
The Structure and Composition of the Yeast NPC
Caterina Strambio-de-Castillia and Michael P. Rout

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
2 Overview of the Yeast NPC Structure  . . . . . . . . . . . . . . . . . . . . . . . . 2
3 Yeast Nucleoporins: What’s NUP, What’s Not  . . . . . . . . . . . . . . . . . . 4

3.1 General Characteristics of Yeast Nucleoporins  . . . . . . . . . . . . . 4
3.1.1 FG Nucleoporins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
3.1.2 Non-FG Nucleoporins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
3.1.3 Pore Membrane Proteins . . . . . . . . . . . . . . . . . . . . . . . . . . 7

3.2 Other Conserved Domains Among Yeast Nucleoporins  . . . . . . 7
4 The Yeast NPC as a Dynamic Structure  . . . . . . . . . . . . . . . . . . . . . . 8

4.1 Alterations of NPC Structure 
During Nucleocytoplasmic Transport  . . . . . . . . . . . . . . . . . . . . 8

4.2 NPC Biogenesis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
4.3 Movement of Yeast NPCs in the NE  . . . . . . . . . . . . . . . . . . . . . . 10
4.4 Regulation of Nucleocytoplasmic Transport 

During the Cell Cycle  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
5 Putting It All Together: The Internal Organization 

of the Yeast NPC  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
5.1 Architectural Organization of Nucleoporins  . . . . . . . . . . . . . . . 10
5.2 Interactions Between Nucleoporins  . . . . . . . . . . . . . . . . . . . . . . 12

6 Functional Environment of the Yeast NPC:
The Interactions with Its Neighbors  . . . . . . . . . . . . . . . . . . . . . . . . . 14

7 Mechanism of Nucleocytoplasmic Transport  . . . . . . . . . . . . . . . . . . 16
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

The Vertebrate Nuclear Pore Complex: From Structure to Function
Birthe Fahrenkrog and Ueli Aebi

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
2 Toward the Three-Dimensional Architecture 

of the Nuclear Pore Complex  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 26
3 Molecular Constituents of the Nuclear Pore Complex:

The Nucleoporins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29
4 What Is the Functional Significance 

of the Multiple Locations of Nucleoporins?  . . . . . . . . . . . . . . . . . . . 35

Contents



5 From Nuclear Pore Complex Structure 
to Nucleocytoplasmic Transport  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

6 Concluding Remarks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

How Ran Is Regulated
F. Ralf Bischoff, Klaus Scheffzek, and Herwig Ponstingl

1 Ran Belongs to the Superfamily of Ras-Related Proteins . . . . . . . . . 49
2 Ran . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
3 Stimulation of Guanine Nucleotide Exchange by RanGEF . . . . . . . . 52
4 Induction of the Ran GTPase by RanGAP  . . . . . . . . . . . . . . . . . . . . 53
5 Role of Ran in Protein Import  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
6 Effects of Importin-b-Related Proteins on the Activities of Ran  . . . 55
7 Recycling of Exported Import Factors by RanBP1/RanBP2 . . . . . . . 56
8 Export of Macromolecules from the Nucleus  . . . . . . . . . . . . . . . . . . 58
9 Role of RanBP3 in Exportin-1-Mediated Export  . . . . . . . . . . . . . . . 59

10 Import of Ran into the Nucleus  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 60
11 Mog1 Induces Release of GTP from Ran  . . . . . . . . . . . . . . . . . . . . . 60
12 RanGTP in Mitosis  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61

Exportin-Mediated Nuclear Export of Proteins 
and Ribonucleoproteins
Maarten Fornerod and Mutsuhito Ohno

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 67
2 Ran Is King  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
3 Exportins  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
4 CRM1/Exportin-1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70

