel. 

 

V.1.3. SDS-PAGE and Western Blot 

V.1.3.1. SDS-PAGE according to Laemmli  

SDS-PAGE (sodium dodecyl sulfate-polyacrylamide gel electrophoresis) was performed 

in general according to Laemmli [136]. The ratio acrylamide : bisacrylamide was 37.5:1 

and adjusted using Rotiphorase Gel 30 (Roth 3029.1). 10x sample loading buffer (580 

mM Tris, pH 6.8, 17% SDS, 60 % glycerine and 10 % β-mercaptoethanol) was added to 

the samples to reach a concentration of 1x. 80 µg protein per lane was diluted in 1x 

running buffer (25 mM Tris, 0.129 M glycin, 0.1 % SDS) and was loaded in equal 

volumes after boiling for 5 min at 95°C. The gel was run at a constant voltage of 60 V 

until samples left the stacking gel. Then the voltage was switched to 100 V. 

 

V.1.3.2. SDS-PAGE for electrophoresis of nuclear pore complex proteins 

SDS-PAGE of nuclear pore complex protein was performed according to [137]. The ratio 

acrylamide:bisacrylamide was 30:0.15 and adjusted using Rotiphorese Gel A and 

Rotiphorese Gel B (Roth 3037.1 and 3039.2). 10x sample loading buffer (580 mM Tris, 
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pH 6.8, 17% SDS, 60 % glycerine and 10 % β-mercaptoethanol) was added to the 

samples to reach a concentration of 1x. 80 µg protein per lane was diluted in 1x running 

buffer (50 mM Tris, 0.38 M glycin, 0.1 % SDS) and was loaded in equal volumes after 

boiling for 5 min at 95°C. The gel was run at a constant voltage of 60 V until samples left 

the stacking gel. Then the voltage was switched to 100 V. 

 

As marker for protein sizes a mixture of broad-range biotinylated marker (Biorad) and 

prestained Protein Molecular Weigth Marker (Fermentas) was used. 

 

V.1.3.3. Blotting procedure and signal detection 

After electrophoresis was completed, six layers of Whatman 3MM paper, one 

nitrocellulose membrane (Hybond ECL, Amersham) all the size of the gel, and 2 packing 

sponges, were soaked in blotting-buffer (11.4 g Tris, 57.2 g glycine, 0.03 % SDS ad 4 

litres with water). The separating gel was equilibrated for 1 min in blotting buffer. 

Assembly of the transfer stack was started with 1 packing sponge on the black cathode 

side. Next two Whatmann 3MM papers, the gel and the membrane were added and the 

assembly was completed by adding two Whatmann 3MM papers and 1 packing sponge. 

Transfer of the proteins onto the nitrocellulose membrane occurred over night (max. 20 

h) at 350 mA at 4°C.  

After blotting the membrane was stained with Ponceau red (0.2 % Ponceau S, 5 % 

acetic acid) to control protein transfer. Then, membranes were destained water, washed 

in TNT (150 mM NaCl, 10 mM Tris/HCl pH 8, 0.05 % Tween 20), and incubated in TNT 

plus 5 % non-fat dry milk for 1 h to block unspecific binding of the antibody. Then the 

membrane was incubated with the primary antibody diluted in 5 % milk powder in TNT 

for 1 h at room temperature or over night at 4 °C. Non-bound antibody was removed by 

washing the membrane thoroughly in TNT. Next, the secondary antibody conjugated to 

HRP diluted in 5 % milkpowder/TNT was added, and in parallel the marker lane with the 

biotinylated marker was treated with streptavidin (1:5000 in TNT) for 1 h at room 

temperature. The membrane was washed again in TNT and developed as follows. 

Solution A (4.4 ml H2O, 500 µl 1 M Tris-HCl pH 8.5, 50 µl 250 mM Luminol (Sigma), 22 

µl 90 mM p-coumaric acid (FLUKA)) and Solution B (4.5 ml H2O, 500 µl 1 M Tris-HCl pH 

8.5, 3 µl 30 % H2O2 (Sigma)) was mixed 1:1 immediately before use and the membrane 

was incubated with this mixture for 2 min at room temperature. HRP activity was 
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detected by exposure of the membrane to x-ray films or recorded in a 

chemiluminescence image analyser.  

 

V.1.4. Measurement of DEVDase activity 

Caspase-3 like activity was determined by measuring the cleavage of the fluorogenic 

substrate DEVD-afc (DEVD-aminofluoromethylcoumarin).  

A standard curve was measured with diluted afc in caspase-activity buffer (50 mM 

Hepes pH 7.5, 1%  sucrose, 0.1% CHAPS) in concentrations ranging from 0 – 2 µM afc.  

DEVDase activity was measured either in S-20 extracts from Jurkat cells or in whole cell 

extracts prepared in caspase-lysis buffer (25 mM Hepes, pH 7.5, 5 mM MgCl2, 1 mM 

EGTA, 0.5% Triton X-100). 10 µl appropriately diluted sample was measured in 90 µl 

substrate solution (50 mM Hepes pH 7.5, 1%  sucrose, 0.1% CHAPS, 10 mM DTT, 40 

µM DEVD-afc) in a 96 well plate. Measurement occurred at 37°C in an ELISA plate 

reader at λex=  390 nm and λem = 505 nm either once (standard curve) or a kinetic was 

measured every 2 min over a time period of 20 min (samples). Protein concentrations of 

the samples were measured and results calculated as pmol/(mg protein * min). 

 

V.1.5. Measurement of chymotrypsin-like activity with FLISPTM Kit 

For measurement of chymotrypsin-like activity in Jurkat cells stimulated to undergo 

apoptosis the FLCK (FAM-Phenylalanine chloromethyl ketone) compound of the 

FLISPTM Kit (Immunocytochemistry Technologies) was used according to the 

manufacturers instructions.  

Jurkat cells were diluted in RPMI1640 medium without FCS at a density of 1.6 * 107 

cells/ml and plated in a 96 well plate (100 µl/well). Cells were stimulated with 7.5% FasL 

or 1 µM STS and incubated for different time points. Then the 100 µl cell cultures were 

diluted in 1.5 ml RPMI1640 medium without FCS to obtain an appropriate cell density for 

FLISP measurement. 50 µl of this cells suspension was fixed and stained with 

Hoechst33342 by addition of 50 µl fixing solution (200 µl formaldehyde, 400 µl PBS, 400 

µl Hoechst33342 (5 ng/ml)) for later analysis of apoptosis rates. 245 µl of the cells 

suspension was added to 5 µl 50xFLISP to get a final concentration of 20 µM FLISP 

compound. After incubation at 37°C for 90 min (cells were resuspended every 30 min), 

the cells were spun down (310g, 5 min, 4°C) and washed 3 times with 1xWash Buffer 

(included in the kit). Then the pellet was resuspended in 250 µl PBS and 100 µl were 

transferred into the well of a 96 well black bottom plate for measurement of fluorescence 
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intensity. Measurements were done in duplicate. The remaining 50 µl were taken for 

determination of cell concentrations to correct for errors due to loss of cells during 

washing. Fluorescence readout was done on a black 96 well plate (Greiner) with a 

fluorescence plate reader at λex= 484 nm and λem = 535 nm. 

 

V.1.6. OMI activity assay 

300 ng recombinant OMI (kindly provided by P. Vandenabeele) were incubated with or 

without 2 µg of the substrate β-casein for 45 min at 37°C in 20 mM Tris pH 7.4 or the 

required buffer. Where inhibitors were added, OMI was pre-incubated with inhibitors for 

10 min at room temperature before addition of β-casein. Samples were separated on a 

14% Lämmli PAGE and stained with Coomassie. 

 

V.1.7. In vitro reaction of OMI with isolated Jurkat cell nuclei 

Jurkat cell nuclei were thawed an resuspended in buffer N at a density of 5*106 

nuclei/ml. 20 µl nuclei (1*105) were incubated with or without 600 ng recombinant OMI 

or recombinant caspase-3-GFP (kindly provided by T. Meergans, Konstanz) in a final 

volume of 25 µl in buffer N at 37°C for 20 min and shaking at 300 rpm. Samples were 

diluted in sample buffer and separated on a 10% Thomas and Kornberg PAGE for 

western blotting. 

 

V.1.8. Live Cell Imaging 

V.1.8.1. Data acquisition 

Live Cell Imaging was performed using a Zeiss LSM510Meta confocal microscope 

equipped with a motorized and heated stage (Heating Inset P, Zeiss), an incubation 

chamber with CO2-regulation (Incubator S, Zeiss) as well as an objective heater for oil 

objectives (∅ 22.5 mm, Zeiss) plus the required control units (Tempcontrol 37-2 digital, 

CTI Controler 3700 digital and Tempcontrol mini, Zeiss).  

A detailed description of Live Cell Imaging procedure and data evaluation is given in 

chapter VI.3.3. Parameters not mentioned there are listed in Table 3.  
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Table 3 Microscope acquisition settings for Live Cell Imaging 

Step Procedure Software Tool Settings 

1) automated cell 

tracking 

Auto Time Series 

Macro for LSM 

software 3.2 [138] 

Frame scan with max. scan speed in 

Hoechst33342 detection channel 

- frame-size: 16x16 pixel 

- z-offset: -0.8 - -1.2 µm 

- z-range: 30 µm 

- z-step: 0.6 µm 

2) image 

acquisition 

LSM software 3.2,  

scan control 

Plan-Apochromat 63xOil immersion 

objective, N.A. 1.4 

pinhole settings:  

78 µm (GFP detection channel) 

1000 µm (Hoechst33342 stain detection 

channel) 

108 µm (4xCherry detection channel) 

512x512 pixel 

scan zoom 4.5 (0.06x0.06 µm2 pixel size) 

scan speed 8, average 1 

laser intensities:  

2.5% 488 nm laser 

0.45% 405 nm laser 

20% 543 nm laser 

filter settings:  

HFT 405/488/543 

NFT 545 and BP 505-550  

(GFP detection channel) 

NFT 490 and BP 420-480 

(Hoechst33342 stain detection channel) 

NFT 490 and LP 560 

(Cherry detection channel) 

 

  46



 METHODS AND MATERIAL 

V.1.8.2. Data evaluation 

For data evaluation the Image Segmentation plugin for ImageJ written by Gwenael 

Rabut was used. Data evaluation occurred according to the following formulas. 

 

1) Determination of bleaching constant k 

The measured mean grey value at each time point (Mt) was normalized to the value of 

the first time-point (Mt1): LN(Mt/Mt1). Then the obtained values were plotted over time. 

The slope of the regression line is the bleaching constant k according to the formula y = 

e-kt. For determination of k, the k value of at least five cells was averaged. 

Bleaching constants were obtained using the same acquisition settings for unstimulated 

cells as for the apoptotically stimulated cells. The bleaching constant for the 4xCherry 

channel was calculated automatically selecting cytosolic 4xCherry using the Image 

Segmentation plugin (see below). The plugin was also used for the determination of k 

for the Hoechst detection channel and the GFP detection channel. 

 

2) Hoechst and GFP detection channel 

The Image Segmentation plugin was used to determine the region of interest. The lower 

grey value threshold was adjusted such that the nucleus (Hoechst stain) or the nuclear 

envelope (Nup153-GFP) was in the region of interest over the complete time series. A z-

axis profile (mean grey value of the image at each time point, Mt) of the “results image” 

stack (MRt) and the “segmented image” stack (MSt) was calculated. The mean grey 

value of a region manually selected as background control was also calculated for each 

time point (MBt). Values were normalized to the first time point and corrected for 

bleaching. The normalized, corrected intensities for each time point (NIt) were calculated 

as follows: 

 

NIt = ((MRt/MSt-MBt)/ (MRt1/MSt1-MBt1))/e
-kt 

 

3) 4xCherry detection channel 

The nucleus of the cells was selected manually for each time point using ImageJ tools. 

The calculation of NIt occurred according to the formula above. 
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V.1.9. Nuclear Permeability Assay (NPA) 

For a detailed step by step protocol see Grote and Ferrando-May, 2007 [4]. 

 

V.1.10. Microbiological experiments 

V.1.10.1. Cryopreservation of bacteria 

400 µl of an over night culture (2YT medium) were added to 600 µl 50% glycerol and 

transferred into a cryotube. The glycerol stocks were kept at –80°C or –20°C. 

V.1.10.2. Small scale preparation of plasmid DNA from E. coli 

After inoculation of a single colony in 2YT medium plus ampicillin (100 µg/ml) and 

growth at 37°C for 6-15 hours 1.5 ml of the culture were transferred into an 1.5 ml 

reaction tube. A centrifugation step at 11.000 rpm during 1 minute followed and the 

supernatant was removed. The resuspension of the pellet in 100 µl Dish I was followed 

by the addition of 200 µl Dish II. The suspension was mixed carefully. Now 150 µl of 

Dish III were added and again mixed carefully. The white precipitate was spun down 10 

min at 11.000 rpm. To 400 µl of the supernatant 1 ml of cold 100% EtOH was added. 

After 20 min at –20°C another 10 min centrifugation step followed (11.000 rpm). The 

pellet was washed with 400 µl of 70% EtOH (1 minute, 11.000 rpm) and dried before 

adding 50 µl of TE and 1 µl RNAse. 5 µl were used for analytical digestion. 

 

V.1.10.3. Large scale preparation of plasmid DNA from E. coli 

QIAprep® Miniprep Kit (Qiagen) was used according to the manufacturers instructions. 

HiSpeed™ Plasmid Purification Midi Kit (Qiagen) or HiSpeed™ Plasmid Purification 

Endofree Maxi Kit (Qiagen) were used according to the manufacturers instructions. 

 

V.1.10.4. Preparation of competent E. coli for transformation by heat-shock 

4 ml of an over night culture of E.coli DH5α (in 2YT medium) were inoculated in 400 ml 

2YT medium in a 2 litre beaker. The cells were incubated at 18° for 2 days until they 

reached an OD600nm of 0.6. After 10 min of incubation on ice the cells were centrifuged 

at 2500 g for 10 min at 4°C.The pellet was resuspended in 128 ml of 4°C TB. The 

suspension was again incubated on ice for 10 min and centrifuged at 2500 g for 10 min 

at 4°C. The pellet was resuspended in 32 ml of 4°C TB and 7% DMSO were added 
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during gentle swirling. After a last 10 min incubation step on ice 100µl and 200µl 

aliquots were made, snap frozen in liquid nitrogen and stored at –80°C. 

 

V.1.10.5. Preparation of electro competent E. coli 

After inoculation of 1 litre of 2 YT medium with 100 µl of a 10 ml overnight culture (2YT 

medium, 37°C) cells were grown at 37°C to an OD600nm of 0.5 to 0.8. Then the cells 

were put on ice for 15 to 30 min and centrifuged at 4°C at 4.000 g maximum for 15 min. 

After diluting the cells in 1 litre of cold sterile water the centrifugation step was repeated. 

Now the cells were washed in cold sterile water again (0.5 litre water, 4.000 g max, 4°C, 

15 min). The pellet was resuspended in 20 ml 10% glycerol and again centrifuged 

(4.000 g max, 15 min, 4°C). As a result of resuspending the pellet in 2-3 ml 10% glycerol 

the cell concentration should be at least 3*1010 cells/ml. Aliquots of this suspension 

were snap frozen in liquid nitrogen and stored at –80°C. 

 

V.1.10.6. Transformation of E. coli by heat shock 

50 µl competent E. coli DH5α were thawed on ice. The addition of 1-10 µl DNA was 

followed by an incubation of 15-60 minutes on ice. After a 2 min heat shock at 42°C 1 ml 

of 2 YT medium was added to the cells and incubated at 37°C for 1 hour. The cells were 

centrifuged for 5 min at 4000 rpm and the pellet was diluted again in 100 µl 2 YT 

medium to be plated onto selective plates. The transformed cells were incubated over 

night at 37°C. 

 

V.1.10.7. Transformation of E. coli by electroporation 

50 µl electrocompetent E. coli DH5α were thawed on ice. 1- 5 µl (10 pg/ml – 10µg/ml) of 

DNA were mixed with the cells and left on ice for 1 min. Afterwards the cells were 

transferred into a cold electroporation cuvette and electroporated in an Eppendorf 

Multiporator (1700 V, 5ms). Immediately the cells were suspended into 1 ml of SOB 

medium and recovered for 1 hour at 37°C. After centrifugation (2 min at 4000 rpm) they 

were resuspended in 150 µl of SOB and plated onto selective plates.  
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V.1.10.8. Solutions for microbiological experiments 

 

2YT Medium 

Difco Bacto Yeast Extract 50 g 

Difco Bacto Tryptone 80 g 

Sodium chloride  25 g 

H2O    ad 5000 ml 

SOC Medium 

Bacto tryptone 2% 

Bacto Yeast Extract 0.5% 

NaCl                     10 mM 

KCl2.                       5 mM 

MgCl2                               10 mM 

Glucose           20 mM 

 

TE  

1 M Tris-HCl pH 8.0  5 ml 

0.5 M EDTA   1 ml 

H2O    ad 500 ml 

 

TB 

Pipes    10mM 

CaCl2    15mM 

KCl   250mM 

pH is adjusted to 6.7 with KOH, then  

MnCl2    55mM 

is added 

filter sterilised 

 

SOB Medium 

SOC Medium + 1/50 1M glucose 

 

RNAse 

10 mg/ml in H2O 

 

Dish I 

1 M Tris-HCl pH 8.0    37.5 ml 

0.5 M EDTA pH 8.0       30 ml 

Glucose   13.52 g 

H2O    ad 1500 ml 

 

Dish II 

10 % SDS        1 ml 

10 M NaOH     0.2 ml 

H2O  ad 10 ml 

 

Dish III 

Potassium acetate 588.4 g 

H2O   ad 2000 ml 

pH 4.8 adjusted with acetic acid 
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V.1.11. DNA techniques 

Standard DNA techniques as restriction, phenol/chloroform extraction, ethanol 

precipitation and PCR were performed as described in Sambrook et al.1989.  

V.1.11.1. Gel extraction of DNA fragments 

For this purpose QIAquick®Gel Extraction Kit (Qiagen) was used according to the 

manufacturers instructions.  

 

V.1.11.2. Ligation 

Ligation reactions were performed using Ready-to-go-ligase (Amersham) according to 

the manufacturers instructions. 

 

V.2. Material 

V.2.1. Technical devices 

Centrifuges: Biofuge fresco and Megafuge 1.0 R (Heraeus Instruments, Hanau, 

Germany). Confocal microscope system: Zeiss LSM 510 Meta (Zeiss, Oberkochen, 

Germany). Electrophoresis chambers: Hoefer MiniVE Vertical Electrophoresis System 

(Amersham Biosciences Europe GmbH, Freiburg, Germany). Electrophoretic transfer 

cell: Trans-blot cell (Biorad, Munich, Germany), Hoefer MiniVE Vertical Electrophoresis 

System blot module (Amersham Biosciences Europe GmbH, Freiburg, Germany). Film 

material: GBX Developer and Fixer twin pack (Sigma-Aldrich Chemie GmbH, 

Deisenhofen, Germany), Fuji Medical X-ray Film (Fuji Photo Film, Düsseldorf, 

Germany). Fluorimeter: Microplate Fluorescence Reader GeniosPlus (Tecan Trading 

AG, Switzerland). Image reader: Luminescent Image Analyzer LAS-1000 CH, 

acquisition software Image Reader LAS-1000 (Fuji Photo Film Co., Ltd., Tokyo, Japan), 

and Advanced Image Data Analyzer (AIDA) software (Raytest Isotopenmessgeräte 

GmbH, Straubenhardt, Germany). Incubator: Model BB 6220 (Heraeus Instruments, 

Hanau, Germany). Membrane: Nitrocellulose Hybond™ ECL™ (Amersham-Buchler 

GmbH & Co. KG, Braunschweig, Germany). Microscopes: Fluorescent microscopes 

Axiovert 25 and Axiovert 200M (Zeiss, Oberkochen, Germany). Pipettes: Eppendorf 

(Eppendorf-Netheler-Hitz GmbH, Hamburg, Germany). Thermomixer: Eppendorf 

Thermomixer (Eppendorf-Netheler-Hitz GmbH, Hamburg, Germany).  
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V.2.2. Chemicals 

Bachem Biochemica GmbH, Heidelberg, Germany: z-Val-Ala-DL-Asp-fluoromethyl-

ketone (zVAD-fmk).  

Bender & Hobein GmbH, Heidelberg, Germany: Pierce BCA protein assay reagent.  

BioRad Laboratories GmbH, Munich, Germany: biotinylated SDS-Page standards, 

immobilized pH gradients pH 3-6. Bio-Rad protein assay, Bio-Rad protein assay 

standard 1, 1,2-Bis(dimethylamino)ethane  (TEMED, for 2DE-gels), tris-

(hydroxymethyl)-aminomethan (Tris, for 2DE-gels).  

Biomol, Hamburg, Germany: Asp-Glu-Val-Asp-aminotrifluoromethylcoumarine (DEVD-

afc).  

Merck, Darmstadt, Germany: acetonitrile, β-mercaptoethanol, dithiothreitol (DTT), 

formaldehyde, potassium-hexacyanoferrate (K
3
Fe(CN)

6
), sodium-thiosulfate, sucrose.  

Molecular Probes Europe BV, Leiden, Netherlands: Hoechst 33342, SYTOX green.  

New England Biolabs, Beverly, USA: restriction enzymes.  

Polyscience Inc. Warrington, USA: aquapolymount.  

Roche, Germany: complete protease inhibitor mix.  

Roth GmbH & Co., Karlsruhe, Germany: acetic acid glacial, glycine, ethanol, 4-(2-

hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), ponceau S, rotiphorese gel 30, 

sodium chloride, Tris.  

Serva, Heidelberg, Germany: acrylamid-bis (37.5:1) 30 % (w/v), ammonium persulfate, 

coomassie brillant blue G250, glycerol, paraformaldehyde, silicone oil, sodium 

dodecylsulfate (SDS), 1,2-Bis(dimethylamino)ethane  (TEMED).  

Sigma-Aldrich Chemie GmbH, Deisenhofen, Germany: 7-amino-4-trifluoromethyl-

coumarin (AFC), Adenosin 5´-Triphosphat (ATP), bovine serum albumin (BSA), 3-[(3-

cloamidopropyl)-dimethylammonio]-propanesulfate (CHAPS), cycloheximide (CHX), 

digitonin, creatine phosphokinase, dimethylsulfoxide (DMSO), ethidium bromide, 

ethylendiamine tetraacetic acid (EDTA), ethylglycol-bis(�-aminoethylether) tetraacetic 

acid (EGTA), glycine, glycerol, luminol, normal goat serum, phosphocreatine, proteinase 

K, tris-(hydroxymethyl)-aminomethan (Tris), Triton X-100, trypan blue 0.4 %, Tween 20.  

Vector laboratories, Burlington, Canada: Vectashield. 

 

All other reagents not further specified were from Fluka (Buchs, Germany), Merck 

(Darmstadt, Germany), Riedel-de-Haen (Seelze, Germany), Roth GmbH & Co. 
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(Karlsruhe, Germany, Serva (Heidelberg, Gemany) or Sigma-Aldrich Chemie GmbH 

(Deisenhofen, Germany).  

