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List	  of	  abbreviations	  used	  in	  this	  work	  (selection)	  

A280   absorbance at λ = 280 nm 
ATP   adenosine 5'-triphosphate 
ADP   adenosine 5'-diphosphate 
BHK cells  baby hamster kidney cells 
BIB domain  beta-like import receptor-binding domain of  ribosomal protein L23 
cAMP   3', 5'-cyclic adenosine monophosphate 
CAS   cellular apoptosis susceptibility (= Exportin 2) 
cNLS   classical NLS (Impα/β-dependent), nuclear localization signal 
C-terminus  carboxy-terminus 
CRINEPT  cross-correlated relaxation-enhanced polarization 
CRM1   chromosomal region maintenance 1 (= Exportin 1/ Xpo1p) 
Cse1p   chromosome segregation 1 (yeast ortholog of CAS) 
DFP   diisopropylfluorophosphate 
dsRNA   double-stranded RNA 
DTT   dithiothreitol 
eIF   eukaryotic translation initiation factor 
E. coli   Escherichia coli 
EDTA   ethylenediaminetetraacetic acid 
ES cell   embryonic stem cell 
Exp   exportin 
FG repeat  phenylalanine/glycine repeat 
FP   fluorescence polarization 
GAP   GTPase-activating protein 
Gd(DTPA-BMA) Gadolinium-(III)- diethylenetriamine pentaacetic acid bismethylamide 
G protein  see GNBP 
GDP   guanosine 5'-diphosphate 
GFP   green fluorescent protein 
GNBP   guanine nucleotide-binding protein 
GppNHp  5'-guanylyl imidodiphosphate (a non-hydrolyzable GTP analog) 
GST   glutathione S-transferase 
GTP   guanosine 5'-triphosphate 
GTPase   GTP hydrolase 
HEAT repeat  class of protein repeats (huntingtin, elongation factor 3, the PR65/A subunit of protein 

phosphatase 2A (PP2A), lipid kinase TOR) 
HEPES   4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 
HIV   human immunodeficiency virus 
HMG   high-mobility group 
hnRNP   heterogeneous nuclear ribonucleoprotein 
HPLC   high performance liquid chromatography 
H. sapiens  Homo sapiens 
HSQC   heteronuclear single-quantum coherence 
HMQC   heteronuclear multiple-quantum coherence 
IBB domain  Impβ-binding domain of Impα (compare to "sIBB") 
IgG   immunoglobulin G 
Imp   importin 
ITPG   isopropyl-β-D-thiogalactopyranoside 
Kap   karyopherin (see also "NTR") 
LB   Luria-Bertani (lysogeny broth, medium) 
LMB   leptomycin B 
Kd   dissociation constant 
kDa   kilodalton 
MBP   maltose-binding protein 
m3G   2,2,7-trimethyl guanosine (cap) 
m7G   7-methyl guanosine ("5' cap") 
mCherry  monomeric Cherry (a red-fluorescent protein) 
MDa   megadalton 
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mRFP   monomeric red fluorescent protein 
MW   molecular weight 
NA   numerical aperture 
N-terminus  amino-terminus 
ncNLS   non-classical NLS (Impβ-dependent) 
NE   nuclear envelope 
NES   "Leucine-rich" nuclear export signal 
NLS   nuclear localization signal 
NMR   nuclear magnetic resonance 
NOE   Nuclear Overhauser Effect 
NOESY   NOE Spectroscopy 
NPC   nuclear pore complex 
NTA   nitrilotriacetic acid 
NTF2   nuclear transport factor 2 
NTR   nuclear transport receptor (see also "Kap") 
Nup   nucleoporin (NPC protein) 
OD   optical density 
PBS   phosphate-buffered saline 
PEG   polyethylene glycol 
PKA   protein kinase A (cAMP-dependent protein kinase) 
PKI   protein kinase A inhibitor 
P-loop   phosphate-binding loop 
PMSF   phenylmethylsulfonyl fluoride 
p.p.m.   parts per million 
PRE   paramagnetic relaxation enhancement 
pre-miRNA  pre-micro RNA 
PTHrP   parathyroid hormone-related protein (an Impβ cargo) 
Ran   Ras-related nuclear antigen 
RanBD   Ran-binding domain 
RanBP   Ran-binding protein 
RanGAP  RanGTPase-activating protein 
RanGEF   Ran guanine nucleotide exchange factor (RCC1) 
Ras   Rat sarcoma 
RCC1   regulator of chromosome condensation 1 (see also "RanGEF") 
RMSD   root mean square deviation 
RNP   ribonucleoprotein (particle) 
S. cerevisiae  Saccharomyces cerevisiae 
SDS-PAGE  sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
sIBB domain  SPN1 Impβ-binding domain (compare to "IBB") 
S. pombe  Schizosaccharomyces pombe 
SPN1   Snurportin1 
SV40   simian virus 40 
TEV    tobacco etch virus 
Tris  Tris(hydroxymethyl)aminomethane, 2-amino-2-hydroxymethyl-1,3-propanediol 
TOCSY  Total Correlated Spectroscopy 
TROSY   Transverse Relaxation-Optimized NMR Spectroscopy 
UsnRNP  uridine-rich small nuclear ribonucleoprotein (particle) 
v/v   volume per volume 
w/v   weight per volume 
X. laevis   Xenopus laevis 
YT / 2YT  yeast extract tryptone medium 
z (in "zz")  IgG-binding domain of the Staphylococcal protein A 
 