4.1 Leptomycin B and CRM1  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
4.2 Leucine-Rich Nuclear Export Signals . . . . . . . . . . . . . . . . . . . . . 72
4.3 Regulation of Leucine-Rich Nuclear Export Signals  . . . . . . . . . 72
4.4 Three-Dimensional Structure 

of the Nuclear Export Signal  . . . . . . . . . . . . . . . . . . . . . . . . . . . 74
4.5 Non-Consensus Nuclear Export Signals . . . . . . . . . . . . . . . . . . . 74
4.6 Export of RanBP1 and RanGAP  . . . . . . . . . . . . . . . . . . . . . . . . . 75
4.7 NES and RanGTP Interaction Domains in CRM1  . . . . . . . . . . . 76
4.8 Additional Soluble Factors That May Be Required 

for NES Export  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
5 Exportin-Mediated Export of Ribonucleoproteins  . . . . . . . . . . . . . . 77

5.1 Nuclear Export of U snRNAs  . . . . . . . . . . . . . . . . . . . . . . . . . . . 78
5.2 Nuclear Export of 5S rRNA  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 80
5.3 Is CRM1 an Export Factor for mRNAs?  . . . . . . . . . . . . . . . . . . . 80

6 Exportin-4  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

X Contents



7 Msn5/Exportin-5  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81
8 Interaction of Exportins with the Nuclear Pore Complex  . . . . . . . . 82
9 Perspectives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

Structures of Importins
Elena Conti

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93
2 NLS Recognition: Association with a  . . . . . . . . . . . . . . . . . . . . . . . . 95
3 Cargo Binding to the Receptor:

Importin-b-Binding Association with b  . . . . . . . . . . . . . . . . . . . . . . 100
4 Cargo Release: RanGTP Binding to b and b2  . . . . . . . . . . . . . . . . . . 103
5 Nuclear Pore Complex Docking  . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108
6 From Static Snapshots to a Dynamic Picture  . . . . . . . . . . . . . . . . . . 110
Addendum . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Nuclear Export of tRNA
George Simos, Helge Großhans, and Ed Hurt

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 115
2 tRNA Processing: Preparation to Exit the Nucleus?  . . . . . . . . . . . . . 117
3 A Distinct Pathway for the Nuclear Export 

of Mature tRNA  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 118
4 Identification of Los1p/Xpo-t 

as a Nuclear Export Receptor for tRNA  . . . . . . . . . . . . . . . . . . . . . . 119
5 Structural Requirements for the Xpo-t/tRNA Interaction:

A Proofreading Mechanism?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 122
6 An Alternative Nuclear tRNA Export Pathway and the Role 

of Aminoacylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 123
7 Nuclear tRNA Export as a Regulatory Mechanism?  . . . . . . . . . . . . . 126
8 Concluding Remarks  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 127
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 128

Nuclear Export of Messenger RNA
Elisa Izaurralde

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 133
2 RAE1/Gle2p and TAP/Mex67p May Function 

as Nuclear Export Receptors for mRNA  . . . . . . . . . . . . . . . . . . . . . . 134
2.1 Role of hRAE1/Gle2p in mRNP Nuclear Export  . . . . . . . . . . . . 135
2.2 TAP and Mex67p Belong to the Conserved Family 

of Nuclear Export Factor Proteins  . . . . . . . . . . . . . . . . . . . . . . . 136
2.2.1 NXF Proteins Act as Heterodimers  . . . . . . . . . . . . . . . . . . 137

Contents XI



2.2.2 Interaction of NXF Proteins with the NPC . . . . . . . . . . . . 138
2.2.3 Binding of NXF Proteins to mRNPs  . . . . . . . . . . . . . . . . . 139

3 Role of hnRNP-Like Proteins in mRNA Export  . . . . . . . . . . . . . . . . 141
3.1 hnRNP-Like Proteins May Recruit NXFs 

to mRNP Complexes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 141
4 Export of Spliced and Unspliced mRNAs  . . . . . . . . . . . . . . . . . . . . . 142
5 Disassembly of Export Complexes and Recycling 

of Export Factors: The Role of Dbp5  . . . . . . . . . . . . . . . . . . . . . . . . 143
5.1 The Terminal Step of the mRNP Export Process May Occur 

at the Cytoplasmic Fibrils of the NPC  . . . . . . . . . . . . . . . . . . . . 144
6 Perspectives  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 145
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 146