 

V.2.3. Antibodies 

αBax, biomol, cat. no. #06-499, rabbit polyclonal IgG, 1:2500 for WB 

αmBcl-2 (10C4), Santa Cruz, cat. no. sc-23960, mouse monoclonal, 1:500 for IF 

αBcl-2 (N19), Santa Cruz, cat. no. sc-492-G, rabbit polyclonal, 1:2000 for WB 

mAb414, Babco, mouse monoclonal, 1:500 for IF and WB 

αNTF2 (5A3), kind gift from Susanne Steggarda [139], mouse monoclonal, 1:300 for IF 

αImportin β (clone 2E9), Alexis Biochemicals, mouse monoclonal, 1:2000 for IF 

αNup153 (clone nup7A8), Progen, cat. no. 651141, mouse monoclonal, 1:50 for WB 

αNup96-4 (Tier 2), 1:300 for WB, guinea pig polyclonal [105, 140] 

αPOM121-3(149), 1:250 for WB, rabbit polyclonal serum [105] 

αNup93-2, 1:250, guinea pig polyclonal [105] 

 

Alexa-conjugated secondary antibodies were from Molecular Probes Europe BV (diluted 

1:400 for IF). 

 

V.2.4. Cell lines 

Jurkat human T-cell lymphoma clone E6 was kindly provided by the Karolinska Instiute 

(Stockholm, Schweden).  

HeLa 229 cells (human cervix carcinoma) were a kind gift of the Karolinska Institute 

(Stockholm, Sweden). 

N2A neuroblastoma cells stably expressing CD95-L were kindly provided by Prof. Weller 

(Tübingen, Germany). 

 

Kindly provided by Prof. Christoph Borner (Freiburg) were: 

R6 cells (rat embryonic fibroblasts). R6 free and R6 bcl-2 stably transfected with 

pcDNA3 or stably transfected with pcDNA3-mbcl2, respectively. 

Hela K cells (human cervix carcinoma). Hela K free and Hela K bcl-2 stably transfected 

with pcDNA3 or stably transfected with pcDNA3-mbcl2, respectively. 

SW480 cells (human colon carcinoma). SW480 free and SW480 bcl-2 stably transfected 

with pcDNA3 or stably transfected with pcDNA3-hbcl2, respectively. 
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V.2.5. Cell culture material 

All cell culture media and media supplements as penicillin, streptomycin and L-

glutamine were purchased from Life Technologies: DMEM low glucose (31885-023), 

DMEM high glucose (41966-029), DMEM (41965-039) and RPMI1640 (21875-034). 

G418 was obtained from PAA Laboratories. Cell culture flasks and plates were 

purchased from Costar GmbH. Fetal calf serum was obtained from Biochrom AG. 

 

V.2.6. DNA constructs 

pEGFP-C1 was from BD Biosciences. 

 

pNup153-GFP and pdiHcRed-Nup50 were kindly provided by Dr. Jan Ellenberg 

(Heidelberg). 

pcDNA3.1-4xCherry was constructed by Karin Schäuble during her diploma thesis. 

 

Kindly provided by Prof. Christoph Borner (Freiburg) were: 

pcDNA3-mbcl2, pcDNA3-mbcl2-cytb5 (ER-targeted mbcl-2) and pcDNA3-mbcl2-

RK/Chbcl2XL (mitochondrial-targeted mbcl-2). 

 

pSERCA2 was kindly provided from L. Scorrano (University of Padua). 

 

pNup153-D349N-GFP (caspase non-cleavable mutant of Nup153-GFP) was 

constructed by site directed mutagenesis of pNup153-GFP. A PCR was performed with 

50 ng of pNup153-GFP as template and the proofreading Pfu polymerase in a 50 µl 

reaction. Primers were 153D349N Fwd (5´-GT GGG ATA GAT ATC ACA AAT TTT CAG 

GCC AAA AGA GAA AAG-3´) and 153D349N Rev (5´-CTT TTC TCT TTT GGC CTG 

AAA ATT TGT GAT ATC TAT CCC AC-3´). 

1 µl DpnI restriction enzyme (10 U/µl) was added to 30 µl of the PCR reaction and 

incubated at 37°C for 2 hours to selectively digest the methylated template DNA. 1 µl 

was transfected into E. coli DH5α and plated onto selective medium. After isolation of 

plasmid DNA from different clones, the mutation was verified and the whole gene was 

analysed for PCR-errors by sequencing. 
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V.2.7. E. coli strains 

E. coli DH5α, SURE 

 

V.2.8. Kits 

Qiagen Kits for preparation of DNA: 

Plasmid Mini Kit, Plasmid Maxi Kit Endo Free, Mini Elute Gel Extraction Kit, Reaction 

Cleanup Kit 
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VI. RESULTS 

VI.1. Increase of passive nuclear envelope permeability during 

apoptosis measured by Nuclear Permeability Assay (NPA) 

 

VI.1.1. Nuclear Permeability Assay (NPA) 

Nuclear Permeability Assay was designed to analyse relative changes in passive 

nuclear envelope permeability [3]. To this end, HeLa cells were grown on coverslips and 

their plasma membranes were selectively permeabilised by low concentrations of 

digitonin leaving the nuclear membrane intact, a method originally established by Adam 

et al. [141]. 

Changes in passive nuclear envelope permeability were monitored with the help of 70 

kDa fluorescently labelled dextran. Dextrans are inert molecules with a defined size, 

which are perfectly soluble in aqueous environments. 70 kDa dextran is excluded from 

the nucleus in healthy cells as the size exclusion limit of the nuclear pore is around 40-

50 kDa [91].  

To investigate whether factors modulating nuclear envelope permeability are present in 

cells undergoing apoptosis, S-20 extracts from Jurkat cells which were either untreated 

(control) or treated with FasL (apoptotic) were prepared. Extracts were gained by a 

freeze-thaw lysis procedure with subsequent centrifugation at 20.000 g. Semi-

permeabilised HeLa cells were incubated with 70 kDa Texas Red dextran in 

combination with S-20 extracts and confocal images were taken (Figure 10).  

 

 

Figure 10 Overview of Nuclear Permeability Assay (NPA) 

CLSM: confocal laser scanning microscope 
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Permeabilised cells incubated with S-20 extracts from control Jurkat cells exclude the 70 

kDa Texas Red dextran from the nucleus resulting in confocal images displaying black 

nuclei and bright background (Figure 11 A). Addition of S-20 extracts from apoptotic 

Jurkat cells results in an increase in fluorescent signal in the nuclei (Figure 11 B). This is 

due to an increased invasion of 70 kDa Texas Red dextran in the nuclei and thus an 

increase in passive nuclear envelope permeability. 

 

 

A B

Figure 11 Confocal images of HeLa cells treated with (A) control or (B) apoptotic S-20 extracts 

from Jurkat cells 

 

After image acquisition the data were analysed by a custom made computer program 

(NPA software) which recognizes the nuclei and calculates the mean grey value of 

nuclei [x] divided by the mean grey value of the image background [BG] (Figure 12). 
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Figure 12 Increase of nuclear envelope permeability after incubation of semi-permeabilised cells 

with apoptotic S-20 extracts from Jurkat cells 

Digitonin-permeabilised cells were incubated with S-20 extracts from control (Co) or apoptotic (Apo) 

Jurkat cells and confocal images were taken. The NPA software calculated the mean grey value of the 

nuclei [x] divided by the mean grey value of the image background [BG]. Results were analysed by a two-

tailed students t-test. *** p<0.001 
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In conclusion, S-20 extracts prepared from apoptotic Jurkat cells treated with FasL 

contain a biochemical activity inducing higher nuclear envelope permeability ([3], Figure 

12). 

 

 

 

VI.1.2. Optimisation of the Nuclear Permeability Assay (NPA) 

As relatively strong fluctuations were observed between identically treated samples, the 

NPA procedure was optimised to analyse a large number of cells in one experimental 

run to obtain statistically significant results. A detailed step by step protocol for the 

optimised NPA has been published [4]. 

 

First, the time consuming permeabilisation procedure (~30 min per coverslip) was 

scaled up to process six coverslips in parallel instead of processing on coverslip after 

the other. Semi-permeabilised cells are stable in TRB (transport buffer) for up to 90 min 

(Figure 13) and can thus be incubated with S-20 extracts and 70 kDa fluorescent 

dextran one after the other for image analysis after the permeabilisation step. 
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Figure 13 Semi-permeabilised cells are stable in TRB for up to 90 min 

NPA with control S-20 extracts from Jurkat cells. Six coverslips were permeabilised in parallel and 

processed for image analysis (1) directly after permeabilisation and (2) 90 min after permeabilisation. The 

mean grey value of nuclei / mean grey value of background was calculated and normalized to the first 

coverslip. Results were analysed by a two-tailed students t-test. 
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Second, the Tile Scan function of the confocal microscope LSM510Meta (Zeiss) was 

used to accelerate image acquisition. Starting from one position specified by the user, a 

Tile Scan with a defined number of images was performed automatically. A 3x3 Tile 

Scan resulting in nine abutting images was seen to give a good compromise between 

speed of image acquisition and quality of the images (Figure 14). Larger Tile Scan 

images tended to show many out of focus objects due to uneven surfaces of coverslips 

or cells lying in different focal planes. Five 3x3 Tile Scan images per coverslip were 

recorded in non-overlapping fields in 5 min. This time for image acquisition should not 

be exceeded as specimens tend to become unstable. In general, at least 3 coverslips 

per condition were analysed resulting in about 800 - 1000 analysed nuclei. 

 

 

 

Figure 14 3x3 Tile Scan image obtained with LSM510Meta 

 

Third, to be able to process the Tile Scan images into single images which can be 

analysed by the NPA software, the latter was coupled to a software named “Cutter” 

(Figure 15), developed in cooperation with DatInf GmbH, Tübingen. Once the Tile Scan 

images have been cut into single images by Cutter, the NPA software can be started 

from the Cutter interface and the images will be analysed by NPA software one after the 

other.  
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NPA software recognises the nuclei and background automatically based on a pattern-

recognition algorithm (Figure 16,[3]). Users can adjust different parameters (Figure 16 

A; plasma, nucleus, form) to obtain optimal object recognition. Once optimised these 

parameters should be kept constant. Recognised background is displayed in blue and 

identified nuclei are encircled in different colours depending on their status (for a legend 

see Figure 16 B). The status of automatically recognised single nuclei can be changed 

manually such that all in focus nuclei are included and bad objects e.g. non-

permeabilised cells or out of focus nuclei are excluded from the subsequent data 

analysis (Figure 16 C). 

 

 

 

Figure 15 Screenshot of Cutter 

A 3x3 Tile Scan image was loaded (“Single File(s)”) with Cutter and cut into nine single images (“Cut 

Images”)) which are then listed in the “Files” box. Clicking “Start” will result in opening of the NPA software 

and the nine images will be analysed one after the other. 
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A B

C

Figure 16 NPA software 

A: Screenshot of NPA software, B: legend for colour code of recognised nuclei, C: dialog to change the 

status of nuclei. 

 

 

As an improvement to the previous NPA version [3] nuclei, which are not recognized 

automatically can now be included manually (Man. Incl.) (Figure 16 C). This is helpful in 

cases of extremely bright nuclei with a low contrast compared to the background. Once 

nuclei and background are recognised, the NPA software calculates a quotient 

representative of nuclear envelope permeability for 70 kDa fluorescent dextran: the 

mean grey value of nuclei [x] divided by the mean grey value of the image background 

[BG] (Figure 12, Figure 17 (values were normalized to the control)). 
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The NPA has been validated with several adherent cell lines, among them HeLa 229 

cervix carcinoma cells, R6 rat embryonic fibroblasts and SW480 human colon 

carcinoma cells (Figure 17).  
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Figure 17 NPA with several adherent cell lines 

NPA was performed with (A) HeLa 229, (B) R6 and (C) SW480 cells. Semi-permeabilised cells were 

incubated with S-20 extracts from either control (Co) or apoptotic (Apo) Jurkat cells stimulated with FasL. 

Mean grey values of nuclei / mean grey value of background was measured and normalized to controls. 

*** p<0.001 
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VI.1.3. Inhibitor studies with Nuclear Permeability Assay (NPA) 

Incubation of semi-permeabilised cells with S-20 extracts from apoptotic Jurkat cells in 

the NPA leads to a significant increase in passive nuclear envelope permeability (Figure 

17, Figure 19 B) compared to cells incubated with control extracts. Apoptotic extracts 

were gained from Jurkat cells stimulated with FasL. The percentage of apoptotic cells in 

the stimulated Jurkat cell population is time- and dose-dependent (Figure 18). 
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Figure 18 Time course of apoptosis in Jurkat T cells stimulated with FasL 

Jurkat T cells were left untreated (Co) or incubated with different amounts of FasL for the indicated time 

points. The percentage of apoptotic cells is time- and dose-dependent. 

 

The permeabilising activity in the apoptotic S-20 extracts was observed only if they were 

prepared from Jurkat cells incubated with FasL for at least 75 min (Figure 19 A). 32% of 

the cell population were apoptotic at this time point and a DEVDase activity of 0.185 

pmol/mg min was measured (Figure 19 B). S-20 extracts prepared from Jurkat cells 

incubated 60 min with FasL (27% apoptotic cells and only a slightly lower DEVDase 

(0.165 pmol/mg min) activity) did not contain this permeabilising activity (Figure 19).  
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A B

Figure 19 Properties of S-20 extracts from Jurkat cells 

(A) S-20 extracts were isolated from control Jurkat cells and from Jurkat cells stimulated with 10% FasL 

for the indicated time points. DEVDase activity was measured in the respective samples. (B) NPA with S-

20 extracts prepared in (A). Mean grey values of nuclei / mean grey value of background was measured 

and normalized to control. *** p<0.001 

 

To characterise the enzymatic activity responsible for the increase in passive nuclear 

permeability in the 75 min apoptotic S-20 extracts, inhibitor studies were performed. To 

this end, inhibitors for different proteases known to be involved in apoptotic processes 

were added to the apoptotic S-20 extract. Inhibitors tested were:  

 

- QVD as a pan-caspase inhibitor,  

- TPCK and TLCK as inhibitors for chymotrypsin- and trypsin-like serine proteases, 

respectively,  

- Pefablock (AEBSF) as a general serine protease inhibitor, 

- PepstatinA as inhibitor for cathepsin D, 

- Ca074-Me as inhibitor for cathepsin B and L. 

 

Among these only Pefablock (at a concentration of 400 µM) had a significant inhibitory 

effect on the increase in nuclear envelope permeability in apoptotic samples (Figure 20). 
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Figure 20 Pefablock inhibits the permeabilising activity in apoptotic S-20 extracts 

The NPA was performed with control (Co) or apoptotic (Apo) S-20 extract from Jurkat cells. To 

characterise the permeabilising activity in the apoptotic extract different inhibitors were added. QVD: 2.5 

µM, , PepstatinA: 5 µM, Ca074-Me: 5 µM, TPCK/TLCK: 100 µM each, Pefablock (Pefa) : 200 or 400 µM. 

***: p<0.001. 

 

Thus, the apoptotic S-20 extract seems to contain an enzyme that can be inhibited by 

the serine protease inhibitor Pefablock, which directly or indirectly influences nuclear 

envelope permeability. 

 

 

Although caspases are the major proteolytic enzymes in apoptosis, the caspase-

inhibitor QVD had no influence on the ability of the apoptotic S-20 extract to increase 

nuclear envelope permeability. To confirm that Pefablock would not affect caspase 

activity itself and that the increase in nuclear envelope permeability is indeed 

independent of caspases, DEVDase activity was measured in the S-20 extracts with and 

without inhibitors. While addition of the pan-caspase inhibitor QVD inhibited DEVDase 

activity, Pefablock had no influence (Figure 21). 
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Figure 21 Pefablock does not inhibit DEVDase activity in apoptotic S-20 extracts 

Specific DEVDase activity was measured in control (Co) or apoptotic (Apo) S-20 extract from Jurkat cells 

with or without inhibitors. Either QVD (2.5 µM) or Pefablock (400 µM) were added to apoptotic extracts. 

 

VI.1.4. Measurement of chymotrypsin-like serine protease activity with FLISP 

As it could be shown that an enzymatic activity, inhibitable by Pefablock, is responsible 

for an increase in passive nuclear envelope permeability during apoptosis the question 

arose which serine protease might be involved.  

To characterise whether it is a chymotrypsin-like activity that can be blocked by 

Pefablock, the FLISP (Fluorescent Labeled Inhibitors of Serine Proteases) compound 

FFCK (FAM-Phenylalanine chloromethyl ketone), a fluorochrome-labeled analogue of 

the inhibitor TPCK, was used. FFCK is cell permeable and binds irreversibly to the 

catalytic site of the respective active serine proteases. The amount of active FFCK 

bound serine proteases can be measured fluorimetrically [142, 143]. 

As the industrial production of the analogue compound suited to visualize activity of 

trypsin-like serine proteases (FLCK, FAM-Leucine chloromethyl ketone) had been 

stopped, activation of trypsin-like serine proteases could not be investigated by this 

method.  

To correlate the measurement of chymotrypsin-like serine protease activity with the 

permeabilising activity seen in the NPA, Jurkat cells were treated with FasL under the 

same conditions used for the isolation of apoptotic S-20 extracts. As a positive control, 

Jurkat cells were treated with staurosporine (STS) which was shown to induce 

chymotrypsin-like serine protease activity [144]. To monitor for apoptosis, nuclei were 

stained with Hoechst33342 and cells with condensed nuclei were scored as apoptotic.  
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The apoptosis rate increased with time from 1% (control) over 20% (75 min FasL) up to 

35% (90 min FasL) (Figure 22). An increase of the fluorescence FLISP signal of about 

50% could only be observed after 90 min treatment with FasL, but not after 75 min FasL 

treatment. 2 hours after treatment of the cells with 1 µM STS only ~20 % apoptotic cells 

were observed (comparable to the cells treated for 75 min with FasL). Nevertheless, an 

increase of FLISP signal of over 100% compared to control cells was measured (Figure 

22). Thus, during treatment of Jurkat T cells with STS chymotrypsin-like serine 

proteases are activated to a greater extend than treatment with FasL does. 
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Figure 22 Chymotrypsin-like activity increases during FasL induced apoptosis in Jurkat cells 

Jurkat cells were stimulated to undergo apoptosis by either FasL (7.5%) or 1 µM STS for the indicated 

time points. Binding to the FLISP compound FLCK and thus chymotrypsin-like serine protease activity 

was measured fluorimetrically. The percentage of apoptotic cells was measured by microscopic 

observation of the cultures after staining with Hoechst33342. Co: control, AFU: arbitrary fluorescence 

units. STS: staurosporine.  

 

In summary, a small but measurable increase in chymotrypsin-like activity could be 

observed after treatment of Jurkat cells with FasL. As this protease activity may be 

responsible for the permeabilising activity seen in the NPA with S-20 extracts from 

apoptotic Jurkat cells a further characterisation would be advantageous. One possible 

experiment could e.g. be the determination of the molecular weight of the activated 

chymotrypsin-like serine proteases by Western Blot analyses. This could be done by 

using an antibody recognising the FITC labelled FLISP compound bound to the active 

serine proteases. 
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VI.1.5. Involvement of OMI in regulation of nuclear envelope permeability 

One of the serine proteases known to be involved in apoptosis is the mitochondrial 

serine protease Htra2/OMI. OMI is released from the mitochondrial intermembrane 

space during apoptosis and in this way gains access to the cytoplasm and the nuclear 

envelope [55].  

Thus, the question arose whether OMI might represent the permeabilising activity 

measured with the NPA in S-20 extracts from apoptotic Jurkat cells. 

 

To see whether OMI is present in the S-20 extracts used for NPA, a Western Blot was 

performed. OMI could be detected in S-20 extracts from control and apoptotic Jurkat 

cells (Figure 23). Compared to lysates from 293T cells overexpressing OMI at a known 

concentration the OMI-specific band in the Jurkat S-20 extracts migrated at an apparent 

lower molecular weight. As the same shift was observed for actin this is most likely due 

to different buffer compositions of control lysates and S-20 extracts. 

The presence of OMI in extracts from untreated non-apoptotic control Jurkat cells might 

be due to the freeze-thaw lysis procedure by which the extracts were prepared. It is 

possible that organelles such as the mitochondria are damaged by this method leading 

to the release of OMI. 
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Figure 23 OMI is present in S-20 extract from control or apoptotic Jurkat cells 

50 or 100 µg of S-20 extract from control (Co) or apoptotic (Apo) Jurkat cells as well as different amounts 

of OMI in lysates from 293T cells were separated on a 12% Lämmli PAGE and transferred onto a 

nitrocellulose membrane. The membrane was probed first with an αOMI antibody and then with an αActin 

antibody.  
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In a next step it was investigated whether OMI could be inhibited by Pefablock, the 

serine protease inhibitor which is able to inhibit the permeabilising activity in S-20 

extracts from apoptotic Jurkat cells.  

To directly test the influence of OMI on nuclear permeability, an NPA using recombinant 

OMI was the method of choice. Thus, in addition to testing for the inhibitory effect of 

Pefablock, it was investigated if recombinant OMI is active in the reaction buffer needed 

for performing the NPA (TRB). 

To this end, an in-vitro activity assay with recombinant OMI and its substrate β-casein 

was performed. It was found that OMI was active in TRB as assessed by cleavage of β-

casein but it was not inhibited by Pefablock even at high concentrations (1 mM). In 

contrast, OMI was efficiently inhibited by Ucf-101, a specific inhibitor of OMI [145] 

(Figure 24). The resistance of OMI activity to Pefablock is in accordance with 

observations of P. Vandenabeele (up to 1 M Pefablock was tested, personal 

communication).  
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Figure 24 OMI is active in TRB and its activity cannot be inhibited by Pefablock 

300 ng recombinant OMI were incubated with or without 2 µg of the substrate β-casein for 45 min at 37°C. 

Where inhibitors where added, OMI was pre-incubated with inhibitors for 10 min at room temperature 

before addition of β-casein. Samples were separated on a 14 % Lämmli gel and stained with Coomassie. 

1: positive control (20 mM Tris pH 7.4), 2: negative control without OMI, 3: NPA-buffer (TRB), 4: 400 µM 

Pefablock in TRB, 5: 80 µM Ucf-101 in specific phosphate buffer, 6: 80 µM Ucf-101 in TRB, 7: 1 mM 

Pefablock in TRB. Ucf-101: specific inhibitor for OMI. 
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To control if OMI directly influences nuclear envelope permeability, an NPA was 

performed with different amounts of recombinant OMI. As the nuclei of digitonin-

permeabilised cells were not stable in TRB alone (after the necessary incubation at 

room temperature), OMI was added to S-20 extracts prepared from untreated control 

Jurkat cells. Addition of OMI to these cells resulted in a significant increase in nuclear 

envelope permeability at a concentration of 600 nM (Figure 25). Lower concentrations 

were not sufficient to increase nuclear envelope permeability significantly. 
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Figure 25 OMI influences nuclear envelope permeability  

NPA was performed with HeLa cells. Digitonin-permeabilised cells were incubated with S-20 extracts from 

control Jurkat cells alone (Co) or supplemented with the indicated amount of recombinant OMI. n.s.: not 

significant. **: p<0.01 

 

Because OMI influenced the nucleocytoplasmic barrier in the NPA the question arose 

whether OMI is directly able to cleave nuclear pore complex proteins. To answer this 

question another in-vitro assay was performed. Nuclei of Jurkat and HeLa cells were 

isolated and incubated with different amounts of recombinant OMI. As a positive control 

the nuclei were incubated with recombinant caspase-3-GFP (kindly provided by Dr. T. 