 
 
Standard single-letter amino acid codes and the International System of units (SI) were used. 
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Summary	  

All nucleocytoplasmic exchange proceeds through nuclear pore complexes, which constitute 

giant aqueous channels in the nuclear envelope. Most of this traffic is mediated by Ran-

dependent Importin β-like nuclear transport receptors, which include import mediators 

(importins) as well as exportins. Importin 13 and Msn5p are known exceptions in that they 

can carry distinct cargos into different directions. We demonstrated that Exportin 4, in 

addition to its established function in nuclear export, acts as a bona fide nuclear import 

receptor for Sox-type transcription factors. 

CRM1 (also known as Exportin 1) is the cell's most versatile export receptor, recognizing 

myriads of structurally unrelated proteins. How CRM1 achieves this remarkable 

multispecificity and how Ran triggers cargo loading was a fundamental but unresolved 

question. The instability of export complexes was considered to preclude crystallographic 

studies. 

I established constructs and conditions to reconstitute stable and chromatographically 

homogeneous export complexes that allowed us to determine the crystal structure of the 

Snurportin1·CRM1·RanGTP complex. Snurportin is an exceptional cargo in that it binds 

CRM1 with an extraordinarily high affinity. The structure shows that Ran promotes 

Snurportin binding solely through long-range conformational changes in CRM1 and reveals 

how the exportin contacts a protein comprising an extensive and complex tripartite export 

signature that includes a folded domain. 

Far simpler CRM1-dependent export determinants are the so-called "Leucine-rich" nuclear 

export signals (NESs) – a diverse family of peptides that contain spaced hydrophobic (Φ) 

residues. NES-like sequence patterns occur very frequently in proteins, even in those that are 

not recognized by CRM1. We found that the previously proposed NES of the Abelson (Abl) 

tyrosine kinase is functional in isolation but not in the context of the Abl C-terminal domain, 

where Φ residues are buried in the hydrophobic core. This emphasizes that structural 

information is indispensable for the correct prediction of export signals. To elucidate how 

CRM1 can interact with various NESs, we used a crystallographic approach that relies on 

NES-Snurportin chimeras. We solved the crystal structures of the RanGTP⋅CRM1 complex 

alone and when bound to the prototypic PKI (protein kinase A inhibitor) or HIV-1 Rev NESs. 

These NESs differ drastically in the spacing of their Φ residues. Yet, Ran-bound CRM1 
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recognizes them with the same set of five Φ pockets. While these pockets are rigid, variable Φ 

spacings in the NESs are compensated for by different conformations of the bound NES 

peptides. Our NMR analysis of the PKI NES in its free state and when bound to CRM1 

suggests that CRM1 selects NES conformers that pre-exist in solution. These findings and our 

observations that individual Φ residues are dispensable and that each Φ pocket can accept a 

wide range of hydrophobic residues explain the enormous flexibility in CRM1·NES 

recognition. Our data lead to a new structure-based NES consensus that provides the basis for 

predicting the affinities of NESs for CRM1. 
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CHAPTER	  1 	  

Introduction	  to	  nucleocytoplasmic	  transport	  

1.1 Compartmentation of eukaryotic cells 

Eukaryotic cells are subdivided into membrane-bounded compartments. Each of these 

compartments harbors characteristic sets of structural proteins and enzymes to carry out 

specific tasks (for examples, see De Duve et al., 1953; Leighton et al., 1968). The advantages 

of such organization are best witnessed by the fact that only eukaryotes evolved to complex 

multicellular organisms. 