Using Retroviruses To Study the Nuclear Export of mRNA
Bryan R. Cullen

1 Nuclear mRNA Export and the Retroviral Life Cycle  . . . . . . . . . . . . 151
2 Crm1-Dependent Retroviral mRNA Export  . . . . . . . . . . . . . . . . . . . 152

2.1 The Human Immunodeficiency Virus Rev Protein  . . . . . . . . . . 152
2.2 The Human T-Cell Leukemia Virus Rex Protein  . . . . . . . . . . . . 158
2.3 The Human Endogenous Retrovirus K K-Rev Protein  . . . . . . . 159

3 Tap-Dependent Retroviral mRNA Export . . . . . . . . . . . . . . . . . . . . . 160
4 Other Retroviruses, Other Pathways?  . . . . . . . . . . . . . . . . . . . . . . . . 163
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 164

Regulated Nuclear Transport
Christoph Schüller and Helmut Ruis

1 Introduction  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 169
2 Protein Kinases  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170

2.1 MAP Kinases: Control of Nuclear Concentration 
by Dual Phosphorylation, by Nuclear Retention 
and by Regulated Export  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 171
2.1.1 MAP Kinases Require Dual Phosphorylation 

for Nuclear Accumulation  . . . . . . . . . . . . . . . . . . . . . . . . . 171
2.1.2 MAPK Nuclear Import and Export Are Active 

Processes  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 172
2.1.3 Nuclear Export Requires MAPK Activity 

and Is Correlated with MAPK Dephosphorylation  . . . . . 173
2.1.4 Retention Contributes to Nuclear Accumulation  . . . . . . . 173
2.1.5 Summary  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174

2.2 Protein Kinase A  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 174
2.2.1 Mammalian PKA: Extranuclear Anchoring, Diffusion 

to the Nucleus, and Active Nuclear Export  . . . . . . . . . . . . 174
2.2.2 Budding Yeast PKA: Nuclear in Rapidly Growing Cells,

Nucleocytoplasmic in Slowly or Non-Growing Cells  . . . . 175

XII Contents



3 Transcription Factors  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 176
3.1 Swi5: Regulated Nuclear Import and Nuclear Degradation . . . 176
3.2 Pho4: Switch-Like Regulation of a Shuttling Protein 

by Phosphorylation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
3.3 Mig1 and Msn2/4: Variations of the Pho4 Theme?  . . . . . . . . . 178
3.4 NF-kB: Control by NLS Masking 

and Piggyback Nuclear Export  . . . . . . . . . . . . . . . . . . . . . . . . . 179
3.5 p53: NES Masking by Homotetramerization Versus 

Synergistic Effects on Export by Heterodimer Formation?  . . . 179
3.6 NF-AT: NLS Masking by Phosphorylation and Nuclear 

Export Control by Exportin–Phosphatase Competition  . . . . . 180
3.7 Yap1: Modification by Oxidation as an Alternative 

to Phosphorylation?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
3.8 HIF1: Hypoxia Control of an NLS 

and of an Overlapping Activation Domain  . . . . . . . . . . . . . . . 181
3.9 Cyclin B1: Piggyback Nuclear Uptake and an NES 

Overlapping with a Cytoplasmic Retention Signal . . . . . . . . . . 182
3.10 Wnt Signaling to the Nucleus 

by Preventing b-Catenin Degradation  . . . . . . . . . . . . . . . . . . . 182
3.11 Notch: Release of a Soluble Transcription Factor 

by Proteolytic Cleavage of a Transmembrane Protein  . . . . . . . 183
3.12 Light Regulation in Plants: Light-Induced Nuclear 

Localization of a Photoreceptor and Light Activated 
Nuclear Export of a Repressor  . . . . . . . . . . . . . . . . . . . . . . . . . 183

3.13 Glucocorticoid Receptor (GR): Control of Nuclear Import 
by Dissociation of a Complex with HSP – or Shuttling 
of a GR–HSP Complex?  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184

4 Stress Regulation of Nuclear mRNA Export  . . . . . . . . . . . . . . . . . . . 184
5 Some General Conclusions  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 184
References  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185

Subject Index  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191

Contents XIII



http://www.springer.com/978-3-540-42368-3