Meergans, University of Konstanz). A Western Blot was performed to screen for 

nucleoporin degradation products. mAb414, recognizing a subset of FG-repeat 

nucleoporins, namely Nup358 (RanBP2), Nup214, Nup153 and p62 was employed as a 

nucleoporin specific antibody. Incubation of OMI with purified nuclei resulted in 

formation of an immunoreactive fragment of ~ 90 kDa. This fragment was not present in 

untreated control nuclei and different from a fragment resulting from caspase-3 
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cleavage, which was migrating slightly faster (Figure 26 A). Activity of OMI in the 

respective buffer used for the in-vitro reaction was confirmed by an activity assay 

(Figure 26 B).  
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Figure 26 OMI induces formation of an mAb414 immunoreactive fragment 

A: Isolated Jurkat cell nuclei were incubated with recombinant OMI or recombinant caspase-3-GFP (C3G) 

for 20 min at 37°C. Samples were separated by a 10% Thomas and Kornberg-PAGE and blotted onto a 

nitrocellulose membrane. mAb414 was used to detect immunoreactive nucleoporins. B: OMI activity 

assay. 300 ng recombinant Omi were incubated with or without 2 µg of the substrate β-casein for 45 min 

at 37°C. Samples were separated on a 14 % Lämmli gel and stained with Coomassie. 1: negative control 

without OMI, 2: OMI in respective buffer.  
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VI.2. Bcl-2 and nuclear permeability 

In the previous chapter different chemical inhibitors of proteins involved in apoptosis 

have been tested for their ability to influence the nucleocytoplasmic barrier using 

Nuclear Permeability Assay (NPA). 

The following chapter addresses the question to whether Bcl-2 as a major inhibitory 

protein of apoptosis alters the nucleocytoplasmic barrier.  

Bcl-2 is an anti-apoptotic protein localized inter alia at the nuclear envelope and thus in 

proximity of the nuclear pore complex [112, 114]. This localization has not yet been 

associated with a function. However, it has been described that Bcl-2 affects 

nucleocytoplasmic trafficking of granzyme B, glutathione and p53 [146-148] suggesting 

a role of Bcl-2 in regulation of nuclear transport. 

 

VI.2.1. Overexpression of mBcl-2 confers resistance to apoptotic stimuli in HeLa 

cells 

Overexpression of Bcl-2 has been shown to confer resistance to different apoptotic 

stimuli in various cell lines [111]. In order to study the influence of Bcl-2 on nuclear 

permeability HeLa cell lines stably expressing murine Bcl-2 (mBcl-2) under the control of 

the CMV promoter (HeLa K bcl-2) were used (kind gift of Prof. Christoph Borner, 

Freiburg). In a first step the response of these cells to apoptosis inducing agents was 

investigated (Figure 27). 

 

In agreement with data from the literature Bcl-2 overexpression significantly protects 

HeLa cells against apoptosis induced with STS (Figure 27 A), FasL (Figure 27 B) or 

DNA-damage resulting from the topoisomerase inhibitors etoposide (Figure 27 C) and 

camptothecin (Figure 27 D). The pathways activated by STS or by DNA-damage seem 

to be at least partly independent of caspases as inhibition of caspases by zVAD did not 

block the induction of apoptosis in HeLa K free cells (stably transfected with the empty 

control vector) but only reduced the percentage of apoptotic cells observed. However, 

Bcl-2 overexpression protected also from this caspase-independent cell death. 
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Figure 27 Bcl-2 is an anti-apoptotic protein. 

HeLa K free (left panel) and HeLa K bcl-2 cells (right panel) were treated with different apoptotic stimuli for 

the indicated time points. Nuclei with condensed chromatin were scored as apoptotic after staining with 

Hoechst33342. A: 1 µM Staurosporine (STS), B: 10% FasL, C: 50 µM Etoposide, D: 2.5 µM 

Camptothecin. 
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VI.2.2. Localisation of exogenous mBcl-2 in HeLa K bcl-2 

To investigate the localization of mBcl-2 in Hela K bcl-2 immunofluorescent staining of 

mBcl-2 was performed. The staining revealed a localization around the nucleus 

reminiscent of nuclear pore complex staining (Figure 28). In addition, cellular structures 

reminding of the endoplasmic reticulum (ER) and mitochondria were also labelled. 

 

 

mbcl-2 DNA overlay

Figure 28 mBcl-2 localizes to ER, NE and mitochondria in HeLa K bcl-2 cells. 

Immunocytochemical staining of Hela K bcl-2 cells for mBcl-2. Cells were permeabilised with digitonin 

prior to fixation. DNA was stained with Hoechst33342. Scale bar: 5 µm. 

 

 

 

To determine the association of Bcl-2 with specific subcellular structures 

immunocytochemical staining for specific marker proteins was performed. Mitochondria 

were visualized using mitoTrackerRed (Molecular Probes), the ER was labeled using 

antibodies against the ER-specific protein Erp29 [149] and the nuclear envelope was 

visualized by transfection of Hela K bcl-2 with an expression plasmid encoding for the 

fluorescently tagged nuclear pore complex protein Nup153-GFP [67].  

The localization of mBcl-2 in Hela K bcl-2 was found to be predominantly at the ER 

(Figure 29 B) and at the nuclear membrane (Figure 29 C) but also at the mitochondria 

(Figure 29 A) which is in agreement with reports from the literature [112]. 
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Figure 29 mBcl-2 localizes to the mitochondria, the ER and the nuclear envelope in HeLa cells 

Double immunofluorescent staining of Hela K bcl-2 was performed for mBcl-2 and for mitochondria(A) 

with mitoTrackerRed or (B) the ER marker Erp29. (C) After transfection of Hela K bcl-2 with a plasmid 

encoding for Nup153-GFP immunocytochemical staining for mBcl-2 was performed. DNA was stained 

with Hoechst33342. Scale bar: 10 µm. 
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VI.2.3. Bcl-2 overexpression alters nuclear permeability 

In order to investigate the influence of Bcl-2 expression on passive nuclear permeability 

three different experimental approaches were chosen: (1) Nuclear Permeability Assay 

(NPA), (2) Bead Loading of 70 kDa fluorescent dextran, (3) transfection of the 

permeability marker 4xCherry. 

 

VI.2.3.1. Nuclear Permeability Assay (NPA) 

To investigate if Bcl-2 influences nuclear permeability Nuclear Permeability Assay (NPA, 

see VI.1.1) was performed. Interestingly, Hela K bcl-2 cells showed a basal increase in 

passive nuclear permeability compared to the control cell line Hela K free (Figure 30, 

Figure 31 and Figure 32 A).  

 

 
Hela K free Hela K bcl-2

Figure 30 Hela K bcl-2 cells show an increased permeability of the nuclear membrane for passive 

diffusion 

Hela K free and Hela K bcl-2 cells were semi-permeabilised with digitonin and incubated with 70 kDa 

fluorescent dextran in the NPA. Confocal images show that 70 kDa dextran is excluded from Hela K free 

nuclei while it enters many but not all nuclei of Hela K bcl-2 cells. Figure 32 A shows a quantification of 

this experiment. 
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S-20 extract from apoptotic Jurkat cells has been shown to contain a biochemical 

activity increasing nuclear envelope permeability ([3], Figure 12). To see whether 

nuclear envelope permeability in Hela K bcl-2 cells is also affected by this activity the 

NPA was performed. Addition of apoptotic S-20 extracts to Hela K free cells increased 

passive nuclear permeability in the NPA as expected but did not lead to a further 

increase in passive nuclear permeability in Hela K bcl-2 cells (Figure 31). 

 

Co
Apo

0.250

0.275

0.300

0.325

0.350
Hela K free

***

[x
/B

G
]

Co
Apo

0.250

0.275

0.300

0.325

0.350 Hela K bcl-2

[x
/B

G
]

A B

Figure 31 Nuclear permeability assay (NPA) with Hela K free and Hela K bcl-2 

NPA was performed using S-20 extracts from control (Co) or apoptotic (Apo) Jurkat cells. Results were 

analysed by a two-tailed students t-test. *** p<0.001. Nuclear permeability of Hela K free cells increased 

after addition of S-20 extracts from apoptotic Jurkat cells while nuclear permeability of Hela K bcl-2 cells 

did not increase further.  

 

 

To confirm these results and exclude the possibility that the observed effects were 

restricted to the of Hela K bcl-2 clone used, different cell lines stably overexpressing Bcl-

2 were examined: (1) SW480 bcl-2, a human colon carcinoma cell line stably 

overexpressing human Bcl-2 and (2) R6 bcl-2, rat embryonic fibroblasts stably 

overexpressing murine Bcl-2 as well as the respective control cell lines SW480 free and 

R6 free. 

An increase in passive nuclear permeability compared to controls was observed also in 

SW480 bcl-2 (Figure 32 B) but not in R6 cells (Figure 32 C). This also shows that not 

only overexpression of murine but also of human bcl-2 alters nuclear permeability.  
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Figure 32 Influence of bcl-2 overexpression on nuclear permeability in different Bcl-2 

overexpressing cell lines. 

Nuclear envelope permeability was measured in digitonin-permeabilised cells (NPA). Results from 

different cell lines stably expressing bcl-2 were compared to their respective control cell line. *** p<0.001 

 

An explanation for the different behaviour of R6 bcl-2 cells concerning nuclear 

permeability could bee different expression levels of Bcl-2 in the different cell lines. 

Thus, protein levels of Bcl-2 in the different overexpressing cell lines were determined 

by densitometric analyses of western blots. The Bcl-2 expression level in R6 bcl-2 cells 

was measured to be approximately 50% of that of Hela K bcl-2 cells. SW480 bcl-2 cells 

expressed approximately 80% Bcl-2 compared to Hela K bcl-2 (Figure 33 A).  

 

Immunocytochemical detection of mBcl-2 in R6 bcl-2 cells revealed a localization of 

overexpressed mBcl-2 comparable to Hela K bcl-2 cells (see also VI.2.2) with a strong 

signal around the nucleus. In agreement with the densitometric measurement of Bcl-2 

expression levels (Figure 33 A) the immunofluorescent signal was lower in R6 bcl-2 

cells compared to Hela K bcl-2 cells (Figure 33 B and C). 
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Studies in the laboratory of Prof. Borner (Freiburg) showed that R6 bcl-2 cells also 

reacted differently from a variety of other bcl-2 overexpressing cell lines after applying 

ER-stress (Prof. C. Borner, personal communication). 
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Figure 33 Bcl-2 expression levels in different stably transfected cell lines 

(A) Equal amounts of whole cell lysates of the respective clones where analysed by western blot. Protein 

bands were quantified by densitometric analysis. Protein amounts were corrected for equal loading by 

normalization to actin. Results were normalized to Bcl-2 amounts in HeLa K bcl-2. 

(B) and (C): Immunofluorescent staining of mBcl-2 in (B) Hela K bcl-2 and (C) R6 bcl-2 cells. Images are 

confocal sections taken with the same acquisition settings. Scale bar: 10 µm. 

 

 

VI.2.3.2. Measurement of nuclear permeability by Bead Loading of 70 kDa 

fluorescent dextran 

To verify the results obtained in the NPA a method independent of digitonin-dependent 

plasma membrane permeabilisation was applied. Hela K free and Hela K bcl-2 cells 

were loaded with 70 kDa fluorescent dextran by means of Bead Loading. To determine 

the influx of 70 kDa dextran in the nuclei confocal images were taken and the ratio of 

nuclear/cytosolic grey values was calculated. In agreement with previous results the 

amount of nuclear 70 kDa fluorescent dextran was found to be significantly increased in 

Hela K bcl-2 cells compared to Hela K free cells. This substantiates the finding of an 

increased nuclear envelope permeability in Bcl-2 overexpressing cells (Figure 34). 
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Figure 34 Nuclear envelope permeability is increased in mBcl-2 overexpressing Hela K cells 

Hela K free and Hela K bcl-2 cells were bead loaded with 70 kDa fluorescent dextran. Confocal images 

were taken and nuclear as well as cytosolic grey values were measured. *** p<0.001 

 

VI.2.3.3. Measurement of nuclear permeability with the permeability marker 

4xCherry 

Another method to determine changes in nuclear envelope permeability is the 

transfection of multimeric fluorescent proteins. A tetrameric Cherry protein (4xCherry, 

red fluorescent GFP-analogue) has been used successfully for the measurement of 

nuclear permeability changes in living cells (see chapter VI.3.5.2). An advantage of this 

method compared to Bead Loading and the NPA is on the one hand that the cell 

membrane is not injured mechanically and, on the other hand that co-transfection 

experiments can be performed (see below). 

 

An increase in passive nuclear permeability in Hela K bcl-2 cells could be verified also 

after transfection of Hela K free and Hela K bcl-2 cells with an expression plasmid for 

4xCherry (pcDNA3.1-4xCherry). 24 hours after transfection cells were fixed and 

analysed for the distribution of 4xCherry by fluorescence microscopy. The percentage of 

cells with nuclear 4xCherry and of cells with 4xCherry excluded from the nucleus was 

determined by counting. The number of cells with a nuclear localization of 4xCherry was 

found to be significantly higher in Hela K bcl-2 cells compared to Hela K free cells 

(Figure 35). 
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Figure 35 Nuclear permeability is increased in Bcl-2 overexpressing Hela K cells 

(A) Hela K free and (B) Hela K bcl-2 cells were transfected with a plasmid encoding for the fluorescent 

permeability marker 4xCherry. Confocal images were taken. (C) Transfected cells were analysed for 

nuclear 4xCherry by fluorescence microscopy. *** p<0.001. Scale bar: 10 µm. 

 

 

To ensure that the Bcl-2 dependent increase in passive nuclear permeability is not due 

to stable overexpression of the protein, transient transfection experiments were 

performed.  

Hela229 cells were transfected with pcDNA3.1-4xCherry as permeability marker either 

in presence or absence of pcDNA3-mbcl2 (encoding for murine Bcl-2). 24 hours after 

transfection, cells were fixed and immunocytochemical staining for the exogenous mBcl-

2 was performed. Cells positive for mBcl-2 and 4xCherry were analysed for the 

localization of 4xCherry by fluorescence microscopy. As with the stably transfected cell 

lines, a significant increase in nuclear permeability was observed after transient 

transfection of mBcl-2 in HeLa229 cells (Figure 36). 
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Figure 36 Transient overexpression of mBcl-2 leads to increased nuclear permeability 

Hela229 cells were transiently transfected with pcDNA3.1-4xCherry alone or together with pcDNA3-

mbcl2. After immunocytochemical staining for mBcl-2, mBcl-2 positive cells were analysed for nuclear 

4xCherry by fluorescence microscopy.  ** p<0.01. 

 

 

VI.2.4. Influence of Bcl-2 on nuclear permeability is dependent on its subcellular 

localization 

As it is known that Bcl-2 localises to the mitochondrial membrane as well as to the ER-

membrane and the attached nuclear envelope [112, 114] the question arose if the 

influence of Bcl-2 on nuclear permeability is dependent on its localization.  

To answer this question expression plasmids encoding for either full length mBcl-2 

(pcDNA3-mbcl2), ER-targeted mBcl-2 (pcDNA3-mbcl2-cytb5) or mitochondria-targeted 

mBcl-2 (pcDNA3-mbcl2-RK/Chbcl2XL) were co-transfected with pcDNA3.1-4xCherry. 

Control cells were transfected with pcDNA3.1-4xCherry alone. 24 hours after 

transfection cells transfected with mBcl-2 were identified by immunocytochemical 

staining and evaluated for nuclear localization of 4xCherry by fluorescence microscopy. 

Interestingly, a significant increase in nuclear permeability could be observed in cells 

transfected with full length mBcl-2 and with ER-targeted mBcl-2 but not with 

mitochondria-targeted mBcl-2 (Figure 37). 

Thus, localization of overexpressed Bcl-2 at the ER and/or the nuclear envelope is 

required for alteration of passive nuclear permeability by Bcl-2. 
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Figure 37 Bcl-2 dependent alterations of nuclear permeability are dependent on its subcellular 

localization (previous page) 

Hela229 cells were transiently transfected with pcDNA3.1-4xCherry alone or together with pcDNA3-

mbcl2, pcDNA3-mbcl2-cytb5 (ER-targeted mBcl-2) or pcDNA3-mbcl2-RK/Chbcl2XL (mitochondria-targeted 

mBcl-2). After immunostaining for mBcl-2 (A), mBcl-2 positive cells were analysed for nuclear 4xCherry by 

fluorescence microscopy (B). DNA was stained with Hoechst33342. Scale bar: 5 µm. 

 

 

VI.2.5. Localisation of transport factors in Bcl-2 overexpressing cells 

Active nuclear transport is mediated by nuclear transport factors (see chapter III.3). A 

specific distribution of these nuclear transport factors to either cytosol or nucleus is 

crucial for the function of the active transport machinery. It has previously been shown 

that early in apoptosis, the distribution of nuclear transport factors like Importin β or 

NTF2 (nuclear transport factor 2) is altered in a caspase-independent manner ([103] and 

Elisa Ferrando-May unpublished). Nuclear transport factors are relatively small (97 kDa 

for Imp β [150] and 15 kDa for NTF2 [151]) and thus it is not clear whether their 

relocation in apoptosis is altered due to the simultaneously occurring increase in nuclear 

pore complex permeability ([103], see VI.1).  

 

If nuclear transport factors would change their subcellular compartment due to an 

increased nuclear permeability their localization should be different in Hela K bcl-2 cells 

as those cells display an increased nuclear permeability. Thus, localization of Importin β 

and NTF2 was examined by immunofluorescent staining in Hela K free and Hela K bcl-2 

cells.  

 

The results showed that localization of these transport factors was not influenced by 

overexpression of mBcl-2. Additionally, their localization was altered after apoptosis-

induction by STS or ActD as previously reported [103] in both cell lines (Figure 38 and 

Figure 39). The predominantly cytosolic localization of Importin β and the predominantly 

nuclear localization of NTF2 changed to a homogenous distribution of the proteins 

between cytoplasm and nucleus during apoptosis. 
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Figure 38 Importin  β localization is not altered by Bcl-2 overexpression  

(A) Hela K free and (B) Hela K bcl-2 were immunostained for Importin β. Co: untreated control cells, STS: 

cells treated with 0.5 µM STS for 1.5 h, ActD: cells treated with 0.5 µg/ml ActD for 3.5 h. Scale-bar: 5 µm. 

 

A

B

Co STS

Figure 39 NTF2 localization is not altered by Bcl-2 overexpression 

(A) Hela K free and (B) Hela K bcl-2 were immunostained for NTF2. Co: untreated control cells, STS: cells 

treated with 0.5 µM STS for 1.5 h. Scale-bar: 5 µm. 
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In summary, the increased nuclear permeability due to overexpression of mBcl-2 does 

neither influence the localization of the nuclear transport factors Importin β and NTF2 

nor their redistribution in response to apoptotic stimuli.  
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VI.2.6. FG-repeat nucleoporins did not co-immunoprecipitate with mBcl-2 

As nuclear permeability is influenced by Bcl-2 overexpression the question arose as to 

whether Bcl-2 interacts with nuclear pore complex proteins (nucleoporins). Thus, mBcl-2 

was immunoprecipitated and a Western Blot was performed with antibodies specific for 

Bcl-2, Bax or nucleoporins. mAb414, recognizing a subset of FG-repeat nucleoporins, 

namely Nup358 (RanBP2), Nup214, Nup153 and p62 was employed as a nucleoporin 

specific antibody. 

For the immunoprecipitation experiments cells were lysed in a low detergent buffer with 

0.2% NP40 in a 10 cm culture dish. The supernatant of this lysis step was used either 

undiluted or diluted 1:3 in PBS for the immunoprecipitation reaction. Before application 

of the IP-antibody (αmBcl-2, clone 10C4) the lysate was pre-cleared with Protein A/G 

Plus Agarose Beads to minimize unspecific binding. Remaining cell debris in the culture 

dish was solubilised in SDS lysis buffer and loaded as a control. 

Although Bax, a 23 kDa protein known to interact with Bcl-2 [135], could be co-

immunoprecipitated with mBcl-2 (Figure 40), no mAb414-specific signal could be 

observed (Figure 41).  

 

 

 

Figure 40 Bcl-2 and Bax can be co-immunoprecipitated 

After lysis of Hela K bcl-2 cells in low detergent buffer (0.2% NP40) Bax can be co-immunoprecipitated 

with the overexpressed mBcl-2. IP antibody was specific for mBcl-2 (clone 10C4, mouse) and the 

antibody for Western Blot was αBcl-2 (clone N19, rabbit), recognizing human and mouse Bcl-2. The 

membrane was re-probed with αBax  to check for co-immunoprecipitation. 

Protein samples were separated with a 14% Laemmli SDS-PAGE. M: Marker, 1: 10% of SDS-lysate of 

remaining cells after NP40 lysis, 2: 10% of input lysate, 3: 10% of remaining lysate after IP, 4: beads after 

pre-clearing step of input lysate , 5: IP beads. 
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Figure 41 No nucleoporins recognized by mAb414 co-immunoprecipitate with mBcl-2 

After lysis of Hela K bcl-2 cells in low detergent buffer (0.2% NP40) no proteins recognized by mAb414 

could be co-immunoprecipitated with the overexpressed mBcl-2. IP antibody was specific for mBcl-2 

(clone 10C4, mouse) and the antibody for Western Blot was αBcl-2 (clone N19, rabbit), recognizing 

human and mouse Bcl-2. The membrane was re-probed with mAb414 (mouse) recognizing a subset of 

FG-repeat nucleoporins to check for co-immunoprecipitation. Bands due to unspecific binding were 

visualized by the control protein samples obtained from Hela K free cells. 

Protein samples were separated with a 10% Thomas and Kornberg SDS-PAGE M: Marker, 1: 10% of 

input lysate, 2: Beads IP1 (undiluted input lysate), 3: Beads IP2 (diluted input lysate), 4: 10% of remaining 

lysate after IP, 5: 10% of SDS-lysate of remaining cells after NP40 lysis, LC and HC: light chain and 

heavy chain of the IP antibody αmBcl-2 (clone 10C4, mouse). 

 

VI.2.7. Calcium, Bcl-2 and nuclear permeability 

Overexpression of Bcl-2 is known to lead to depletion of the calcium concentration in the 

ER ([Ca]ER). In addition it has been shown that modifications in calcium concentrations 

have an impact on nuclear pore complex structure and permeability (please refer to 

chapter VII.2). Thus, it was speculated that the increased nuclear permeability in Hela K 

bcl-2 cells might be due to decreased [Ca]ER. To verify this hypothesis, two independent 

approaches were taken:  

 

(1) Measurement of nuclear permeability with 4xCherry after reduction of [Ca]ER in 

Hela229 cells by thapsigargin treatment 

 

(2) Measurement of nuclear permeability with 4xCherry after restoration of [Ca]ER in 

Hela K bcl-2 cells via transfection of the ER calcium pump SERCA. 
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VI.2.7.1. Passive nuclear permeability after depletion of [Ca]ER. 