The defining feature of a eukaryotic cell is the cell nucleus, which is delineated by the double 

membrane of the nuclear envelope (NE). The benefits of this nucleocytoplasmic 

compartmentation are manifold. Firstly, the NE encloses the genetic material and contributes 

in various ways to genomic stability, allowing eukaryotes to handle ≈1000-fold larger 

genomes than prokaryotes. Secondly, the confinement of the genome in the nucleus allows 

the cell to fine-tune gene expression by controlling the access of transcription factors to DNA 

– an instance of control unavailable to prokaryotes (Kaffman and O'Shea, 1999). Further, the 

NE separates the nuclear events of transcription and RNA processing from translation in the 

cytoplasm. It thereby prevents translation of unspliced or incompletely spliced transcripts, 

which would give rise to non-functional or even dominant-negative proteins. The NE also 

ensures temporal separation of transcription and translation, as transcripts will normally only 

be released from the spliceosome when processed to completion (Legrain and Rosbash, 1989; 

Custódio et al., 1999). This separation provides the basis for the overall fidelity of gene 

expression. 

The division of eukaryotic cells into nucleus and cytoplasm necessitates nucleocytoplasmic 

exchange. All nuclear proteins, such as histones and components required for DNA 

replication and transcription, originate in the cytoplasm and need to be imported into the 

nucleus (e.g. Gurdon, 1970). Conversely, tRNAs, mRNAs and ribosomes are generated or 

assembled in the nucleus and have to be exported to the cytoplasm, where they function in 

translation. During the cell cycle of higher eukaryotes, the NE breaks down, causing nuclear 

and cytoplasmic contents to intermix. With re-assembly of the NE in telophase, nuclear and 



CHAPTER 1  Introduction 

6 

cytoplasmic proteins are re-segregated – a task that obviously requires transport into and out 

of the nucleus (reviewed in Görlich and Kutay, 1999). 

	  

1.2 Overview of nucleocytoplasmic exchange 

Nucleocytoplasmic exchange is a truly impressive activity: in a growing mammalian cell, 

more than two million macromolecules per second are actively exchanged between nucleus 

and cytoplasm, amounting to a total mass flow of > 200 GDa (Ribbeck and Görlich, 2001). 

To accomplish this enormous task, the cell invests a considerable amount of resources, 

including ≈80-100 distinct, often highly abundant proteins. 

All nucleocytoplasmic traffic proceeds through nuclear pore complexes (NPCs) - 

proteinaceous gates that are embedded in circular openings of the NE, where outer and inner 

nuclear membrane fuse. The term "pore complex" has been proposed about half a century ago 

(Watson, 1959), based on several electron microscopic studies in the early 1950s. With 

molecular weight estimates ranging from ≈55-66 MDa for yeast NPCs (Rout and Blobel, 

1993; Yang et al., 1998) and ≈125 MDa for vertebrate pore complexes (Reichelt et al., 1990), 

NPCs are gigantic. (For comparison, the molecular weight of a ribosome is ≈4 MDa.) For a 

summary on the more recent advances in the structural characterization of the NPC, I would 

like to refer to a review by Brohawn et al., 2009. The central portion of the NPC constitutes 

an aqueous channel with an inner diameter as large as ≈40 nm (Panté and Kann, 2002), which 

can accommodate large objects (of up to 25-50 MDa in molecular weight), such as the giant 

Balbiani ring particles, intact viral capsids and pre-ribosomes (see Franke and Scheer, 1974 

and references therein; Feldherr et al., 1984; Daneholt, 1997; Kiseleva et al., 1998; Panté and 

Kann, 2002).  

Small molecules (i.e. metabolites and small proteins) can freely diffuse through the NPC 

(Bonner, 1975). In contrast, macromolecules above the passive diffusion limit (i.e. with a 

molecular weight exceeding 20-40 kDa) depend on an appropriate nuclear transport receptor 

(NTR) for rapid translocation. These two modes of NPC passage are referred to as passive 

diffusion or facilitated translocation, respectively. Aspects of the latter are in the focus of this 

work. 
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1.2.1 Importin β-like nuclear transport receptors 

Most nuclear transport pathways are mediated by NTRs of the Importin β (Impβ) superfamily 