To investigate whether depletion of [Ca]ER leads to an increase of nuclear permeability, 

Hela229 cells were transiently transfected with a plasmid encoding for 4xCherry. 24 

hours after transfection the cells were treated with thapsigargin – an inhibitor of the ER 

calcium pump - and fixed after different time points. It is known that thapsigargin leads 

to a rapid depletion of [Ca]ER (within minutes) [128, 152]. Nevertheless, a significant 

increase in nuclear permeability compared to untreated control cells was only observed 

after thapsigargin treatment for 16 h (Figure 42 A). Thapsigargin treatment did not 

induce apoptosis in Hela229 cells (Figure 42 B). Thus, the observed increase in nuclear 

permeability was not due to apoptosis induction. In conclusion, a transient drop in [Ca]ER 

does not seem to influence nuclear envelope permeability. Nevertheless, a prolonged 

incubation with thapsigargin leads to an increase in nuclear envelope permeability. 
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Figure 42 Depletion of ER-calcium leads to increased nuclear permeability 

HeLa229 cells transfected with a plasmid encoding for 4xCherry were treated with 5 µM thapsigargin for 

the indicated time points to deplete ER-calcium. (A) Quantification of the percentage of cells with nuclear 

4xCherry. Untreated control cells (Co) were fixed after 16h. (B) The percentage of apoptotic cells was 

determined by counting condensed nuclei after staining with Hoechst33342. 
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VI.2.7.2. Nuclear permeability decreases after transfection of Bcl-2 expressing 

cells with SERCA2 

It has been shown before that transfection of the ER calcium pump SERCA restores 

[Ca]ER in Bcl-2 overexpressing cells [128]. In order to investigate if restoring [Ca]ER in 

Bcl-2 overexpressing cells would lead to a decreased nuclear permeability, HeLa K bcl-

2 cells were transiently transfected with a plasmid encoding for SERCA2 (kind gift of L. 

Scorrano, University of Padua) together with the permeability marker 4xCherry. After 

immunocytochemical staining for SERCA2, transfected and viable cells were scored for 

nuclear 4xCherry by fluorescence confocal microscopy. Indeed transfection of SERCA2 

lead to a significant decrease of cells with nuclear 4xCherry (Figure 43). 
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Figure 43 Transfection of Bcl-2 overexpressing cells with SERCA2 leads to a decrease in nuclear 

permeability 

HeLa K bcl-2 cells were transiently transfected with pcDNA3.1-4xCherry alone or together with a plasmid 

encoding for SERCA2. After immunocytochemical staining for SERCA2, positive and viable cells were 

scored for nuclear 4xCherry by fluorescence confocal microscopy. **: p<0.01. 
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VI.3. Visualization and characterization of structural and functional 

changes of the nuclear pore complex (NPC) in apoptosis 

Caspase-dependent cleavage of nuclear pore complex proteins as well as caspase-

independent alterations of passive nuclear envelope permeability have been observed 

after induction of apoptosis with different apoptotic stimuli (please refer to chapter 

III.3.4). The molecular mechanisms behind these changes are not clear to date. In order 

to elucidate these mechanisms the aim of this part of the present PhD work was to set 

up an experimental system in which structural and functional changes can be monitored 

and directly correlated with each other. Such a system provides the possibility to gain 

further insight into the mechanisms responsible for alterations of the nucleocytoplasmic 

barrier during apoptosis. 

 

Confocal Fluorescence Live Cell Imaging has proven to be a method well suited to 

monitor changes in the structure of the nuclear pore complex and in nuclear envelope 

permeability during mitosis [67, 153-155]. 

To be able to follow cells during the time course of apoptosis with Confocal Live Cell 

Imaging special hard- and software equipment is required. Cells have to be monitored 

for several hours under optimal culture conditions without loosing track. Settings for data 

acquisition have to be optimised for an optimal spatial and time resolution. A special 

data evaluation procedure has to be established to graphically visualize the obtained 

results.  

 

Prerequisites to apply this method to the study of apoptotic cells are fluorescent markers 

for the caspase-dependent cleavage of nuclear pore complex proteins on the one hand 

and for nuclear envelope permeability on the other hand. 

In the next paragraphs several fluorescently tagged nucleoporins are discussed with 

respect to their suitability as a marker for caspase-dependent degradation. Two cell 

types were analysed for their potential to serve as a cellular system: NRK (normal rat 

kidney) cell lines that already stably express fluorescently tagged nucleoporins as well 

as HeLa cells transiently transfected with the potential marker nucleoporins.  
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VI.3.1. Characterization of nuclear pore complex degradation in NRK cells 

Mobility of nuclear pore complex proteins and the dismantling of the nuclear pore 

complex during mitosis has successfully been studied by Live Cell Imaging in NRK cells 

(normal rat kidney fibroblasts) that stably express fluorescently tagged nucleoporins [67, 

153]. Dr. Jan Ellenberg (EMBL Heidelberg) kindly provided us with some of these well 

characterized cell lines to investigate nuclear pore complex degradation during the 

process of apoptosis with Live Cell Imaging. 

To investigate whether these cell lines are suited for examining caspase-dependent 

nuclear pore complex degradation with Live Cell Imaging during apoptosis, degradation 

of the fluorescently tagged nucleoporins was analysed by western blot and Live Cell 

Imaging. 

 

VI.3.1.1. Degradation of POM121 in NRK cells 

POM121 is a membrane anchored nucleoporin which has been shown to be processed 

by caspases during apoptosis in NRK cells [156]. NRK cells stably overexpressing the 

nuclear pore complex protein POM121 fluorescently tagged with a trimeric GFP protein 

at its C-terminus (POM121-3GFP NRK) were stimulated with STS (Figure 44) to 

undergo apoptosis and confocal time lapse imaging was performed. During the time 

course of STS-induced apoptosis the DNA condensed first, concomitantly with shrinking 

of the cell (Figure 44 9.3 h). At a later time point a complete loss of POM121-3GFP 

fluorescence at the nuclear envelope could be observed (Figure 44 12.4 h and 12.6 h).  
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12.6 h

POM121-3GFP DNA DIC

Figure 44 POM121-3GFP NRK cells stimulated to undergo apoptosis with STS 

POM121-3GFP NRK cells were stimulated to undergo apoptosis with 2 µM STS at 0 h. Time lapse 

confocal imaging was performed with a time resolution of 12.4 min. 3 confocal sections of 2.5 µM were 

taken and images of the in-focus plane are shown. DNA was stained with 200 ng/ml Hoechst33342. 

Characteristic time points of a representative cell are shown. The respective time lapse movie can be 

found on the attached CD (Movie 1). 
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In order to control for the integrity of the nuclear pore complex at the time point of 

 

igure 45 POM121-3GFP NRK cells transfected with pdiHcRed-Nup50 and stimulated to undergo 

POM121-3GFP NRK cells were transiently transfected with pdiHcRed-Nup50 and stimulated to undergo 

POM121-3GFP diHcRed-Nup50 DNA

POM121-3GFP loss from the nuclear envelope, POM121-3GFP NRK cells were 

transiently transfected with pdiHcRed-Nup50. The mobile nucleoporin Nup50 localizes 

to the nucleoplasmic side of the nuclear pore complex and to the nucleoplasm but not to 

the cytoplasm in healthy cells. The transfected cells were stimulated to undergo 

apoptosis with STS and time lapse imaging was performed (Figure 45).  

 

 

F

0 h

3.6 h

4 h

apoptosis with STS 

apoptosis with 2 µM STS at 0 h. Time lapse confocal imaging was performed with a time resolution of 

11.5 min. 3 confocal sections of 2.5 µM were taken and images of the in-focus plane are shown. DNA was 

stained with 200 ng/ml Hoechst33342. Characteristic time points of a representative cell are shown. The 

respective time lapse movie can be found on the attached CD (Movie 2). Bright dots are an artefact of 

transfection. 
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At the time point when loss of POM121-3GFP fluorescence from the nuclear envelope 

he concomitant loss of POM121-3GFP and diHcRed-Nup50 fluorescence from the 

o see whether the loss of POM121-3GFP from the nuclear envelope during apoptosis 

erminus of POM121, it was observed 

d POM121-3GFP 

occurred diffusion of diHcRed-Nup50 fluorescent signal from the nucleus into the 

cytoplasm was observed (Figure 45 3.6 h) until it was distributed evenly between the 

two compartments (Figure 45 4 h). 

 

T

nuclear envelope indicates that at one point a disintegration of the nuclear pore complex 

occurs resulting also in loss of nucleoplasmic proteins. This breakdown of the 

nucleocytoplasmic barrier does not seem to be necessary for the apoptotic execution 

during STS-inducing apoptosis as DNA condensation is observed far earlier than 

alterations in localization of the nuclear pore complex proteins. 

 

T

could be due to proteolysis by caspases, western blot analyses were performed. 

POM121-3GFP NRK and wild type NRK cells were incubated with STS until 85-100% of 

the cells were apoptotic (Figure 46 C) and total cell lysates were prepared. To 

investigate the role of caspases the pan-caspase inhibitor zVAD was added to the cells 

before treatment with STS. Western blot analysis (Figure 46 B) with an αGFP antibody 

showed that POM121-3GFP expressed in NRK cells migrates at the expected size of 

~210 kDa. Cleavage by caspases is predicted to generate a fragment of ~150 kDa 

which could not be detected (Figure 46 A and B). 

Using an αPOM121 antibody recognizing the N-t

that also the endogenous POM121 was not cleaved by caspases during STS-induced 

apoptosis in POM121-3GFP NRK cells. The expected cleavage product of ~60 kDa was 

only detected in lysates prepared from STS treated wild type NRK cells. This cleavage 

was inhibited by the pan-caspase inhibitor zVAD (Figure 46 A and B). 

Interestingly, an additional band of ~100 kDa appeared in STS-treate

NRK and wild type NRK cells which was not inhibited by zVAD.  
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Figure 46 POM121 degradation in NRK cells (previous page) 

(A) Schematic of rnPOM121. The αPOM121 binding site (antiPOM121), the caspase-cleavage site 

(DKTD) and domains of rnPOM121 are indicated. 

(B) Total cell lysates of treated or untreated POM121-3GFP NRK and wild type NRK cells were prepared 

and separated on a 10% Thomas and Kornberg PAGE. A Western Blot was performed with an αGFP 

antibody to visualize the exogenously expressed protein. The nitrocellulose membrane was reprobed with 

an antibody against POM121 to stain for the endogenous protein. For a loading control the membrane 

was reprobed with an αActin antibody. 1: untreated control, 2: 2 µM STS, 3: 20 µM zVAD + 2 µM STS, 20 

µM zVAD. Cells were treated with STS for 8 h. Where indicated, zVAD was added 30 min before 

application of STS. *: STS-induced fragment, **: ~60 kDa caspase-cleavage product. 

(C) An aliquot of cells used for the lysates in (B) were fixed and DNA was stained with Hoechst33342. 

Apoptotic cells were scored based on observation of condensed chromatin. 

 

 

Thus, caspase-dependent processing of POM121 in POM121-3GFP NRK cells after 

apoptosis induction with STS seems to differ from POM121 processing in NRK wt cells. 

In both cell lines a STS-induced additional band of ~100 kDa was detected 

independently of caspase activity.  

STS-induced apoptosis is a caspase-independent process as blocking caspase-activity 

by zVAD did not significantly reduce the number of apoptotic cells (Figure 46 C). 

 

The western blot data indicate that the observed loss of POM121-3GFP fluorescence 

from the nuclear envelope in live cell imaging experiments is not due to cleavage of 

POM121-3GFP by caspases. It is rather a caspase-independent event possibly due to 

proteolysis by another enzyme which results in the appearance of a ~100 kDa fragment 

in the western blot. 
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VI.3.1.2. Degradation of Nup93 in NRK cells 

To investigate the behaviour of Nup93 in NRK cells during apoptosis, western blot 

analyses of NRK cells stably transfected with an expression construct encoding for 

hNup93 (human Nup93) fused to 3xGFP at its C-terminus (hNup93-3GFP NRK cells) 

were performed.  

Total cell lysates of hNup93-3GFP cells untreated or treated with the topoisomerase I 

inhibitor camptothecin and of untreated wild type NRK cells were prepared and a 

western blot was performed (Figure 47).  

 

igure 47 Nup93 degradation in NRK cells 

up93-3GFP NRK and wild type NRK cells were prepared 

ith 5 µM camptothecin for: 2: 4 h, 3: 8 h, 4: 14 h, 5: 20 h, 6: 24 h, 7: 24 

as stained with Hoechst33342. 

Apoptotic cells were scored based on observation of condensed chromatin. 

 

F

kDa

116αGFP

45αActin

M 1 2 3 4 5 6 7 8 9

97

66αNup93

*

Nup93

hNup93-3GFP

Actin

Co
4

h
8

h
14

h
20

h
24

h

24
h

+z
VAD

zV
AD

0

10

20

30

40

50

60

70

%
co

n
de

n
se

d
n

u
cl

ei

B

A

(A) Total cell lysates of treated or untreated hN

and separated on a 10% Thomas and Kornberg PAGE. A Western Blot was performed with an αGFP 

antibody to visualize the exogenously expressed protein. The nitrocellulose membrane was reprobed with 

an antibody against Nup93 to stain for the endogenous protein. For a loading control the membrane was 

reprobed with an αActin antibody.  

1: untreated control; cells treated w

h + zVAD; 8: zVAD, 9: untreated wild type NRK cells. Where indicated, 20 µM zVAD was added 30 min 

before application of camptothecin. *: 50 kDa caspase-cleavage product. 

(B) An aliquot of cells used for the lysates in (A) were fixed and DNA w
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Using an αNup93 antibody a cleavage fragment of Nup93 with the expected size of 50 

ity of the signal increased with increase of the apoptosis 

kDa. No caspase cleavage fragment running 

ocessed by caspases 

uring DNA damage induced apoptosis after camptothecin treatment. In contrast no 

r extent (Figure 

ll imaging experiments with hNup93-3GFP NRK cells were not successful as 

ells which were exposed to the laser light did not undergo apoptosis. 

kDa was observed [105]. Intens

rate in the cell population. The cleavage could be inhibited by the pan-caspase inhibitor 

zVAD. 

Reprobing the membrane with an αGFP antibody allowed to detect hNup93-3GFP at 

~120 kDa below the expected size of ~170 

~50 kDa lower than the full length hNup93-3GFP was detected.  

 

The results showed that the endogenous Nup93 protein is pr

d

cleavage fragment of the exogenous hNup93-3GFP could be observed. 

Camptothecin-induced apoptosis seems to be at least partly independent of caspases 

as the pan-caspase inhibitor zVAD did only protect from death to a mino

47 B). 

 

Live ce
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VI.3.1.3. Characterization of different apoptosis models in NRK cells 

The overall aim of this study was to establish an imaging method to correlate caspase-

independent alterations of functional properties of the NPC with caspase-dependent 

cleavage of nuclear pore complex proteins. As previous experiments showed that NRK 

cells seemed to undergo apoptosis in a predominantly caspase-independent fashion 

(Figure 46 and Figure 47) this point was investigated in more detail by performing 

DEVDase activity measurements and toxicity tests (Figure 48). Again STS or 

Camptothecin induced apoptosis was not completely inhibited by zVAD although 

caspase-activity had efficiently been inhibited (Figure 48 A and B, respectively). 
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Figure 48 Apoptosis induction in NRK cells 

NRK cells were treated with different apoptosis-inducing agents for the indicated time points. DEVDase 

activity was measured and apoptotic nuclei were scored after staining with Hoechst33342. Where 

indicated, 20 µM zVAD was added to the cells prior to addition of the apoptosis inducing agent or cells 

were incubated with zVAD alone as a control (zVAD). A: 2 µM STS, B: 5 µM Camptothecin, C: FasL. 

ActD, CHX or Anisomycin were added 30 min prior to addition of FasL. STS: Staurosporine, ActD: 

Actinomycin D, CHX: Cycloheximide, Co: untreated control cells. 
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To investigate whether also receptor-mediated apoptosis occurred caspase-dependently 

or -independently in NRK cells, cells were treated with either TRAIL or FasL for different 

incubation periods. Neither treatment resulted in apoptosis induction (not shown and 

Figure 48 C, respectively). 

A common approach to sensitise cells towards receptor-mediated apoptosis is the 

application of inhibitors of protein transcription and translation prior to addition of the 

respective ligand. Thus, NRK cells were treated with Actinomycin D (ActD) as an 

inhibitor of protein transcription or inhibitors of protein translation as Anisomycin and 

Cycloheximide (CHX) prior to addition of FasL and incubation for different time points. 

Pretreatment of NRK cells with these agents increased apoptosis only to a minor extent. 

Additional inhibition of caspases in these models resulted in a significant increase of 

apoptotic cells of up to 50% (Figure 48 C). Treatment of NRK cells with Anisomycin, 

ActD or CHX alone was not toxic (not shown). 

 

The nuclear morphology of apoptotic NRK cells was different depending on the applied 

stimulus. After apoptosis induction with STS or camptothecin DNA condensation into 

characteristic separated particles was observed. In contrast, after treatment with 

Anisomycin, ActD or CHX plus FasL only DNA condensation without the appearance of 

separated DNA particles occurred (Figure 49). Thus, nuclear apoptosis seemed to be 

incomplete in the latter apoptosis models. 

 

In summary, no caspase-dependent apoptotic model in NRK cells was found as neither 

DNA-damage induced apoptosis nor receptor-mediated apoptosis nor apoptosis 

induction by STS resulted in caspase-dependent cell death.  

 

These data and the data showing that the stably transfected nucleoporin-GFP fusion 

proteins are not cleaved by caspases in NRK cell lines (Figure 46 and Figure 47), show 

that NRK cells do not provide a suitable model system for imaging of caspase-

dependent nuclear pore complex degradation during apoptosis.  
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untreated Camptothecin

STS 

FasL + CHX

FasL + ActDFasL + Anisomycin

FasL 

 

Figure 49 Morphology of apoptotic nuclei in NRK cells after different apoptotic stimuli 

Representative images of NRK cells treated with different apoptotogenic agents are shown. Incubation 

times and concentrations were as follows: 5 µM Camptothecin for 24 hours, 2 µM STS for 8 hours, FasL 

incubations were for 16 hours with 1 µM Anisomycin, 1 µM Actinomycin D (ActD) or 5 µg/ml 

Cycloheximide (CHX) added 30 min prior to addition of FasL. Nuclei were stained with Hoechst33342. 
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VI.3.2. Characterization of nuclear pore complex degradation in HeLa cells 

Because NRK cells stably transfected with fluorescently tagged nucleoporins were not 

suitable to monitor apoptosis induced caspase-dependent alterations of the NPC (see 

VI.3.1) it was investigated whether transiently transfected HeLa cells would provide a 

good model system. Receptor-mediated as well as DNA-damage induced apoptosis 

have been well characterized in HeLa cells. Apoptosis in HeLa cells is a caspase-

dependent process and the processing of nuclear pore complex proteins has been 

extensively studied [105]. Thus, it was attempted to develop an imaging procedure with 

transiently transfected HeLa cells which allows to follow caspase-dependent structural 

alterations of the NPC as well as alterations of functional properties of the NPC in 

apoptosis.  

To examine if the different available nucleoporin-GFP fusion proteins were expressed 

correctly in HeLa cells and processed similarly to their endogenous counterparts during 

apoptosis, Western Blot analyses were performed. The membrane anchored 

nucleoporin POM121, Nup96 as a component of the central core structure of the NPC 

and Nup153 as a mobile NPC component localized at the nuclear basket were 

analysed. 

 

VI.3.2.1. Degradation of POM121 in HeLa cells 

It has been shown that endogenous POM121 is not processed by caspases during 

DNA-damage or receptor-mediated apoptosis in HeLa cells despite the existence of a 

putative caspase-cleavage site [105]. There is some controversy concerning apoptosis-

dependent POM121-processing, as POM121 has been shown to be cleaved by 

caspases in NRK cells [156]. The available POM121-3GFP expression construct 

encodes for rnPOM121 (rattus norvegicus POM121) fused to a trimeric GFP at its C-

terminus (see also VI.3.1.1). Human and rnPOM121 display an amino acid homology of 

74%.  

 

rnPOM121-3GFP expressed in HeLa cells localizes correctly to the nuclear envelope as 

observed by confocal fluorescence microscopy (Figure 50). 
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igure 50 rnPOM121-3GFP localizes to the nuclear envelope in HeLa cells 

eLa cells were transfected with a plasmid encoding for rnPOM121-3GFP. 24 hours after transfection 

 

duction in transiently transfected HeLa cells, Western Blot analyses were performed. 

l 

ed in a caspase-dependent manner in FasL or STS induced apoptosis 

ments with transiently transfected rnPOM121-3GFP lead to no consistent 

sults. In some cells a preservation of the fluorescent signal at the nuclear envelope 

rnPOM121-3GFP DNA

F

H

cells were fixed an confocal images were taken. DNA was stained with Hoechst33342. Scale bar. 10 µm. 

 

To investigate whether rnPOM121-3GFP is proteolytically processed after apoptosis

in

An anti-GFP antibody revealed full length rnPOM121-3GFP as a polypeptide of the 

expected size (~210 kDa). After apoptosis induction with FasL or STS, an additiona

band of ~150 kDa was detected. Accordingly, a ~60 kDa fragment could be detected 

with an antibody recognizing the N-terminus of POM121 corresponding to the expected 

caspase-cleavage fragment (Figure 51 A and B). Caspase-inhibition by zVAD inhibited 

the appearance of FasL induced cleavage fragments of rnPOM121-3GFP (Figure 51 B) 

and decreased the percentage of apoptotic cells to levels of untreated control cells 

(Figure 51 C). Relatively high levels of apoptotic cells in untreated cultures or cultures 

treated with zVAD alone (~30%) are due to toxicity of the transiently transfected 

POM121-3GFP. 

Thus, in contrast to endogenous human POM121, the exogenous rnPOM121-3GFP 

seems to be cleav

in HeLa cells. 

 

Imaging experi

re

occurred while in other cells a loss of fluorescent signal at the time of DNA condensation 

was observed. 
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Figure 51 POM121 degradation in HeLa cells (previous page) 

(A) Schematic of rnPOM121. Indicated are the αPOM121 binding site (antiPOM121), the caspase-

cleavage site (DKTD) and domains of rnPOM121. 

(B) Total cell lysates of treated or untreated HeLa cells transiently transfected with POM121-3GFP were 

prepared and separated on a 10% Thomas and Kornberg PAGE. A Western Blot was performed with an 

αGFP antibody to visualize the exogenously expressed protein. The nitrocellulose membrane was 

reprobed with an antibody against POM121 to stain for the endogenous protein. For a loading control the 

membrane was reprobed with an αActin antibody. 1: untreated control, 2: 20 µM zVAD, 3: FasL + 20 µM 

zVAD, 4: FasL, 5: 1 µM STS, *: ~150 kDa POM121-3GFP caspase-cleavage fragment, **: ~60 kDa 

POM121-3GFP caspase-cleavage fragment. 

(C) An aliquot of cells used for the lysates in (B) were fixed and DNA was stained with Hoechst33342. 

Apoptotic cells were scored based on observation of condensed chromatin. 

 

VI.3.2.2. Degradation of Nup96 in HeLa cells 

Nup96 is a structurally important nucleoporin located in the central framework of the 

nuclear pore complex [157]. It is known to be one of the first nucleoporins cleaved by 

caspases during apoptosis [105]. To investigate if transiently transfected GFP-hNup96 

in HeLa cells is processed by caspases similarly to the endogenous Nup96, Western 

Blot analysis was performed. 

GFP-hNup96 displayed a protein band of the expected size of 135 kDa after detection 

with an αGFP antibody (Figure 52). In lysates from apoptotic HeLa cells the antibody 

recognized bands at 35 and 40 kDa due to caspase-processing at positions DMVD72 

and DEED124, respectively. Cleavage was inhibited by the pan-caspase inhibitor zVAD. 

The endogenous Nup96 was visualized by reprobing the membrane with an antibody 

against Nup96. Bands of the expected size for full length and cleaved Nup96 were 

detected (105, 95 and 90 kDa respectively). Again appearance of the apoptosis induced 

proteolytic fragments was inhibited by zVAD. 

In conclusion, GFP-hNup96 is expressed in HeLa cells after transient transfection and 

cleaved by caspases during TRAIL induced apoptosis as the endogenous Nup96. 

 

Imaging experiments with transiently transfected GFP-hNup96 lead to no consistent 

results. In some cells a preservation of the fluorescent signal at the nuclear envelope 

occurred while in other cells a loss of fluorescent signal at the time of DNA condensation 

was observed. This might be due to a relatively low amount of caspase-cleaved 

exogenous GFP-hNup96 compared to the endogenous protein. 
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Figure 52 Nup96 degradation in HeLa cells (previous page) 

(A) Schematic of hNup96. Indicated are the αNup96 binding site (antiNup96), the caspase-cleavage sites 

(DMVD and DEED) and domains of hNup96. 

(B) SDS-lysates of treated or untreated HeLa cells transiently transfected with GFP-hNup96 were 

prepared and separated on a 10% Thomas and Kornberg PAGE. A Western Blot was performed with an 

αGFP antibody to visualize the exogenously expressed protein. The nitrocellulose membrane was 

reprobed with an antibody against Nup96 to stain for the endogenous protein. For a loading control the 

membrane was reprobed with an αActin antibody.  

(C) An aliquot of cells used for the lysates in (B) were fixed and DNA was stained with Hoechst33342. 

Apoptotic cells were scored based on observation of condensed chromatin. 

 

In summary, GFP-hNup96 is not well suited as a fluorescent marker for caspase-

dependent degradation of nucleoporins because no consistent loss of fluorescence from 

the nuclear envelope could be observed. 

 

VI.3.2.3. Degradation of Nup153 in HeLa cells 

Nup153 is a mobile component of the nuclear basket of the nuclear pore complex. It is 

known to be processed by caspases during apoptosis [105, 158]. To characterize a 

Nup153 protein fused to GFP at its C-terminus (Nup153-GFP), HeLa cells were 

transiently transfected with pNup153-GFP. Apoptosis was induced with death receptor 

ligand TRAIL and it was screened for caspase-cleavage fragments by Western Blot 

analysis.  

To be able to determine if a possible delocalisation of Nup153-GFP in imaging 

experiments will be due to caspase-cleavage a caspase-non-cleavable mutant (Nup153-

D349N-GFP) was constructed by site-directed mutagenesis. This mutant was also 

analysed by Western Blot. 

 

Fragments of the expected sizes (~180 kDa for full length Nup153-GFP and ~146 kDa 

for the caspase cleavage fragment ) were observed using an αGFP antibody (Figure 53 

A and B). In lysates prepared from HeLa cells expressing the caspase-non-cleavable 

mutant protein (Nup153-D349N-GFP), the ~146 kDa caspase cleavage fragment was 

not detected but a band at ~160 kDa was observed. Both apoptosis induced fragments 

were inhibited by zVAD, thus their appearance seems to be dependent on caspase-

activity.  
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The transfection rates were 33% for Nup153-GFP and 49% for Nup153-D349N-GFP 

transfected cells resulting in stronger signals in the Western Blot for Nup153-D349N-

GFP transfected cells. 

 

Using an αNup153 antibody also the endogenous Nup153 could be visualized. Again 

bands of the expected sizes (~153 kDa for full length Nup153 and ~116 kDa for the 

caspase cleavage fragment) could be observed (Figure 53 A and B). Cleavage of 

endogenous Nup153 could be inhibited by addition of zVAD in agreement with 

observations from the literature [103, 105, 158].  

 

Cleavage fragments observed with lysates from untreated control cells are due to 

apoptosis induced by expression of the exogenous Nup153 fusion proteins (Figure 53 

C). The stoichiometry of nuclear pore complex proteins is important for functionality of 

the NPC and overexpression is tolerated only to some degree (own observations). Thus, 

cells with a high level of overexpression are prone to die resulting in the observed 

apoptosis rate of 20-30% in transfected control cells. Death due to overexpression of 

Nup153 could not be inhibited by zVAD. 

 

In summary, Nup153-GFP is processed by caspases comparable to the endogenous 

Nup153. The caspase non-cleavable mutant protein Nup153-D349N-GFP was not 

cleaved at the mutated consensus caspase cleavage site DITD349 due to the exchange 

of D349 with N349. Nevertheless, an apoptosis-induced band of ~170 kDa was observed. 

Appearance of this band was inhibited by addition of zVAD and thus dependent on 

caspase-activity. In conclusion, this means that Nup153-D349N-GFP is either 

proteolytically processed between position DITN349 and the N-terminus or Nup153-

D349N-GFP could be modified postranslationally resulting in an apparent mobility shift 

during gel electrophoresis. Both events would depend on caspase-activity. 
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Figure 53 Nup153 degradation in HeLa cells (previous page) 

(A) Schematic of hNup153. Indicated are the αNup153 binding site (antiNup153), the caspase-cleavage 

site (DITD) and domains of Nup153. 

(B) HeLa cells were transiently transfected with either pNup153-GFP (Nup153-wt-GFP) or with the 

caspase non-cleavable mutant pNup153-D349N-GFP. The cells were stimulated to undergo apoptosis 

with FasL for 4.5 hours. Where indicated 20 µM zVAD was added 30 min prior to addition of FasL. SDS-

lysates were prepared and proteins separated on a 10% Thomas and Kornberg PAGE. After blotting onto 

nitrocellulose membranes they were probed with antibodies against GFP or Nup153.  

(C) Apoptotic nuclei were scored after staining with Hoechst33342. Untr. Co: un-transfected control. *: 

apoptosis induced fragment of Nup153-D349N-GFP, **: caspase-cleavage fragment of Nup153-GFP. ***: 

caspase-cleavage fragment of endogenous Nup153. 

 

Nup153-GFP was also found to be a suitable marker for caspase-dependent 

degradation of nucleoporins applying Live Cell Imaging experiments with transiently 

transfected HeLa cells. At one time point during apoptosis a clear loss of fluorescence 

from the nuclear envelope could be observed. This loss did not occur in cell transfected 

with the caspase non-cleavable mutant Nup153-D349N-GFP and is thus an indicator for 

cleavage by caspases (please refer to chapter VI.3.4). 

 

In summary, HeLa cells transiently transfected with Nup153-GFP were found to be a 

cellular system well suited to monitor alterations of the nucleocytoplasmic barrier during 

caspase-dependent cell death. 
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VI.3.3. Setup of Confocal Live Cell Microscopy for the visualization of structural 

and functional changes of the NPC in apoptosis 

In the previous chapters HeLa cells transiently transfected with fluorescently tagged 

nucleoporins were found to present a suitable model system to visualize caspase-

dependent degradation of nucleoporins. To characterize and visualize structural and 

functional changes by Live Cell Confocal Microscopy, different prerequisites have to be 

fulfilled.  

 

1) Culturing of HeLa cells in glass bottom culture dishes suitable for confocal 

microscopy had to be optimised. 

 

2) A transfection procedure had to be optimised for the single cell imaging procedure 

resulting in a good transfection rate as well as a low cell density (important for 

autofocus procedure, see below). 

 

3) Appropriate fluorescent marker proteins as reporters either for the integrity of the 

nuclear pore complex (fluorescently tagged nucleoporins, see also chapter VI.3.2) 

or for passive nuclear envelope permeability (e.g. 70 kDa fluorescent dextran or 

multimeric fluorescent proteins) had to be found. 

 

4) An appropriate non-toxic concentration of the cell permeable DNA staining dye 

Hoechst33342 had to be found. 

 

5) Image acquisition parameters had to be optimised such that quantity and quality of 

the image data are as good as possible but toxicity to the cells as well as bleaching 

due to laser irradiation were negligible. 

 

6) A method for data evaluation had to bee established which allows for graphic 

illustration of the experimental results. 
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VI.3.3.1. Cell culturing and transfection 

Special glass bottom cell culture dishes (MatTek Corporation) suited for confocal 

microscopy have been used for culturing HeLa cells. As the cells did not conveniently 

attach to the surface of the glass inset, coating with different extracellular matrix proteins 

has been tested. Coating with Collagen has proven to be best suited for culturing HeLa 

cells not interfering with transfection or apoptosis induction.  

For the subsequent transfection, the cells should be cultured at an optimal density which 

results in optimal transfection efficiency and the lowest possible toxicity. Nonetheless 

the cell density had to be kept as low as possible because image acquisition requires 

automatic tracking of single cells which will be disturbed by adjacent cells (see VI.3.3.2).  

For transfection, the commercially available Effectene Transfection Kit (Qiagen) has 

been used. The transfection procedure as well as the amount of plasmid DNA had to be 

optimised. Too long incubation periods with the DNA/Transfection reagent solution as 

well as too high amounts of DNA resulted in “clumps” of DNA around the nuclei of cells 

which interfere with automatic cell tracking during image acquisition (see VI.3.3.2). 

The optimised seeding and transfection protocol for HeLa cells is summarized in Table 

4.  

 

Table 4 Cell culture and transfection procedure for HeLa cells 

 Procedure Details 

Day 1 Plating of cells 

0.5 x104 cells are plated in the collagen coated 

glass inset of a MatTek dish in a culture volume of 

300 µl. After the cells have attached to the surface 

(~1 hour) the dish is replenished with medium to a 

total volume of 3 ml. 

Day 2 Transfection of DNA 

Approximately 16-18 hours after plating, 0.6 µg of 

pNup153-GFP or 0.4 µg of pcDNA3.1-4xCherry 

were transfected according to the manufacturers 

instructions (chapter V.1.1.9.2). Medium was 

changed after 6-8 hours of incubation. 

Day 3 Imaging 
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For cell lines which tend not to move in the culture dish after mitotic cell division (e.g. 

NRK cells) it might be necessary to perform the protocol described in Table 5 because 

the cells tend to grow into groups. Otherwise it was found difficult to identify single cells 

for the imaging experiment which is important as neighbouring cells negatively affect 

automatic cell tracking (see VI.3.3.2). 

 

Table 5 Cell culture and transfection procedure for e.g. NRK cells 

 Procedure Details 

Day 1 Plating of cells 

0.5 x104 cells are plated in the collagen coated 

glass inset of a MatTek dish in a culture volume of 

300 µl. After the cells have attached to the surface 

(~1 hour) the dish is replenished with medium to a 

total volume of 3 ml. 

Day 1 Transfection of DNA 

8 hours after plating, 0.6 µg of pNup153-GFP or 0.4 

µg of pcDNA3.1-4xCherry were transfected 

according to the manufacturers instructions 

(chapter V.1.1.9.2).  

Day 2 Imaging 
Medium was changed after 14-16 hours of 

incubation. 

 

 

VI.3.3.2. Automated cell tracking and image acquisition 

To obtain imaging data with the best possible quality but also lowest possible toxicity 

and bleaching of the fluorescent marker proteins, the acquisition settings should be 

optimal. Parameters such as laser intensity, number of confocal sections as well as the 

number of total scan events and duration of image acquisition are of importance and 

were optimised to follow fluorescently tagged nucleoporins or fluorescent permeability 

markers during apoptosis.  

To image cells over a prolonged period of time as during the time course of apoptosis 

the Auto Time Series Macro for LSM software 3.2 was used [138]. After positions of 

specific cells have been defined and saved in the Stage and Focus Control option of the 

LSM software the Auto Time Series Macro uses these informations to follow every 

single cell one after the other. 
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DNA of the cells is stained by addition of 200 ng/ml Hoechst33342. This low 

concentration has bee proven to be not toxic and to give a sufficiently good fluorescent 

signal. Higher concentrations of Hoechst33342 have been found to inhibit final DNA 

condensation during apoptosis. During the autofocussing procedure the DNA is scanned 

over a certain z-range (here: 30 µm) with a specific z-step (here: 0.6 µm) resulting in a 

defined number of scans (5 in this case). The number of scans should be kept as low as 

possible to avoid bleaching and phototoxicity and allow for a good time resolution (see 

below).  

For each frame 16x16 pixels are scanned which is a resolution sufficient for the macro 

to calculate the point of highest fluorescent signal intensity of the scanned z-stack. In 

healthy cells this point corresponds to the middle of the nucleus and thus the focus 

plane for subsequent acquisition of a confocal image. 

If the point of highest fluorescent signal is for some reason not the focus plane (e.g. 

deformation of the nuclei, condensation of DNA, contamination with DNA clumps due to 

transfection), a z-offset can be defined which determines how many µm below or above 

the calculated focus plane an image is acquired.  

If neighbouring cells are too close and two nuclei are visible in one frame autofocussing 

will become inefficient over time because the cells move and the Macro will always 

follow the point of highest fluorescent intensity. 

Once the position of a cell has been found by the Auto Time Series Macro, the new 

position is saved and serves as starting point for the next round of the autofocussing 

procedure. After autofocussing, a z-stack is acquired at the defined position (image 

acquisition). 

When autofocussing and image acquisition have been completed at one position, the 

procedure is repeated at the position of the next cell. If desired, a delay between 

acquisition of the last cell and the first cell in a row ca be defined. If not, the delay 

between two time points of acquisition of one cell equals the time needed for 

autofocussing and image acquisition of all cells defined at the beginning (plus the time 

for moving the motorized stage to the next position). Once the complete time series is 

acquired, the single images were concatenated into one file for each cell using the 

Concatenation Macro for LSM software 3.2 [138]. 
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The laser intensities during autofocussing and image acquisition were set to 0.45% for 

the 405 nm laser, 2.5% for the 488 nm laser and to 20% for the 543 nm laser. These 

values are relative and might be different for other laser scanning microscopes. Low 

laser intensities are crucial as the laser light damages the cells due to oxygen radical 

formation and induces apoptosis (phototoxicity). In addition bleaching of fluorescent 

signals can be minimized by low laser intensities. This is important as the time course of 

apoptosis might take several hours and many scan events are needed to complete a 

time series experiment.  

A common procedure to avoid phototoxicity is the supplementation of culture medium 

with increased concentrations of FCS or Vitamin C as a radical scavenger (e.g. [159]). 

This is not suited well for the purpose of imaging apoptotic events as medium 

supplementation with FCS or Vitamin C result in a decreased response to apoptotic 

stimuli (Figure 54). 
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Figure 54 Inhibitors of phototoxicity influence apoptosis 

HeLa cells were cultured in medium containing (A) no or 1 mg/ml Vitamin C or (B) 10% or 20% FCS for 30 

min before cells were either stimulated with 5% FasL for 2.5 hours or left untreated. 

 

HeLa cells have been found to be more sensitive to phototoxicity than the NRK cell lines 

provided by Jan Ellenberg (EMBL Heidelberg). It is crucial for the success of the 

imaging experiments that selection of cells occurs by using only laser light of low 

intensities. In addition visual observation of the cells by commonly used HBO light 

sources should be avoided as this is toxic to the cells. 
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The number of confocal sections (z-slices) acquired are dependent on the objects of 

interest. Only one z-slice per timepoint is needed for following the condensation status 

of the DNA. To follow the diffusion of fluorescent permeability markers from the 

cytoplasm into the nucleus or the position of fluorescently tagged nuclear pore complex 

proteins, 3 z-slices per time-point with 0.6 µm thickness have been found to be 

sufficient. 3 z-slices allow for a detailed data evaluation on the one hand and, on the 

other hand, compensate for imprecise autofocussing due to deformation of the nucleus 

at later stages of apoptosis. 

 

 

The time resolution is important on the one hand for the amount of information that can 

be drawn from the image sequence. The higher the time resolution the more detailed 

informations are obtained. On the other hand the higher the time resolution, the more 

scan events are needed and bleaching will minimize the fluorescence signal. The 

minimum time resolution is scanning at least every 30 min to be able to follow the cells 

as they will move and change their position. The maximum time resolution has to be 

found for every experimental system. The time resolution can also be changed during 

the time series if e.g. only later time points of an image sequence are of interest. 

 To monitor changes in both nuclear pore complex integrity and permeability a time 

resolution of ~5 min has been shown to result in sufficient informations from the image 

sequence and in low bleaching. The time resolution was optimised by reducing the scan 

events during autofocussing and image acquisition to be able to monitor a higher 

number of cells in one experiment. With the optimised settings, a time resolution of ~5 

min allows for imaging of 12-15 cells per experiment. 
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VI.3.3.3. Data evaluation 

The procedure for data evaluation was developed based on the public-domain Java-

based software ImageJ (http://rsb.info.nih.gov/ij/). For the different channels acquired 

(DNA, fluorescently tagged nucleoporin and fluorescent permeability marker) specific 

data evaluation procedures were designed which are described in more detail in the 

next sections. If several z-slices were acquired for one channel during image acquisition 

a time series containing one representative in-focus plane for each time point was 

selected and analysed.  

 

VI.3.3.3.1. Analysis of DNA condensation during apoptosis 

For the visualization of DNA in living cells the cell permeable stain Hoechst33342 was 

used. As a final event during the time course of apoptosis DNA condensation occurs. 

The condensation results in a higher local density of the DNA leading to an increasing 

fluorescent signal. To graphically visualize the time point of DNA condensation this 

increase in fluorescent signal was measured. To this end, an Image Segmentation 

Macro designed and kindly provided by Gwenael Rabut (EMBL, Heidelberg) was used. 

With the help of this macro the nuclear region was automatically selected according to 

grey value thresholds (approx. 20 and 255, respectively) after filtering the image via 

anisotropic diffusion [160] for a better object recognition. Subsequently, the mean 

intensity of the selected region was calculated using the original unfiltered image. The 

lower grey value threshold was chosen such that the nucleus but not the background 

was recognized by the macro. The same settings were suitable to detect the nuclear 

signal in all images over the complete time series. The higher grey value threshold was 

kept constant at the maximum value of 255. Based on these values the macro performs 

selection of the nucleus automatically over the time series and thus, the condensation 

status of the DNA can be visualized graphically over time. 

Calculated data from apoptotic cells were corrected for bleaching after determination of 

a bleaching rate with unstimulated control cells imaged with the same acquisition 

settings. 

The corrected mean grey values where plotted over time to visualize the point of DNA 

condensation during the time course of apoptosis. 
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VI.3.3.3.2. Analysis of the localization of fluorescently tagged nuclear pore 

complex proteins during apoptosis 

To follow the localization of fluorescently tagged nucleoporins over time, an analysis 

procedure similar to the measurement of DNA condensation was developed. As in the 

latter case, measurement of nucleoporin localization could only be performed 

quantitatively. A measurement of absolute quantities of fluorescent protein located at the 

nuclear envelope during the time course of apoptosis was not possible. This is due to 

the fact that the nucleus of cells undergoing apoptosis displays drastic morphological 

changes. The nucleus shrinks and the surrounding nuclear envelope convolves such 

that the intensity of the fluorescent signal increases locally. Because nuclear shrinking 

and deformation is no geometrically defined process it is not possible to correct for 

these convolutions during data evaluation.  

To evaluate nucleoporin localization at the nuclear envelope over time the Image 

Segmentation Macro was used again. The lower grey value was chosen such that only 

in-focus signals were automatically recognized. This is crucial because out of focus 

signals appear as diffuse signals. Recognition of these diffuse signals strongly 

influences the calculated mean grey value of the selected region yielding non-

representative data.  

Due to low laser intensities, bleaching was low and the same lower grey value threshold 

could be used for the whole time series minimizing the possibility of biased data analysis 

due to arbitrary selection of settings.  

If an apoptotic time course is recorded, the chosen settings result in only partial 

recognition of fluorescent signal at the end of the time series when the nucleus begins to 

shrink and a loss of fluorescence from the nuclear envelope can be observed. This is 

due to the fact that loss of fluorescence results in lower grey values which are not 

recognized by the Image Segmentation Macro because the lower grey value threshold 

was set to recognize no out of focus signals in the first images of the time series. 

Thus, regions of the nuclear envelope recognized at later time points correspond to 

regions with locally increased fluorescence signal due to deformation of the nucleus and 

convolution of the nuclear envelope. 

Nevertheless, reduction of fluorescence signal from the nuclear envelope which are 

visible by observing the imaging data by eye are also represented by the data evaluated 

by the described method in 80% of the cases. That a loss of fluorescence can be 

measured even at regions with increased fluorescence due to convolution of the nuclear 
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envelope supports the notion that the visually observed loss of fluorescence signal 

represents a real loss of fluorescent protein from the nuclear envelope. 

Calculated data from apoptotic cells were corrected for bleaching after determination of 

a bleaching rate with unstimulated control cells imaged with the same acquisition 

settings. 

Then, the corrected mean grey values from the original unfiltered images where plotted 

over time to visualize alterations of the localisation of fluorescent nuclear pore complex 

protein at the nuclear envelope during the time course of apoptosis. 

 

 

VI.3.3.3.3. Analysis of the localization of cytosolic fluorescent permeability 

markers during apoptosis 

The analysis of imaging data visualizing functional alterations of the nucleocytoplasmic 

barrier was developed with the help of fluorescent permeability markers located in the 

cytoplasm of healthy cells and entering the nucleus upon increasing nuclear envelope 

permeability. 

 To determine a bleaching rate during the imaging procedure, the cytoplasmic 

fluorescent signal was automatically selected using the Image Segmentation Macro (see 

also VI.3.3.3.2). The mean grey value of the original unfiltered image was calculated 

over time. The resulting bleaching rate was used to correct for bleaching of cells imaged 

with the same acquisition settings and stimulated to undergo apoptosis. 

To measure influx of 4xCherry into the nucleus of cells stimulated to undergo apoptosis 

the nuclear region was manually selected for each time point and the mean grey value 

of this region was calculated. Shrinking of the nucleus - as occurring at later time points 

of apoptosis - has been shown to have only a negligible influence on the calculated 

mean nuclear grey value [154]. 

The measured grey values are plotted over time to obtain a graph displaying diffusion of 

the permeability marker from the cytoplasm into the nucleus during the time course of 

apoptosis. 
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VI.3.4. Nup153-GFP is a marker for caspase-dependent degradation of nuclear 

pore complex proteins 

The fluorescently tagged nuclear pore complex proteins rnPOM121-3GFP, GFP-

hNup96 and hNup153-GFP have been characterized for their correct localization and 

caspase-dependent processing during apoptosis (VI.3.2). Because Nup153 is located at 

the nuclear periphery of the NPC and with a residence time of 30 sec – 13 min the most 

mobile of the three nucleoporins [67] it was chosen for further investigations.  