(also referred to as β-karyopherins, Kap-βs). These receptors constantly shuttle between 

nucleus and cytoplasm, bind their cargo (directly or through adapter molecules) on one side of 

the NE and release it on the other side. Unifying features of Impβ-like NTRs are their rather 

large sizes (90-150 kDa), their acidic isoelectric points (pI 4.0-5.0), their capacity to bind the 

small guanine nucleotide-binding protein Ran (Görlich et al., 1997; Fornerod et al., 1997b, 

see below), and their affinity for phenyl-Sepharose (Ribbeck and Görlich, 2002). Despite their 

related functions and similar domain organizations, Impβ-like NTRs share surprisingly little 

overall sequence homology, with identity ranging from only 8 to 15%. The sequence 

similarity is highest in their N-terminal region, which accounts for most of their Ran-binding 

activity and negative charge (Görlich et al., 1997). 

Ran is a family member of the small (Ras-related) GTPases (Drivas et al., 1990; Bischoff and 

Ponstingl, 1991a; Melchior et al., 1993; Moore and Blobel, 1993). It can cycle between two 

states – a GTP-bound (ON) and a GDP-bound (OFF) state. Ran's intrinsic GTPase activity is 

very low, and thus it strictly depends on its GTPase-activating protein RanGAP to hydrolyze 

GTP (Bischoff et al., 1994; Klebe et al., 1995). Notably however, RanGAP alone is not 

sufficient to activate Ran bound to Impβ-like NTRs – it requires the assistance of RanBP1 

(Ran-binding protein 1) or the homologous Ran-binding domains of RanBP2/Nup358 (see 

Chapter 5). The Ran guanine nucleotide exchange factor (RanGEF) RCC1 (regulator of 

chromosome condensation 1) catalyzes GDP-to-GTP exchange on Ran (Bischoff and 

Ponstingl, 1991b; Klebe et al., 1995). RanGAP, RanBP1 and RanBP2 are restricted to the 

cytoplasm or the cytoplasmic side of NPCs (Yokoyama et al., 1995; Richards et al., 1996; 

Matunis et al., 1996; Mahajan et al., 1997; Saitoh et al., 1997) where they deplete RanGTP. 

In contrast, their opponent RCC1 is chromatin-bound, generating RanGTP exclusively in the 

nuclear compartment (Ohtsubo et al., 1989). This asymmetric distribution of Ran's regulators 

establishes a steep nucleocytoplasmic gradient of RanGTP, with a high nuclear and a low 

cytoplasmic concentration (Görlich et al., 1996; Izaurralde et al., 1997). 

In its ON state, Ran binds to Impβ-like NTRs to trigger cargo loading or cargo release (see 

also below). Thus, all Impβ-likes exploit the chemical potential of the RanGTP gradient to 

mediate unidirectional cargo transport. Based on their responses to RanGTP binding, two 

classes of transport receptors can be distinguished: nuclear import mediators (importins) and 

exportins (reviewed by Görlich and Kutay, 1999). Their transport cycles are illustrated in 
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Figure 1-1. Importins bind their cargo at a low RanGTP concentration in the cytoplasm and 

traverse the NPC as dimeric importin·cargo complexes. In the nucleus, binding of RanGTP to 

the importin dissociates the import complex and thereby renders cargo import irreversible. 

The resulting importin·RanGTP complex is then recycled back to the cytoplasm, where the 

GTPase activators cause hydrolysis of Ran-bound GTP to GDP. This ultimately dissociates 

the importin·Ran complex and allows the importin to mediate another round of import. 

Exportins operate in exactly the opposite manner, recruiting their cargo at high RanGTP 

levels in the nucleus. In this process, cargo binding and RanGTP binding to the exportin are 

coupled by positive cooperativity, i.e., RanGTP increases the affinity of the exportin for its 

cargo and vice versa. Exportins traverse the NPC as ternary cargo·exportin·RanGTP 

complexes and discharge their cargo and Ran upon GTP hydrolysis in the cytoplasm. The 

exportin then re-enters the nucleus to act in another export cycle. The just-described processes 

illustrate how input of metabolic energy into the Ran cycle drives directional nuclear 

transport. This allows accumulation of transport substrates against gradients of chemical 

activity. It should be noted that the translocation process per se is fully reversible and energy-

independent (Kose et al., 1997; Nakielny and Dreyfuss, 1998; Ribbeck et al., 1998; 

Schwoebel et al., 1998; Ribbeck et al., 1999; Englmeier et al., 1999; Nachury and Weis, 

1999; Zeitler and Weis, 2004). 