To investigate whether Nup153-GFP can serve as a marker protein for caspase-

dependent degradation of nuclear pore complex proteins imaging experiments were 

performed.  

Transiently transfected HeLa cells were stimulated with FasL to undergo apoptosis and 

the fluorescence Nup153-GFP signal at the nuclear envelope was followed over time. At 

the time point of DNA condensation also a loss of Nup153-GFP signal could be 

observed (Figure 55 A). In contrast no loss of nuclear envelope fluorescence was 

observed after imaging of the caspase non-cleavable mutant Nup153-D349N-GFP 

(Figure 55 B). Thus, loss of nuclear envelope fluorescence during apoptosis is due to 

caspase-dependent proteolysis of Nup153-GFP. Nup153-GFP herewith represents a 

marker for the caspase-dependent degradation of nuclear pore complex proteins. 
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Figure 55 Nup153-GFP as marker for caspase-dependent degradation 

HeLa cells were transiently transfected with (A) Nup153-GFP or (B) the caspase non-cleavable mutant 

Nup153-D349N-GFP. The cells were stimulated to undergo apoptosis with 7.5% FasL and Live Cell 

Imaging was performed. Data evaluation (see Figure 53) resulted in the presented graphs. Data are 

representative of 10 analysed cells for each case. Movies of representative cells can be found on the 

attached CD (Movie 3 for Nup153-GFP and Movie 4 for Nup153-D349N-GFP). 
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VI.3.5. Measuring alterations of functional NPC properties during apoptosis 

To visualize alterations in nuclear envelope permeability with Live Cell Imaging a 

suitable fluorescent marker had to be chosen. The alternatives were either loading cells 

with fluorescently labelled 70 kDa dextran or transfection of a plasmid encoding for a 

multimeric fluorescent protein of an adequate size.  

 

VI.3.5.1. 70 kDa Texas Red Dextran as permeability marker 

The advantage of dextrans as permeability markers is that they are water soluble and 

inert molecules of a defined globular size not interfering with intracellular structures. 

Loading of cells with 70 kDa fluorescent dextran can occur by various techniques. One 

is microinjection, which is a demanding technique needing special equipment, is time 

consuming and needs experimental expertise.  

 

As an alternative, the commercially available Influx Pinocytic Cell Loading Reagent 

(Invitrogen) for loading cells with water soluble materials was tested as a potential 

method to introduce the 70 kDa fluorescent dextran into cells. The uptake efficiency was 

excellent with 100% loaded cells without any signs of toxicity even after three days in 

culture. Also an exclusion of 70 kDa dextran from the nucleus was observed as 

expected. Nevertheless, a big disadvantage of the method was an aggregation of 

dextran into large cytoplasmic clumps which interfered with image acquisition (Figure 

56).  

 

Figure 56 70 kDa Texas Red Dextran forms aggregates after loading cells with Influx Pinocytic 

Cell Loading Reagent 

HeLa cells were loaded with 70 kDa Texas Red Dextran with the help of Influx Pinocytic Cell Loading 

Reagent and confocal images were taken. 
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Another technique to load cells with dextran is Bead Loading [132]. Although this 

method is effective and simple there are some disadvantages. Efficiency of Bead 

Loading is around 20%. The amount of loaded dextran varies a lot between cells and 

fluorescent background in the nucleus can be observed in a high percentage of cells. 

Nevertheless a convenient number of cells loaded with a suitable amount of dextran 

could be found. 

To obtain a convenient efficiency for the Bead Loading procedure a relatively high cell 

density is required. This results in problems with the autofocussing procedure as there 

are multiple cells per image. Nevertheless, this problem can be circumvented by using 

not the DNA signal for the autofocussing procedure but the dextran signal. Also data 

analysis is effected by the higher cell density because if multiple cells were imaged in 

one frame the region of interest in one single cell can not be selected automatically. 

Data analysis has thus to be performed by a time-consuming manual selection of the 

regions of interest needed for calculation of the mean grey values over time. 

Despite these problems loading cells with 70 kDa fluorescent dextran via Bead Loading 

has proven to be a feasible method for imaging of changes in nuclear envelope 

permeability. Movie 5 (on the attached CD) shows the invasion of Bead Loaded 70 kDa 

TexasRed dextran from the cytoplasm into the nucleus of a HeLa cell stimulated with 

0.5 µM STS. 

Nevertheless, when it comes to concomitant imaging of structural changes of the 

nuclear pore complex (by transfection of cells with pNup153-GFP) and of nuclear 

envelope permeability, Bead Loading is not the method of choice. Concomitant Bead 

Loading of dextran and DNA was not successful and a successive procedure resulted in 

too few cells displaying a reasonable expression of Nup153-GFP and a convenient 

amount of 70 kDa fluorescent dextran. 
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VI.3.5.2. The tetrameric fluorescent protein 4xCherry as permeability marker 

Because the use of 70 kDa fluorescent dextran as permeability marker was linked with 

experimental disadvantages (VI.3.5.1) it was attempted to design a suitable multimeric 

fluorescent protein as permeability marker. Due to its intensive fluorescent signal the red 

fluorescent protein Cherry [161] – a variant of the well characterized GFP protein - was 

chosen. Cloning of expression plasmids for multimeric Cherry proteins as well as their 

characterization by Western Blot analyses and Live Cell Imaging has been performed 

during the diploma thesis of Karin Schäuble in our group. 

As a result, a minimum of four Cherry proteins (4xCherry) with the molecular weight of 

106 kDa were needed to be excluded from the nucleus in healthy cells while smaller 

fusion proteins could still enter the nucleus (Figure 57). As the size exclusion limit of the 

nuclear pore complex (NPC) is 40-50 kDa, the molecular weight of 4xCherry is 

apparently high. Nevertheless, it has been observed before that not only the molecular 

weight but also the tertiary structure and hydrophobicity of a protein influence the ability 

to pass the NPC by diffusion [154]. 

 

 

2xCherry 3xCherry 4xCherry

Figure 57 A multimeric Cherry proteins as fluorescent permeability marker 

HeLa cells were transfected with expression constructs encoding for 2xCherry (53 kDa), 3xCherry (89.5 

kDa) or 4xCherry (106 kDa). Cells were fixed 24 hours after transfection and confocal images were taken. 

 

 

Importantly, 4xCherry is not proteolytically processed during apoptosis as proofed in 

Western Blot analyses (not shown) and thus a suitable marker for imaging of 

permeability changes during apoptosis.  
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To investigate alterations of the nucleocytoplasmic distribution of 4xCherry during 

apoptosis, Live Cell Imaging experiments were performed. The distribution of 4xCherry 

during the time course of apoptosis strongly depended on the apoptotic stimulus used. 

During STS-induced apoptosis a diffusion of 4xCherry from the cytoplasm into the nuclei 

was observed early in apoptosis clearly before DNA condensation (Figure 58 A). In 

contrast, invasion of 4xCherry into the nucleus after apoptosis induction with TRAIL was 

only observed at late time points concomitantly with DNA condensation (Figure 58 A). 

Comparable data as for TRAIL stimulation were obtained after apoptosis induction with 

FasL (not shown). Thus, activation of the intrinsic (STS) or extrinsic (TRAIL, FasL) 

apoptosis pathway were found to differ in regard to the time point of alterations in 

nuclear permeability. 
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Figure 58 4xCherry as marker for nuclear envelope permeability 

HeLa cells were transfected with p4xCherry and Live Cell Imaging was performed. The cells were 

stimulated to undergo apoptosis with either (A) 0.5 µM STS or (B) 300 ng/ml TRAIL. Data evaluation (see 

Figure 53) resulted in the presented graphs. Data are representative of at least 15 analysed cells for each 

case. A.U.: arbitrary units. Movies of representative cells can be found on the attached CD (Movie 6 for 

STS stimulation and Movie 7 for TRAIL stimulation). 
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VII. DISCUSSION 

Nucleocytoplasmic transport is a highly regulated process essential for the correct 

spatial distribution of many proteins. Nucleocytoplasmic transport occurs through 

nuclear pore complexes (NPCs) which are composed of multiple copies of ~30 different 

nucleoporins. Alterations of NPC properties have been observed upon various intrinsic 

and environmental challenges [1]. Also during apoptosis nucleocytoplasmic transport 

seems to be specifically controlled and is likely to represent an important control point 

[2, 103, 105].  

 

The aims of the present work can be structured into three main parts: 

(1) Contribute to the understanding of caspase-independent regulation of the 

nucleocytoplasmic barrier in apoptosis. 

(2) Investigate the influence of the pro-apoptotic protein Bcl-2 on the 

nucleocytoplasmic barrier. 

(3) Establish an experimental system based on confocal fluorescent live cell 

imaging which permits concomitant analysis of structural as well as functional 

alterations of NPC properties in apoptosis. 

 

 

VII.1. Caspase-independent regulation of the nucleocytoplasmic 

barrier in apoptosis 

 

Work from our and other groups showed that the nucleocytoplasmic barrier is influenced 

by caspase-dependent as well as caspase-independent mechanisms [103, 105, 158]. 

Caspase-dependent alterations of the nucleocytoplasmic barrier lead to a degradation of 

structurally and functionally important nucleoporins most likely accompanied by an 

inactivation of the nuclear pore complex (NPC) [105]. In contrast to caspase-dependent 

events, caspase-independent alterations of the nucleocytoplasmic barrier occurred at an 

early time point during the apoptotic process. Diffusion of the permeability marker 70 

kDa fluorescent dextran from the cytoplasm into the nucleus of apoptotically stimulated 

HeLa cells occurred before the characteristic morphological changes of the cells and 

could not be inhibited by the pan-caspase inhibitor zVAD [103]. 
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In order to identify the molecular factors underlying the caspase-independent regulation 

of the nucleocytoplasmic barrier during apoptosis, inhibitor studies using an in-vitro 

assay based on HeLa cell nuclei (Nuclear Permeability Assay, NPA, [3]) and S-20 

extracts isolated from Jurkat-T cells were performed (chapter VI.1). 

S-20 extracts were prepared from control or apoptotic Jurkat-T cells stimulated with 

FasL, a well characterized apoptosis inducer involved in homeostasis of the immune 

system [162]. To be able to analyse the previously observed caspase-independent 

effects occurring early in apoptosis, extracts were prepared from cultures containing not 

more than ~30% of apoptotic cells. These extracts have been shown to contain a 

biochemical activity leading to increased passive nuclear envelope permeability (Figure 

12, [3, 4]). 

To be able to perform a large scale study of the early apoptotic extracts, the Nuclear 

Permeability Assay was optimised and validated for the analysis of a large number of 

samples leading to highly representative results [4]. 

 

To characterize the biochemical activity in the apoptotic S-20 extracts prepared from 

Jurkat-T cells, inhibitor studies using the optimised Nuclear Permeability Assay were 

performed. The permeabilising biochemical activity in apoptotic S-20 extracts was 

proven to be different from caspases and cathepsins B, D and L by the use of specific 

inhibitors. In contrast, the serine protease inhibitor Pefablock was able to prevent 

invasion of 70 kDa fluorescent dextran into HeLa cell nuclei incubated with apoptotic S-

20 extract (Figure 20). This suggests a role in regulation of the nucleocytoplasmic 

barrier in apoptosis for an enzyme inhibitable by the general serine protease inhibitor 

Pefablock. Pefablock is known to irreversibly inhibit serine proteases, including trypsin, 

chymotrypsin, plasmin, plasma kallikrein and thrombin. The inhibition spectrum of 

Pefablock partly overlaps with TPCK and TLCK but was found to be a more potent 

inhibitor [163]. 

 

It has been shown earlier that besides caspases also serine proteases are activated in 

Jurkat-T cells during FasL induced apoptosis [164]. Blocking either serine protease or 

caspase activity in apoptotic extracts inhibited nuclear apoptosis in isolated nuclei in an 

in-vitro apoptotic system in that study. This observations support an essential role for 

serine proteases in FasL induced apoptosis. 
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An important regulatory role for serine proteases in apoptosis has also been shown in 

other cell lines and various apoptotic systems like DNA damage [143, 165-167], death 

receptor signalling [167, 168], ER stress [54], and staurosporine treatment [144]. 

Contradictory observations concerning the importance of serine protease activation 

have been made after applying the same apoptotic stimulus to different cell lines (e.g. 

[165, 168]).  

 

Serine proteases have been shown to act upstream, downstream or independently from 

the caspase-cascade [54, 143, 144, 165]. Similarly, their activation was placed either 

upstream, downstream (HtrA2/Omi, see below) or parallel to the mitochondrial pathway 

[54, 144, 166]. Studies in which caspases and serine proteases were inhibited 

demonstrated the existence of cross-talk between caspase-dependent and serine-

protease-dependent pathways [54, 165]. 

Thus, it has become clear that serine-protease-mediated cell death plays a crucial role 

in many apoptotic systems. Nevertheless, only few serine proteases implicated in 

apoptosis have been isolated and characterised to date. 

 

Serine proteases are classified into three main groups depending on their substrate 

specificity: chymotrypsin-like, trypsin-like and elastase-like serine proteases. In the 

following paragraphs the possible involvement of known apoptotic serine proteases in 

the regulation of the nucleocytoplasmic barrier is discussed. 

 

 

VII.1.1. HtrA2/OMI 

HtrA2/OMI is a serine protease containing a trypsin-like catalytic domain. It is located in 

the mitochondrial intermembrane space with an important role in mitochondrial 

homeostasis [169]. During apoptosis, it is released into the cytosol after mitochondrial 

membrane permeabilisation (MMP) and exerts its role as a pro-apoptotic protein. OMI 

promotes apoptosis on the one hand in a caspase-dependent fashion via its ability to 

antagonize the inactivation of caspases through their binding to IAPs (inhibitor of 

apoptosis proteins). On the other hand OMI promotes apoptosis in a caspase-

independent fashion via its protease activity [169-175]. 

Besides IAPs, OMI substrates identified so far are the anti-apoptotic proteins Ped/Pea15 

(inhibitor of DISC and stress kinase) [176] and HAX-1 (containing the Bcl-2 homology 
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domains BH1 and BH2) [177]. A recent proteomic study identified cytoskeletal proteins 

(actin, vimentin, tubulin) as well as proteins involved in protein translation as OMI 

targets [178]. 

As a regulatory mechanism of OMIs pro-apoptotic function, phosphorylation by Akt 

kinase has recently been proposed [179]. 

 

In yeast, the OMI homologue Nma11p is a nuclear serine protease with a crucial role in 

yeast apoptosis. It has been identified by a two-hybrid screen for interaction partners of 

the nuclear pore complex protein Nic96p (homologue to the mammalian Nup93) [180]. 

However, no interactions of mammalian OMI with nuclear pore complex proteins have 

been reported so far. Also, a database screen for nuclear pore complex proteins 

containing sequences homologues to a published preferred cleavage site of OMI [181] 

did not reveal any potential substrates (not shown). 

 

In this study, using Nuclear Permeability Assay (NPA) it was shown that S-20 extracts 

from apoptotic Jurkat-T cells contain a biochemical activity which influences passive 

nuclear envelope permeability and is inhibited by Pefablock (Figure 20). To investigate 

whether OMI is identical with this biochemical activity, the following set of experiments 

was performed. 

Firstly, it was shown that OMI is present in S-20 extracts from control as well as FasL 

treated Jurkat-T cells (Figure 23) and thus could represent the permeabilising activity. 

The presence of OMI also in control extract is most likely due to the freeze-thaw 

procedure performed during extract preparation which most likely leads to damage of 

mitochondrial membranes. 

Secondly, the ability of Pefablock to inhibit OMI activity was tested in an in-vitro activity 

assay. It was shown that OMI could not be inhibited even by high concentrations of 

Pefablock (Figure 24). Thus, OMI is not identical with the identified permeabilising 

activity in apoptotic S-20 extracts. 

 

Nevertheless, recombinant OMI was shown to have an impact on passive nuclear 

envelope permeability when incubated with HeLa cell nuclei in the NPA (Figure 25). 

Because HeLa cell nuclei are stable only in the presence of cytosol but not in buffer 

only, recombinant OMI has been added to control extracts from Jurkat-T cells. Thus, it is 

possible that OMI influences nuclear permeability directly (but differently from the effect 
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observed in apoptotic S-20 extracts), or indirectly through activation or inactivation of 

other proteins present in the control extracts. 

 

Interestingly, incubation of recombinant OMI with isolated Jurkat cell nuclei and 

subsequent western blot analysis revealed a fragment of ~90 kDa immunoreactive to 

mAb414 (Figure 26). The origin of this fragment is not known yet, however the fragment 

is not identical to the proteolytic products obtained after degradation of nucleoporins by 

caspase-3. This observation suggests that OMI may modulate NPC properties. The 

precise nature and the consequences of this modulation are subject of further 

investigations. 

 

 

VII.1.2. Chymotrypsin-like serine proteases 

To investigate whether the permeabilising activity in S-20 extracts from apoptotic Jurkat-

T cells could be a chymotrypsin-like serine protease, the FLISP (Fluorescent Inhibitor of 

Serine Proteases) compound FFCK [142, 143] was used to measure chymotrypsin-like 

serine protease activity. Indeed a small but apparent increase in chymotrypsin-like 

serine protease activity could be observed (Figure 22).  

Using FFCK other groups successfully identified a 16 kDa and a ~60 kDa chymotrypsin-

like serine protease which had been activated after treatment of HL-60 cells with STS or 

TNFα, respectively [143, 144]. However, these proteins have not been further 

characterized yet. 

 

In this study the non-fluorescent FFCK analogue TPCK was not successful in inhibiting 

the permeabilising activity in apoptotic S-20 extracts in the NPA. This indicates that the 

involvement of chymotrypsin-like proteases in the alteration of the nucleocytoplasmic 

barrier is not likely. 

 

VII.1.3. Ca2+-regulated nuclear scaffold associated serine protease (CRP) 

Ca2+-regulated nuclear scaffold associated serine protease (CRP) has been shown to 

be involved in apoptosis [182]. CRP is associated with the nuclear matrix (and the 

endoplasmic reticulum [183]) and activated in nuclear preparations incubated with 

Ca2+/Mg2+-containing buffers. Its activation leads to chromatin condensation and 

degradation [184-186]. As calmodulin agonists inhibit CRP, its regulation by calmodulin 
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or calmodulin-like factors has been suggested [187]. CRP has a chymotrypsin-like 

serine protease activity that can be inhibited by DCI or the peptide inhibitor AAPF [185, 

188] and it is implicated in the cleavage of lamins [185, 188] during apoptosis. 

 

The effect of Pefablock on CRP activity has not been tested yet. CRP is thus a possible 

candidate protease for the biochemical activity increasing nuclear envelope permeability 

in apoptotic S-20 extracts. There are two possibilities how CRP could be activated. 

Either increased Ca2+-levels in the apoptotic S-20 extracts could lead to activation of 

CRP in HeLa cell nuclei, or the apoptotic extracts may already contain activated CRP 

released from Jurkat nuclei during extract preparation. 

 

 

VII.1.4. 24 kDa apoptotic protease AP24 

24 kDa apoptotic protease (AP24) is a cytosolic serine protease with elastase-like 

activity that is activated during TNFα- or UV-light induced apoptosis [167]. It is present 

in complex with the protease inhibiter LEI (leukocyte elastase inhibitor), a precursor of 

the endonuclease L-DNase II. During apoptosis, LEI is cleaved by AP24 and is thus 

transformed into L-DNase II inducing nuclear DNA fragmentation [189]. The couple 

AP24/L-DNAse II provides an example for protease mediated activation of a DNase 

similar to the ICAD/CAD complex where the DNase CAD (caspase activated DNAse) is 

released after cleavage of ICAD (inhibitor of CAD) by caspases. Activation of AP24 has 

been shown to require sphingomyelin and calcium/calmodulin-dependent kinase [190, 

191]. 

 

AP24 can be inhibited by the serine protease inhibitors TPCK and DK120 at low doses, 

but not by e.g. PMSF and TLCK [167]. Whether Pefablock has an inhibitory effect on 

AP24 is not known. However, PMSF is a serine protease inhibitor with an inhibition 

spectrum overlapping with Pefablock [163] which partly excludes AP24 as a possible 

candidate protease for the modulation of nuclear permeability. As, in addition, TPCK 

had not been successful in inhibiting the permeabilising activity in apoptotic S-20 

extracts in the NPA it is not likely that AP24 is the serine protease inhibited by 

Pefablock. 
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VII.1.5. Bin1 

Bin1 (Bridging Integrator-1) is a tumor suppressor protein that is often missing or 

functionally inactivated in human cancer [192-194]. Different tissue specific splice 

isoforms exist, one of which is a nuclear protein interacting with c-Myc and inhibiting c-

Myc induced malignancy [195]. Bin1 activates a caspase-independent death pathway 

not involving mitochondrial death signalling and independent from p53 [196]. 

Interestingly, Bin1 mediated cell death can be inhibited by Pefablock [196, 197]. 

In contrast to its inhibitory effect on Bin1-mediated cell death, Pefablock rather 

aggravates FasL induced apoptosis in HeLa and Jurkat cells (own observations). This 

was also shown for STS induced apoptosis in HepG2 cells [196]. Thus, Bin1 induced 

apoptosis most likely proceeds through another pathway than the investigated FasL 

system used in this study. 
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VII.2. Alteration of the nucleocytoplasmic barrier by Bcl-2  

 

It was hypothesized before that one aspect of the anti-apoptotic function of Bcl-2 might 

be the regulation of nuclear transport [2]. This hypothesis was based on the facts that 

Bcl-2 is localized not only at the mitochondria and the ER but also at the NE [112-114, 

198], that it inhibits apoptosis induced translocation of e.g. p53 and glutathione [199-

201], and that it is able to inhibit apoptosis via the intrinsic pathway independently of 

caspases and the apoptosome [202-204].  

 

Investigations in this study showed that Bcl-2 overexpression leads to an increase in 

basal nuclear envelope permeability if it is targeted to the endoplasmic reticulum (ER) 

and/or nuclear envelope (NE). This result was confirmed in two different human 

carcinoma cell lines stably expressing either mouse or human Bcl-2. Three independent 

methods were applied to measure passive nuclear envelope permeability: Nuclear 

Permeability Assay, Bead Loading of 70 kDa fluorescent dextran and transfection of the 

permeability marker 4xCherry (multimeric red fluorescent protein). All of them showed 

that Bcl-2 overexpression increases nuclear envelope permeability. 

To exclude that these results were caused by the stably expressed exogenous Bcl-2 

also transient transfection experiments were performed. Again Bcl-2 overexpression 

lead to an increase in nuclear envelope permeability, as assessed by co-transfection 

with the permeability marker 4xCherry. Transfection experiments with differently 

targeted Bcl-2 constructs revealed, that Bcl-2 has to be localized at the ER and/or NE to 

influence the nucleocytoplasmic barrier. Bcl-2 localized solely to the mitochondria did 

not lead to an increase in nuclear envelope permeability. 
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VII.2.1. How does Bcl-2 influence the nucleocytoplasmic barrier? 

VII.2.1.1. Potential pore forming by Bcl-2 

A rather speculative mechanism of how Bcl-2 could influence transport of proteins 

across membranes has been suggested in earlier studies. Bcl-2 shares homology 

domains with the diphtheria toxin membrane-translocation domain and the pore forming 

domains of colicins [reviewed in 130]. Further in-vitro experiments with lipid bilayers 

showed that Bcl-2, Bcl-XL and Bax are indeed able to form pores. However, it is not 

clear if pore-formation also occurs in-vivo. 

Potential pores formed by Bcl-2 have been speculated to be either involved in regulation 

of ion balances or to directly mediate protein transport [205]. The latter hypothesis is 

based on the mechanism that diphtheria toxin uses to enter a host cell [206]. The 

diphtheria toxin consists of two parts : fragment A (21 kDa) possessing ADP-ribosylation 

activity and fragment B (37 kDa), containing transmembrane and receptor binding 

domains.  

The toxin enters the cell through receptor-mediated endocytosis. Due to the shift to 

acidic pH in endosomes, fragment B undergoes conformational changes and forms a 

channel in the endosomal membrane. Fragment A can pass through this channel and 

interferes with protein synthesis of the host cell through ADP-ribosylation of elongation 

factor 2. Thus, Bcl-2 could potentially mediate transit of proteins through membranes by 

formation of similar channels. However, diphtheria toxin fragment A is a relatively small 

21 kDa protein. It is not clear if the diffusion of much larger proteins and permeability 

markers as observed in Bcl-2 overexpressing cells (106 kDa 4xCherry and 70 kDa 

fluorescent dextran) would be possible through such channels. Another argument 

against the hypothesis that formation of channels by Bcl-2 multimerization would 

mediate nuclear permeability is the fact that Bcl-2 localization has only be observed at 

the outer nuclear envelope so far [112-114, 198]. To allow for diffusion of proteins 

across the nuclear envelope two lipid bilayers, the outer and the inner nuclear 

membrane, would have to be spanned by channels formed by Bcl-2. Thus, it is more 

likely that Bcl-2 influences nuclear envelope permeability by another mechanism, e.g. by 

modulation of NPC properties.  
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VII.2.1.2. Modulation of nuclear pore complex (NPC) properties by Bcl-2 

 

VII.2.1.2.1. Interaction of Bcl-2 with nuclear pore complex proteins 

Another possibility how Bcl-2 could influence nucleocytoplasmic transport is through 

direct interaction with the NPC. This hypothesis is based on the observation that Bcl-2 

localizes to the outer nuclear membrane and is already known to interact with other 

proteins [112-114, 135, 198]. Immunofluorescent stainings of Bcl-2 overexpressing cells 

reveals a signal at the nuclear envelope reminiscent of NPC stainings (Figure 28, Figure 

29 C). However, no localization at the NPC or interactions with nuclear pore complex 

proteins (nucleoporins) have been shown to date. To investigate whether Bcl-2 binds to 

nucleoporins, co-immunoprecipitation experiments were performed in this study (chapter 

VI.2.6). For the lysis procedure, mild conditions (0.2% NP-40, 143 mM KCl, pH 7.5) 

were chosen to retain protein-protein interactions. Use of a non-ionic detergent was 

necessary to isolate the membrane anchored Bcl-2. However, non-ionic detergents 

have been shown to promote rather than disrupt complex formation between Bcl-2 

family members [207] which is advantageous for the purpose of identification of protein 

interactions. Protein complexes with intermediate binding affinity as e.g. Bcl-2 and Bax 

have been recovered successfully by this procedure [135, 208]. 

 

Although the interaction of Bcl-2 and Bax could be reproduced in this project no 

interactions with the FG-repeat nucleoporins Nup358(RanBP2), Nup214, Nup153 and 

Nup62 were found (Figure 41). Nevertheless, interactions might have been missed due 

to their transient nature or to low affinity binding between Bcl-2 and these nucleoporins. 

To overcome this problem, crosslinking of proteins prior to solubilization in detergent 

containing buffer (e.g. with dithiobis(succinimidylpropionate)) could be performed in 

future experiments. Of course also other nucleoporins than the above mentioned could 

interact with Bcl-2 but due to limited availability of antibodies only a subset of them was 

analysed. 
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VII.2.1.2.2. Does regulation of ER/NE calcium stores by Bcl-2 mediate structural 

and functional alterations of the NPC? 

Bcl-2 overexpression could also influence NPC permeability indirectly, for example by 

modulation of calcium levels in the ER and the continuous nuclear envelope (NE). 

An influence of changes in calcium concentrations on NPC topology and function has 

been shown in several studies [e.g. 209, 210-217]. Alterations were observed after 

addition of external calcium to isolated nuclei or after depletion of ER/NE stores by 

chemical effectors. However, the observed effects are often contradictory and the role of 

calcium in regulation of nuclear transport has not been clarified yet [reviewed in 218]. In 

the following section evidences for the influence of calcium on NPC properties as well 

as the potential of Bcl-2 to regulate ER/NE calcium levels are discussed. 

 

Recent studies applying atomic force microscopy (AFM) on isolated nuclear envelopes 

from Xenopus laevis oocytes have shown that depletion of NE calcium by antagonists of 

the inositol 1,4,5-trisphosphate (IP3)- as well as the ryanodine (Ry) –receptors leads to a 

dose dependent dilation of the average NPC radius as well as protrusion of the so called 

central mass located in the center of the NPC [214, 218]. The identity of this central 

mass (or central plug) has not been clarified yet and is speculated to be either cargo in 

transit or an integral part of the NPC.  

Additionally, Paulillo et al. [219] have shown in Xenopus oocytes, that high salt buffers, 

depletion of lumenal calcium stores and ATP-depletion lead to distinct changes in the 

spatial distribution of the FG-repeat domains of the nucleoporins Nup153 and Nup214. 

Nup153 and Nup214 are located at the nucleoplasmic and cytoplasmic side of the NPC, 

respectively, and possess long FG-repeat regions of about 200 nm [220] which can 

traverse the complete length of the NPC [62, 79-81]. The above mentioned treatments 

resulted in a significant reduction of FG-repeats that span the NPC from the 

nucleoplasm to the cytoplasm or vice versa. Such changes in NPC topology that impair 

accessibility of FG-repeat sites have been speculated to influence nuclear transport 

[219, 221]. 

Mediation of calcium signals to the NPC has been suggested to occur through one of 

the three integral membrane proteins that anchor the NPC into the NE, namely gp210 

(glycoprotein 210). This is due to the fact that gp210 contains sequences homologues to 

a calcium binding domain, the conserved EF-hand motif, extending into the cisternal 

regions of the NE [222, 223]. An earlier study showed that binding of an antibody to a 
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lumenal region of gp210 interfered with active nuclear transport and passive diffusion 

[224] strongly supporting a role of gp210 in regulation of nuclear pore complex function 

mediated by its lumenal region.  

 

Lumenal calcium concentrations in the ER/NE have been shown to be strongly 

influenced by overexpression of Bcl-2 or deletion of Bax/Bak [reviewed in 124, 126]. 

Both result in a depletion of the steady state lumenal calcium concentration most 

probably due to an increased Ca2+-leakage out of the ER/NE. This leads to an impaired 

calcium release into the cytosol after apoptotic stimulation and thus exerts a protective 

effect. The mechanism how Bcl-2 and Bax/Bak regulate calcium levels has not been 

clarified yet. But regulation of calcium levels as well as the respective pro- and anti-

apoptotic features were shown to be independent of the potential pore forming abilities 

mentioned above [225].  

Although it seems to be largely accepted that Bcl-2 overexpression leads to a decrease 

of lumenal calcium concentrations there are also controversial reports claiming even an 

increase of lumenal calcium due to Bcl-2 expression [discussed in 125]. 

 

One proposed mechanism how Bcl-2 could regulate lumenal calcium concentrations is 

through interaction with an endogenous calcium release channel of the ER/NE, the IP3-

receptor (IP3R) [reviewed in 126]. There is experimental evidence that Bcl-2 controls 

phosphorylation of type I IP3R by direct interaction. The interaction induces 

phosphorylation of the IP3R and an increased calcium flux. Binding of Bcl-2 to IP3R is 

competed by binding of Bax/Bak to Bcl-2. This fits well with observed decreased calcium 

levels in Bcl-2 overexpressing as well as Bax/Bak knock out cells. In agreement, siRNA 

mediated silencing of type I IP3R could reverse low calcium levels in the ER in Bax/Bak 

knock-out cells [226]. Similarly a direct interaction of the anti-apoptotic Bcl-2-family 

member Bcl-XL and IP3R was shown in another study  resulting in increased sensitivity 

to IP3R agonists which could both be prevented by Bax [227]. The ability of Bcl-2 to 

regulate IP3Rs has been linked to the phosphorylation status of Bcl-2 itself [228]. A 

nonphosphorylatable mutant of Bcl-2 was found to increase the calcium leak from the 

ER and have an augmented anti-apoptotic activity.  

However, contradictory data exist showing that interaction of IP3R with Bcl-2 does not 

lead to a leakage of calcium from the ER/NE but to an inhibition of IP3R mediated 
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calcium release [229]. This is in agreement with the observation that inhibition or 

deletion of IP3Rs protects from apoptotic stimuli [reviewed in 230]. 

Nevertheless, both inhibition as well as activation of IP3R by Bcl-2 would lead to an 

impaired calcium release and a subsequent impaired response to many apoptotic 

stimuli. 

Evidence for an important role of Bcl-2 mediated regulation of IP3R dependent calcium 

release is also given in a study showing that Bcl-2 alters calcium oscillations triggered 

by IP3R agonists [231]. 

 

As a direct interaction partner of Bcl-2 at the ER the sarcoplasmic/endoplasmic calcium-

ATPase SERCA has been identified. Direct interaction with Bcl-2 with SERCA1 and 

SERCA2 isoforms was shown by co-immunoprecipitation [232-234]. Interaction with 

SERCA2 is possibly mediated by a 52 kDa protein which was also present in the 

immune complex. Interaction of Bcl-2 with SERCA1 was found to inhibit SERCA1 

activity. Binding to SERCA1 and its inactivation were independent of the 

transmembrane domain of Bcl-2 although its presence accelerated SERCA1 inactivation 

[233, 234]. These observations are in line with the described decrease in ER/NE-

calcium content upon Bcl-2 overexpression. However, also in this case, controversial 

data exist. In other studies SERCA2 activity was not affected by Bcl-2 overexpression 

although a depletion of ER/NE calcium was observed [126 and references therein]. 

These differences could depend on properties of the tissue specific splice variants of 

SERCA. While the SERCA1 isoform is only expressed in fast-twitch skeletal muscle 

cells, the SERCA2 isoforms SERCA2a and SERCA2b are found either in slow-twitch 

heart muscle (SERCA2a) or, as a houskeeping isoform, in most cell types (SERCA2b). 

SERCA1 and SERCA2 display differences e.g. in their affinity for calcium and their 

maximal pumping rate. Thus, SERCA1 might be more susceptible to inactivation by Bcl-

2 which was found to depend on the molar ratio of Bcl-2/SERCA1 and the time of 

incubation [234].  

 

In summary, calcium levels in the ER/NE are somehow regulated by Bcl-2 family 

members and this regulation might occur through interaction of Bcl-2 with IP3Rs and 

SERCA. The protective effect of Bcl-2 overexpression seems to result from an 

impairment of calcium release from the ER presumably due to reduction of the 
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releasable calcium pool. Control of calcium homeostasis thus plays an important role in 

the mediation of pro- and anti-apoptotic signaling [124, 126, 218, 230]. 

 

The fact that overexpression of Bcl-2 has an impact on lumenal calcium concentrations 

of the ER/NE and that these modulations again have an impact on NPC structure and 

function lead to the hypothesis that the observed increased nuclear envelope 

permeability in Bcl-2 overexpressing cells might be mediated by calcium.  

The following experimental setup was devised to test this hypothesis. If Bcl-2 induced 

calcium depletion of the ER would be responsible for the observed increase in passive 

nuclear permeability, depletion of calcium stores by chemical effectors should also result 

in increased NE permeability. In analogy, restoring ER/NE calcium levels in Bcl-2 

overexpressing cells by transfection with the ATP-dependent calcium pump SERCA 

should reverse the effect of increased nuclear permeability.  

HeLa cells treated with the cell permeable SERCA inhibitor thapsigargin [235] showed 

indeed an increase in nuclear permeability as assessed by transfection of the 

permeability marker 4xCherry. Interestingly, although thapsigargin is known to block 

SERCA dependent calcium influx in the ER within ~5min [e.g. 152] this increase in 

nuclear permeability was only observed after a prolonged incubation of 16 hours. As an 

increase in nuclear permeability has also been observed during apoptosis [105], it was 

confirmed that no apoptosis induction had occurred after 16 hours treatment with 

thapsigargin (Figure 42). In preliminary experiments cells depleted of ER/NE calcium 

stores by 100 µM ATP also showed an increased permeability (again only after 16 h 

treatment) while 5 µM ionomycin had no effect on nuclear permeability (not shown). 

Thus, increase in nuclear permeability seems to be mediated by calcium channels but 

becomes apparent on a rather long time scale as compared to a transient calcium 

depletion.  

These results are in line with preliminary data obtained using Nuclear Permeability 

Assay (NPA). While incubation of semi-permeabilised HeLa cells with of S20 extracts 

from control Jurkat cells supplemented with 1 µM external calcium resulted in increased 

nuclear permeability, depletion of the ER/NE calcium content by thapsigargin or 

ionomycin had no effect (not shown). As the incubation period during NPA is only 15 

min at room temperature this is comparable to the above mentioned short term 

incubation of intact cells with thapsigargin where no effect on nuclear permeability could 

be observed. 
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In favor of the hypothesis described above, transient transfection of Hela K bcl-2 cells 

with SERCA2 lead to a significant reduction of nuclear permeability for 4xCherry (Figure 

43). Overexpression of SERCA had been shown before to restore ER/NE calcium in 

Bcl-2 overexpressing cells [128, 152]. However, further investigations are necessary to 

prove the hypothesis that Bcl-2 could regulate NPC properties via modulation of the 

calcium content of the ER/NE. Especially, in light of the controversial reports discussed 

above, a detailed analysis of the experimental system used here will be necessary. This 

includes investigations about the actual ER/NE calcium content in the stably transfected 

cell lines examined and the potential inhibitory effect of Bcl-2 on SERCA and/or IP3R. 

 

VII.2.1.3. Modulation of nuclear transport by interaction of Bcl-2 with other 

proteins 

Modulation of nuclear transport by Bcl-2 could also occur indirectly through interaction 

with other proteins. So far, in addition to interaction partners from the Bcl-2 protein 

family, other binding partners have been identified mostly by using in vitro methods but 

only few of them could be verified in vivo. Among the identified binding partners are 

(apart from SERCA and IP3R which are discussed above): 

 

� c-Raf-1, a protein kinase involved in the MAP-kinase pathway [236-238] 

� R-Ras, a protein implicated in cell adhesion and apoptosis [239-241] 

� Calcineurin, a serine/threonine protein phosphatase regulating NF-AT 

transcription factor activity and transducing calcium signals e.g. to calmodulin 

dependent kinase II (CaMK II) and thus to the MAP-kinase pathway [242] 

� Apaf-1 and the Caenorhabditis elegans homologue CED-4 (controversial) [243 

and references therein]  

� BAG-1, a ubiquitin-like Hsp70/Hsc90 modulating protein enhancing pro-survival 

signaling of Bcl-2 [244, 245] 

� Prp, the cellular prion protein [246, 247] 

� the transcription factor p53 [reviewed in 101] 

� 53BP2, a p53-binding protein [248-250] 

 

Most of the Bcl-2 interacting proteins are involved either in death or growth signaling 

pathways but none has been linked to modulation of nuclear transport properties so far.  
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VII.2.2. Bcl-2 and nucleocytoplasmic transport in apoptosis 

It has been found before that the anti-apoptotic Bcl-2 protein can influence the 

localization of proteins implicated in regulation of apoptosis. For example Bcl-2 

overexpression inhibits the apoptosis induced nuclear import of p53 [199, 200] and the 

redistribution of glutathion (GSH) from the nucleus to the cytoplasm, both playing an 

important role in the cytoprotective effect exerted by Bcl-2 [201].  

Additionally, it has been shown that the nuclear translocation of granzyme B and the 

associated apoptotic changes of DNA are inhibited by Bcl-2 overexpression [146].  

However, how Bcl-2 influences the subcellular localization of these proteins has not 

been elucidated yet.  

 

In contrast to the described inhibitory effect of Bcl-2 on nucleocytoplasmic transport, in 

this study an increase in nuclear permeability due to Bcl-2 expression has been 

observed. In some apoptosis models a similar increase of passive nuclear permeability 

occurred early before onset of final apoptotic events as e.g. DNA condensation and 

blebbing ([103], chapter VI.3.5.2). In the same model system also a redistribution of 

factors important for active nucleocytoplasmic transport (e.g. Importin β, NTF2 and the 

small GTPase Ran) was apparent. Nuclear transport factors are relatively small proteins 

(97 kDa for Importin β [150] and 15 kDa for NTF2 [151]) and thus it is not clear whether 

their localization is altered due to the simultaneously occurring increase in nuclear 

permeability or to another regulatory mechanism.  

To answer the question whether an increase in nuclear permeability is sufficient for the 

redistribution of transport factors, immunocytochemical staining of Bcl-2 overexpressing 

cells for NTF2 and Importin β was performed (Figure 39). In healthy Bcl-2 

overexpressing cells the localization of these transport factors was cytoplasmic as in 

control cells. This had been expected because active nuclear transport is crucial for the 

survival of the cell and the homogeneous distribution of transport factors most likely 

leads to an impaired active transport machinery. Upon treatment with apoptotic agents 

as STS or ActD, a redistribution to the nucleus occurred also in Bcl-2 overexpressing 

and control cell lines. 

Thus, the redistribution of transport factors in apoptosis is not induced alone by increase 

of nuclear permeability but also other regulatory mechanisms seem to be involved in this 

process. Furthermore, the anti-apoptotic function of Bcl-2 seems to act downstream of 

the redistribution of transport factors. 
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In summary, Bcl-2 influences nucleocytoplasmic transport on the one hand through 

direct or indirect inhibition of active transport of apoptosis-related proteins as described 

in the literature (see above). On the other hand, Bcl-2 alters the nuclear permeability 

barrier and in this way increases the probability for nucleocytoplasmic diffusion of freely 

diffusing proteins. 
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VII.3. Visualization and characterization of structural and functional 

alterations of the nuclear pore complex (NPC) 

 

Alterations of NPC structural and functional properties has been found in various cellular 

systems and upon diverse intrinsic and environmental challenges to the cell [reviewed in 

1]. Also in apoptosis, alterations of the nucleocytoplasmic barrier have been observed 

consisting of caspase-independent changes of the nuclear permeability barrier and 

caspase-dependent degradation of nucleoporins suggesting a biphasic mechanism of 

alterations of NPC properties [103]. In light of the finding that a variety of apoptotic 

signaling and execution proteins need to enter or exit the nucleus to exert their function 

these alterations might represent an important part of apoptotic pathways [2]. 

In the present study, a live cell imaging method was established which allows for 

concomitant visualization of alterations in NPC permeability and degradation of 

nucleoporins (chapter VI.3). Applying this method further investigations concerning the 

relevance of alterations of the nucleocytoplasmic barrier in apoptotic signaling and 

execution pathways will be possible. 

 

During the development of this method different cellular systems were tested: NRK 

(normal rat kidney) cells already stably expressing fluorescently tagged nucleoporins 

and HeLa cells transiently transfected with the corresponding DNA constructs. Different 

fluorescently tagged nucleoporins were analysed for their ability to serve as a marker for 

caspase-dependent degradation of nucleoporins. Furthermore, several alternatives for a 

fluorescent permeability marker suitable for live cell imaging were tested. Development 

of live cell imaging and data evaluation procedures completed the setup of this method. 

 

 

VII.3.1. Cell death and degradation of Nuclear Pore Complex proteins in NRK 

(normal rat kidney) cells 

Some controversy exists concerning the degradation of nucleoporins in cell lines from 

rat and human origin. It was shown in a comprehensive study from our group that out of 

~30 nucleoporins identified to date only seven are processed in a caspase-dependent 

manner in HeLa cells [105]. Among them are (1) Nup96 and Nup93 as components of 

the NPC central framework, (2) Nup153, Nup50 and Tpr as components of the NPC 

nuclear basket and (3) Nup358 (RanBP2) and Nup214, two nucleoporins located at the 

  143



 DISCUSSION 

cytoplasmic filaments of the NPC. Independently from the apoptotic stimulus (etoposide 

or TRAIL) Nup96 and Nup93 were always the first to be processed. In contrast, no 

cleavage of nuclear envelope anchored POM121 was observed in HeLa cells despite 

the use of several antibodies recognizing different epitopes. 

 

In different cell lines from rat origin, a different scenario of NPC degradation was found 

[156, 251, 252]. During STS induced apoptosis POM121 (and presumably also 

Nup358/RanBP2) were the first nucleoporins to be degraded followed by Nup153. 

Nup62, a component of the central framework, was found to remain stable during 

apoptosis. As in HeLa cells apoptosis induced cleavage of nucleoporins was caspase-

dependent. 

Interestingly POM121 degradation by caspases occurred at an early time point in STS-

induced apoptosis [156]. It was cleaved before apoptotic DNA condensation became 

clearly visible and prior to redistribution of plasma membrane phosphatidylserine, which 

serves as a signal for phagocytotic elimination of apoptotic cells [252]. It was found that 

at approximately the same time active nuclear transport was impaired judged by nuclear 

import of an NLS-GFP construct. When exogenously expressed in HeLa cells, 

degradation of rnPOM121 (rattus norvegicus POM121) was also visible. The fate of 

other nucleoporins from rat origin during apoptosis has not been investigated so far. 

 

An early degradation of POM121 could not be confirmed by live cell imaging of NRK 

cells stably transfected with rnPOM121-3GFP. Loss of fluorescence from the nuclear 

envelope was observed at a late timepoint and clearly after the onset of DNA 

condensation (Figure 44). Western Blot data showed that rnPOM121-3GFP as well as 

the endogenous POM121 are not processed at all in stably transfected NRK cells 

(Figure 46). Thus, the loss of fluorescence during live cell imaging reflects rather a total 

disintegration of the nuclear envelope than cleavage of POM121. In contrast to the 

stably transfected cells, a cleavage of endogenous POM121 was observed in NRK 

wildtype cells. 

An additional fragment migrating at ~100 kDa was found in STS and STS+zVAD treated 

NRK cells (in wildtype and stably transfected cells) (Figure 46). This immunoreactive 

fragment could reflect proteolysis of POM121 by a protease different from caspases. 

However, as immunodetection was performed with an unpurified serum, this fragment 

could also be due to unspecific cross-reactivity of the antibodies. 
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In analogy to rnPOM121 analysed in NRK wildtype cells, rnPOM121-3GFP was 

processed by caspases when transiently transfected into HeLa cells (Figure 51).  

 

A similar scenario was found for the processing of Nup93 in NRK cells. Western Blot 

analyses of NRK cells stably transfected with hNup93-3GFP showed that endogenous 

Nup93 was processed dependent on caspase-activity while the exogenous hNup93-

3GFP was not (Figure 47). Inhibition of cleavage of the endogenous Nup93 by zVAD 

proved that caspases were active which should have resulted also in cleavage of the 

exogenous protein. 

 

In summary, the data obtained in this work are in accordance to the work of Hallberg 

and co-workers [156, 251]. POM121 from rat origin is processed by caspases in NRK 

wildtype cells and transiently transfected in HeLa cells. 

As human POM121 has been clearly shown to remain intact during apoptosis in HeLa 

cells [105], different mechanism of apoptotic dismantling of NPCs can be proposed. 

While in rat cells POM121 is among the first targets for caspases, Nup93 and Nup96 are 

the first nucleoporins degraded in human cells. These differences might also be due to 

diverse apoptotic pathways. Although degradation of nucleoporins is due to caspases in 

both cell types, cell death in NRK cells was found to be caspase-independent (chapter 

VI.3.1.3) while inhibition of caspase activity in HeLa cells abolished execution of 

apoptosis (e.g. Figure 52, [105]). 

 

It can be concluded that NRK cells undergo caspase-independent cell death, that rat 

and human cells seem to use different strategies to dismantle NPCs and that 

fluorescently tagged POM121-3GFP as well as Nup93-GFP stably transfected in NRK 

cells are no further degraded by caspases.  

 

 

  145



 DISCUSSION 

VII.3.2. Visualization of apoptosis-induced alterations of the nucleocytoplasmic 

barrier in HeLa cells 

VII.3.2.1. A fluorescent reporter for caspase-dependent degradation of 

nucleoporins in apoptosis 

As NRK cells stably transfected with fluorescently tagged nucleoporins were not well 

suited to study the apoptotic dismantling of the NPC, the apoptosis-induced degradation 

of transiently transfected nucleoporins in HeLa cells was analysed. 

 

As Nup93 and Nup96 are the first nucleoporins cleaved by caspases [105] they were 

tested for their potential as fluorescent reporter molecules. Because transfection of 

hNup93-3GFP was found to be too toxic to the cells, the degradation of hGFP-Nup96, 

also a component of the NPC central framework, was further investigated. hGFP-Nup96 

was found to be degraded by caspases as expected (Figure 52). Nevertheless, only a 

small percentage of exogenous protein was cleaved in comparison to the endogenous 

Nup96. This observation was in agreement with results of live cell imaging experiments. 

Only in some apoptotic cells a loss of fluorescent intensity from the nuclear envelope 

was observed while in others the fluorescent signal remained stable throughout the 

apoptotic process (not shown). 

 

In contrast, degradation of a hNup153-GFP fusion protein in apoptotic cells was 

accompanied by a loss of fluorescence from the nuclear envelope at the same time as 

nuclear shrinking and DNA condensation occurs (Figure 55 A). That this loss of 

fluorescence was due to caspase-cleavage was proven by a mutant protein in which the 

potential cleavage sequence for caspase-3 [103] had been abolished (hNup153-D349N-

GFP). Concomitantly, no apoptosis-induced loss of fluorescence from the nuclear 

envelope was observed (Figure 55 B). Western Blot analyses of this non-cleavable 

mutant revealed a second proteolytic fragment of ~145 kDa in size (Figure 53) that had 

also been observed before in a minor fraction with the wild type protein (own 

observations, and see e.g. [105]). Appearance of this fragment was inhibited by addition 

of zVAD and thus depended on caspase-activity. Comparison of this data with earlier 

data of our group showed that proteolysis of Nup153 by caspase-8 yielded a similar 

fragment [103]. The potential cleavage-site for caspase-8 was predicted to be NITD89 

using the software tool GraBCas V1.0 [253]. In accordance with the western blot data 

from this and earlier studies [103, 105] cleavage at NITD89 would result in two fragments 
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of 10 and 143 kDa. As loss of fluorescence from the nuclear envelope in apoptosis is 

not observed with hNup153-D349N-GFP this potential cleavage by caspase-8 is not 

sufficient to abolish anchorage of the protein to the NPC. Thus, the region important for 

stable attachment of Nup153 to the NPC would be aa 89-348 at the N-terminus. This in 

agreement with data from the group of Brian Burke mapping aa 39-339 as the essential 

region for incorporation of Nup153 into the NPC [254].  

The fact that Nup153-D349N-GFP remains at the NE despite caspase activation may 

reflect that caspase-cleavage of components of the central framework of the NPC, 

namely Nup93 and Nup96, has no impact on the localization of Nup153. 

 

In summary, hNup153-GFP was shown to be a suitable fluorescent marker for 

apoptosis-induced degradation of Nup153 by caspase-3. 

 

VII.3.2.2. A fluorescent marker for changes in passive nuclear permeability during 

apoptosis 

To follow changes in nuclear permeability during apoptosis a fluorescent permeability 

marker was needed. As fluorescently labelled dextran molecules did not give 

satisfactory results (chapter VI.3.5) a multimeric fluorescent protein marker was 

constructed. A tetrameric red fluorescent Cherry protein (4xCherry) was found to be 

completely excluded from the nucleus while shorter multimers were still able to pass the 

nucleocytoplasmic barrier (Figure 57).  

Live cell imaging experiments in HeLa cells showed that 4xCherry is able to diffuse into 

the nucleus during apoptosis. The time point of entry into the nucleus was found to be 

dependent on the apoptotic stimulus applied (Figure 58). During TRAIL-induced 

apoptosis 4xCherry entered the nucleus only at a late time point, concomitantly with 

DNA condensation and nuclear shrinkage. In contrast, during STS-induced apoptosis 

invasion of 4xCherry was found to occur clearly before DNA condensation at an early 

time point in the apoptotic time course. These results are in accordance with data from 

STS treated HeLa cells which had been microinjected or bead loaded with 70 kDa 

fluorescent dextran (Movie 5 on the attached CD,[103]). 

The facts that data obtained with 4xCherry and 70 kDa fluorescent dextran are 

comparable and that no degradation fragments of 4xCherry were observed in different 

apoptosis models (STS and receptor-mediated) proves that 4xCherry is a suitable 

marker for the study of nuclear permeability changes in apoptosis. 
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VII.4. Relevance of alterations of the nucleocytoplasmic barrier in 

apoptosis 

In eucaryotic cells, the nucleus and the cytoplasm are separated by the NE. Transport 

across this barrier is crucial for survival of the cell and occurs through NPCs spanning 

the NE. NPCs are not only huge macromolecular complexes forming channels through 

the NE allowing for passive and active transport. There is increasing evidence that 

components of the NPC itself might be essential regulators of nucleocytoplasmic 

transport and thus may be directly implicated in regulation of a variety of different 

transport pathways [reviewed in 1]. NPC properties have been found to be modulated 

depending on intrinsic and environmental challenges e.g. in response to cytokines, to 

second messengers like calcium (see VII.2.1.2.2) and during cell division. Depending on 

the tissue examined and the developmental status different splice variants as well as 

differences in expression levels of nucleoporins have been observed. In the budding 

yeast Saccharomyces cerevisiae, even NPCs located in the NE of one single cell 

displayed variances in nucleoporin composition depending on whether the NPCs were 

located near the nucleolus [255]. These variances have been speculated to present a 

mechanism to facilitate export of ribosomes through these NPCs [1]. Composition, 

structure and transport properties of NPCs thus are variable and adapted to the 

physiological needs of cells. 

 

Alterations of nucleocytoplasmic transport as well as selective degradation of 

nucleoporins were also observed in various models of cellular demise. 

During viral infection with members of the picornavirus family, for example, Nup153 and 

Nup62 were found to be targets for degradation resulting in selective inhibition of 

nuclear import but not export [reviewed in 256]. It was speculated that this selective 

inhibition of transport might avoid a host immune response while allowing for cellular 

activities necessary for viral proliferation. In yeast, oxidative stress was found to lead to 

Pep4p (a cathepsin D homolog) mediated degradation of nucleoporins. However, an 

increase in NPC permeability was observed already before degradation of its 

components arguing for a selective modulation of transport properties during oxidative 

stress [257]. Such a biphasic mechanism consisting first of an alteration of functional 

properties of the NPC and later on of a degradation of distinct nucleoporins was 

observed also during excitotocixity in rat cerebellar granule neurons (D. Bano and P. 

Nicotera, personal communication).  
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Similarly, a biphasic mechanism has been observed during apoptosis in STS-treated 

HeLa cells ([103] and Figure 58). Early in the apoptotic time course 70 kDa fluorescent 

dextran, which is normally excluded from nuclei of healthy cells, was found to equilibrate 

between cytoplasm and nucleus. Concomitantly, the distinct spatial localization of 

factors involved in active nuclear transport as e.g. Ran, Importin α and Importin β was 

altered and nuclear accumulation of mRNA occurred. At a later time point during 

apoptotic execution seven out of the ~30 nucleoporins were selectively degraded by 

caspases [105]. Inhibition of caspases abolished cleavage of nucleoporins but not the 

early increase in nuclear permeability or the redistribution of transport factors [103]. It is 

likely that this redistribution is accompanied by an impairment of the transport machinery 

but there is no experimental evidence to date. Furthermore, it is not clear how exactly 

NPC properties are altered to allow for an increased nuclear permeability. Using an in-

vitro assay, this study provides first evidence for a role of serine proteases in regulation 

of an apoptosis induced increase in nuclear permeability (chapter VI.1.3). 

 

Whether redistribution of transport factors during apoptosis simply occurs by diffusion 

through NPCs with increased permeability is also not clarified yet. Although the above 

mentioned transport factors would be small enough to diffuse through a dilated NPC, 

data in this study obtained with Bcl-2 overexpressing HeLa cells speak against this 

hypothesis (chapter VI.2.5). Although Bcl-2 expressing HeLa cells displayed a basal 

increase in nuclear permeability the distribution of transport factors was not altered in 

these cells. Furthermore, although Bcl-2 protected the cells from apoptosis it did not 

inhibit the apoptosis-induced redistribution of nuclear transport factors (chapter VII.2.2). 

Thus, it is likely that the localization of transport factors in apoptosis is altered by other 

mechanisms. In addition, the anti-apoptotic function of Bcl-2 can be placed downstream 

of the redistribution of transport factors. 

 

What is the relevance of functional alterations of the nucleocytoplasmic barrier in 

apoptosis? Inhibition of nucleocytoplasmic trafficking was shown to delay apoptosis 

induced by microinjection of caspase-3, AIF or FasL in earlier studies [28, 258, 259]. In 

line with these data, shuttling between the cytoplasm and the nucleus was found to be 

necessary for the function of a variety of proteins implicated in signaling as well as 

execution of apoptosis [reviewed in 2, 260]. Thus, alterations of nucleocytoplasmic 
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transport might in turn influence apoptotic signaling and execution. The nature of these 

alterations and their regulation is not clear to date. To understand the relevance of 

alterations of the nucleocytoplasmic transport machinery, further insight into their nature 

and in the mechanisms of NPC-mediated transport regulation will be necessary. In 

particular, the importance of degradation-independent alterations of nucleocytoplasmic 

transport is of interest as these may represent crucial aspects in early signaling events 

and execution of apoptosis. 

 

Changes in nucleocytoplasmic transport seem to vary dependent on the apoptotic 

stimulus and the cell type examined (see e.g. chapter VII.3.1). This is not surprising, 

considering the diversity of pathways and mediators that have been shown to be 

involved in the different model systems of apoptosis (see e.g chapters. VII.1 and III.2). 

During TRAIL induced apoptosis in HeLa cells, for example, the nuclear diffusion barrier 

breaks down concomitant to nuclear pore complex degradation by caspases while in 

STS-induced apoptosis alteration of nuclear permeability occurs much earlier (chapter 

VI.3.5.2). The question arises whether the nucleocytoplasmic barrier is affected in one 

apoptotic system but not in others and what role these alterations play. This leads again 

to the hypothesis that apoptotic alterations of nucleocytoplasmic transport occur in a 

regulated manner and fulfill a specific function. 

 

Is an increase in nuclear permeability an event that supports apoptosis or does it play a 

protective role? And what is the consequence of the redistribution of transport factors? 

As a concentration gradient of Ran, Importin α and Importin β is necessary for active 

transport [reviewed in 73, 74] it is likely that the redistribution of transport factors would 

lead to its impairment. Inhibition of active nuclear import would impair translocation of 

pro-apoptotic factors that are actively imported into the nucleus as e.g. AIF [261] or 

DEDD [262]. This would lead to a delay in apoptotic execution and rather promote 

survival. On the other hand active nuclear transport has been shown to be functional in 

different apoptotic systems [263, 264]. In some cases also inhibition of nuclear transport 

has been shown to promote cell death [265]. Thus, as discussed above, the relevance 

of alterations of nucleocytoplasmic transport seems to depend on the apoptotic system 

analysed and exert either a pro- or anti-apoptotic effect. It might also be possible that 

different and also yet unknown transport systems exist and only selective pathways are 

altered depending on the apoptotic model system. 
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An increase in nuclear permeability is likely to have a huge impact on passive diffusion 

through the nuclear pore complex. As shown by an early study, small alterations in NPC 

diameter would lead to largely augmented diffusion rates. For example, a 1 nm change 

in pore radius would change the halftime of nucleocytoplasmic equilibration more than 

1000fold for larger proteins (radius > 3,1 nm) [266]. Whether the early increase in 

nuclear permeability as observed in STS-treated HeLa cells has a rather pro- or anti-

apoptotic effect is not clear. It will be necessary to investigate if and which factors 

traverse the nucleocytoplasmic barrier due to the increase in the exclusion limit of the 

NPC to understand the importance of this alteration.  

Intriguingly, Bcl-2 overexpressing cells display a basal increase in nuclear permeability. 

As Bcl-2 has an anti-apoptotic effect this would argue for a protective role of increases 

in nuclear permeability during apoptosis. In contrast to this mode of facilitated 

nucleocytoplasmic exchange, it was shown that Bcl-2 inhibits apoptosis-induced nuclear 

translocation of p53, glutathione and granzyme B [146, 199-201]. Thus, these proteins 

seem to be retained in the cytoplasm directly or indirectly by other Bcl-2-dependent 

mechanisms.  

 

A representative example for the importance of protein exchange regulated by alteration 

of the nuclear diffusion barrier is the disassembly of the NPC during mitosis. Again, this 

is a biphasic event consisting of an initial partial disassembly of the NPC accompanied 

by an increase in the diffusion limit and a subsequent nuclear envelope breakdown [see 

154 and references therein]. Due to breakdown of the nucleocytoplasmic barrier, 

regulatory proteins essential for the execution of mitosis gain access to their targets. 

Nuclear microtubule regulators, for example, induce formation of the mitotic spindle. 

Completion of mitotic chromosome condensation is only possible after interaction with 

the condensin I complex which is located in the cytosol during interphase. Thus, 

deregulation of the spatial separation of regulator and effector molecules in mitosis 

presents a “point-of-no-return” ultimately leading to completion of mitosis. 
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VIII. PERSPECTIVES 

 

VIII.1. Caspase-independent regulation of the nucleocytoplasmic 

barrier in apoptosis 

 

A serine protease that can be inhibited by Pefablock has been found to have an impact 

on the nucleocytoplasmic barrier in apoptosis.  

This serine protease is not identical with the mitochondrial serine protease OMI because 

OMI can not be inhibited by Pefablock. Nevertheless, OMI was found to alter nuclear 

permeability when added to S-20 extracts from control Jurkat cells using NPA. 

Additionally, a degradation fragment was detected when OMI was incubated with 

purified nuclei.  

Determination of the origin of this degradation fragment would contribute to the 

understanding of how OMI influences NPC properties. This could be achieved by 

immunoprecipitation of the fragment and subsequent protein sequencing. 

Furthermore, it would be interesting to test if OMI activates another serine protease 

already present in control extracts or in the HeLa cell nuclei used in the NPA. Addition of 

OMI and Pefablock to the reaction would answer this question. 

To investigate the role of OMI on nuclear permeability in vivo, an siRNA based approach 

could be used. Knock-down of OMI by siRNA has been shown to confer resistance to 

various apoptotic stimuli in a number of different cell lines [174, 267, 268]. If OMI would 

directly or indirectly mediate the increase in nuclear permeability e.g. after apoptosis-

induction with STS, this increase would be abolished in OMI-depleted cells. 
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VIII.2. Alteration of the nucleocytoplasmic barrier by Bcl-2 

 

A basal increase in passive nuclear permeability due to overexpression of Bcl-2 in HeLa 

cells was observed in this study. To gain further insight into the mechanism of alteration 

of NPC properties by Bcl-2 further investigations are necessary. 

To clarify if Bcl-2 could mediate changes in NPC properties through direct interaction 

with nucleoporins we are currently investigating whether Bcl-2 is located at NPCs by 

electron microscopy. Additionally, a Bcl-2 mutant located solely to the NE but not to the 

ER is constructed by replacing its transmembrane domain by the KASH domain of 

Nesprin-2 (in analogy to an NE-targeted GFP protein constructed by Crisp et al. [269]). 

With the help of this construct it will be investigated whether NE localization of Bcl-2 is 

sufficient to alter nuclear permeability or if additionally, its localization at the ER is 

necessary. 

 

A further question to be addressed concerns the possibility that Bcl-2 alters NPC 

properties via alterations of ER/NE-calcium-contents. To this end Bcl-2 overexpressing 

HeLa cells should be stably transfected with SERCA2, which has been found to reverse 

the increase in nuclear permeability. Calcium measurements should help to find out, if 

the calcium concentration is indeed decreased in Bcl-2 overexpressing cells and if this 

decrease can be reversed by SERCA2. If this is the case, AFM studies should be 

performed in these cell lines to visualize NPC structures and link them to their different 

functional states.  

Furthermore it would then be interesting to see if calcium is modulated by Bcl-2 through 

interaction with and/or alteration of IP3R- or SERCA-function. To this end 

immunoprecipitation studies and activity measurements should be performed. These 

analyses are of special importance in view of the controversial data concerning the 

subject of Bcl-2 and calcium regulation. 
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VIII.3. Apoptosis-induced alterations of the nucleocytoplasmic 

barrier: future perspectives 

 

A confocal microscopy time lapse procedure to visualize functional and structural 

changes of the NPC during the time course of apoptosis was established in the present 

work. The method allows to directly correlate apoptosis-induced alterations in nuclear 

permeability, degradation of nucleoporins, and condensation of DNA in single living 

cells. Special image analysis tools for the representation and evaluation of the data 

were developed. 

 

Results obtained so far revealed that alterations of NPC permeability occur early in the 

apoptotic time course after apoptosis-induction with the general kinase inhibitor STS 

and late (concomitant with DNA condensation) after activation of the extrinsic apoptosis 

pathway by TRAIL. Caspase-dependent degradation of nucleoporins occurred at a late 

stage in both apoptosis models. 

The imaging method established here opens the door to a comprehensive 

characterization of the regulation of nucleocytoplasmic transport in cell death.  

 

Based on the results obtained in this study the following questions should be addressed 

in the future: 

 

1) Is an early or late increase in nuclear permeability a characteristic feature of 

intrinsic or extrinsic apoptosis pathways, respectively? 

The data obtained from cells stimulated with STS or TRAIL should be validated by 

examining further apoptosis models of intrinsic and extrinsic pathways. 

 

2) Is an increase in nuclear permeability during apoptosis correlated with an 

impairment of active nuclear transport? 

The imaging of different fluorescently labeled transport receptors and/or specific 

fluorescent reporters for active transport will show, if and at what time point specific 

transport pathways are altered during apoptosis. 
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3) Is an increase in nuclear permeability during apoptosis associated with the loss of 

specific nucleoporins from the NPC? 

Imaging of a variety of fluorescently tagged nucleoporins would answer this 

question. A loss of specific nucleoporins from the NPC during apoptosis would be 

in analogy to the observed nucleoporin loss and increased permeability during 

mitosis in A. nidulans [98]. In this context, a detailed analysis of apoptosis-induced 

posttranslational modifications of nucleoporins would be of value, as these are 

known to occur during mitosis and to influence specific transport pathways [96, 97]. 

 

4) What is the impact of Bcl-2 on the regulation of the nucleocytoplasmic barrier 

during apoptosis? 

A comparison of results obtained from the above mentioned experiments with 

corresponding data from Bcl-2 overexpressing Hela cells would show if and which 

transport pathways are affected by Bcl-2. Apoptosis-induced translocation of 

several proteins was found to be inhibited in Bcl-2 overexpressing cells [199, 201]. 

Additionally, they were found to display an increased nuclear permeability (this 

study). These experiments could lead to a further insight into the cytoprotective 

mechanisms of Bcl-2. 

 

5) Are alterations of the nucleocytoplasmic barrier in apoptosis downstream or 

upstream of the translocation of apoptosis-related proteins? 

The experimental system could be exploited to further investigate the translocation 

of apoptosis-related proteins as for example AIF or p53 (Table 2), and to correlate 

them with increased nuclear permeability, nucleoporin degradation, and DNA 

condensation. 

 

6) Do variations in calcium-levels play a role in apoptosis-induced alterations of the 

nuclear permeability barrier? 

Concomitant visualization of alterations in nuclear permeability and variations in 

calcium levels during apoptosis would help to further characterize a possible link 

between calcium, calcium regulated proteins and nuclear transport. Again results 

from these experiments could be compared to results obtained from Bcl-2 

expressing HeLa cells, which have altered basal ER/NE calcium levels ([126], see 

also chapter VII.2.1.2.2). 
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X. APPENDIX 

X.1. Abbreviations 

[Ca]ER calcium concentration in the  

endoplasmic reticulum 

QVD N-(2-quinoly)valyl-aspartyl-(2,6-

difluorophenoxy)methylketone 

ActD actinomycin D RT room temperature 

afc aminotrifluoromethylcoumarine STS staurosporine 

AIF apoptosis-inducing factor Tris tris(hydroxmethyl)aminomethane

Apaf apoptotic protease activating factor zVAD z-Val-Ala-DL-Asp-

fluoromethylketone 

ATP adenosine triphosphate   

CAD caspase-activated DNAse   

CHX Cycloheximide   

DEVD Asp-Glu-Val-Asp   

DMEM Dulbecco´s modified Eagle medium   

DNA desoxyribonucleic acid   

DNAse  deoxyribonuclease   

DTT dithiothretiol   

EDTA ethylendiamin tetraacetic acid   

EGTA ethylenglycol-bis(β-aminoethyl-ether)- 

tetraacetic acid 

  

EndoG endonuclease G   

ER endoplasmic reticulum   

FasL Fas-ligand (CD95-ligand)   

FCS fetal calf serum   

hbcl-2 human bcl-2   

HEPES hydroxyethyl-piperazylsulfonic acid   

IAP inhibitor of apoptosis protein   

ICAD inhibitor of CAD   

kDa kilo Dalton   

mbcl-2 murine bcl-2   

NPA Nuclear Permeability Assay   

NPC nuclear pore complex   

Nup nucleoporin, nuclear pore complex protein   

PAGE polyacrylamide gel electrophoresis   

PARP poly(ADP-ribose)polymerase   

PBS phosphate buffered saline   

PCR polymerase chain reaction   

PMSF phenylmethylsulfonylfluoride   
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