Both import and export cycles steadily carry Ran to the cytoplasm and should eventually 

deplete the nuclear RanGTP pool. Although Ran is sufficiently small to rapidly re-enter the 

nucleus by passive diffusion (25 kDa), the cell maintains the predominant nuclear localization 

of Ran (Bischoff and Ponstingl, 1991a) by employing a dedicated nuclear import receptor 

specific for RanGDP – nuclear transport factor 2 (NTF2, Ribbeck et al., 1998; Smith et al., 

1998; see Figure 1-1). Indeed, the lack of NTF2 would reduce the steepness of the RanGTP 

gradient (Görlich et al., 2003), which is probably the reason why NTF2 was found to be 

required for efficient nuclear import of proteins (Moore and Blobel, 1994; Paschal and 

Gerace, 1995). By the criteria mentioned above and by its structure (Bullock et al., 1996; also 

see below), NTF2 is not an Impβ-like NTR. Efficient disassembly of NTF2·RanGDP 

complexes and release of Ran into the nucleoplasm appears to require the concerted action of 

RCC1 and Impβ-like NTRs (Ribbeck et al., 1998; Smith et al., 1998). An additional (ATP-

dependent) dissociation factor had been postulated but not identified so far (Yamada et al., 

2004). 

The Importin β superfamily comprises at least 21 members in mammals and 15 members in 

Saccharomyces cerevisiae. Table 1-1 lists functionally characterized NTRs and a selection of 
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their respective cargoes. Of the mammalian transport receptors, seven have been found to 

mediate nuclear export while 13 have been described as importins. Importin 13 (in higher 

eukaryotes) and Msn5p (in S. cerevisiae) are known exceptions in that they can mediate both 

import and export (Mingot et al., 2001; Yoshida and Blobel, 2001). 

 

 

 

Figure 1-1: Schematic overview of the nuclear export and import cycles and their coordination by the 
RanGTPase system. 
The figure has been adapted from Görlich and Kutay, 1999. "Exp" = exportin, "Imp" = importin. Nuclear export 
and import are signal-mediated, i.e. they depend on nuclear export signals or nuclear localization signals, 
respectively. See text for details. 
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Table 1-1: Functionally characterized NTRs of the Impβ  superfamily and their adapters or co-receptors. 
The mammalian NTRs are listed in black, selected S. cerevisiae orthologs in gray. Only a selection of cargoes 
and references is shown. Exp4 had been re-classified based on this work (see Chapter 2). 

NTR adapters or co-
receptors 

selected cargos  selected references 

Exportins 

 Leu-rich NES cargoes Wen et al., 1995 
Fischer et al., 1995 

HIV Rev RRE-containing RNAs Fischer et al., 1995 
PHAX m7G-capped UsnRNAs Ohno et al., 2000 

CRM1 (Exportin 1) 
Xpo1p/Kap124p 

 Snurportin1 (SPN1) Paraskeva et al., 1999 
CAS (Exportin 2) 
Cse1p/Kap109p 

 Importin αs Kutay et al., 1997 

Exp-t (Exportin 3) 
Los1p/Kap127p 

 tRNA Kutay et al., 1998 
Arts et al., 1998 

aa-tRNA eEF1A Bohnsack et al., 2002 
Calado et al., 2002 

dsRNA dsRNA-binding proteins Brownawell and Macara, 
2002 

Exportin 5  
(Msn5p/Kap142p, 
see below) 

 pre-miRNAs Lund et al., 2004 
Bohnsack et al., 2004 

Exportin 6   actin·profilin complexes Stüven et al., 2003 
Exportin 7   p50RhoGAP, 14-3-3σ Mingot et al., 2004 
Importins 

 ribosomal proteins Jäkel and Görlich, 1998 
 HIV Rev, HIV Tat Truant and Cullen, 1999 
 histones Mühlhäusser et al., 2001 

Mosammaparast et al., 2001 
Baake et al., 2001 

Importin α 
Kap-α/Kap60p 

classical NLS-cargoes Adam and Adam, 1994 
Görlich et al., 1994 
Görlich et al., 1995 
Chi et al., 1995 
Imamoto et al., 1995 
Radu et al., 1995 

Snurportin1 m3G-capped UsnRNPs Huber et al., 1998 
XRIPα replication protein A Jullien et al., 1999 

Importin β (Impβ-1) 
Kap-β1p/Kap95p 

Importin 7 
Nmd5p/Kap119p 

histone H1 Jäkel et al., 1999 

 hnRNP proteins (M9-NLS) Pollard et al., 1996 
Siomi et al., 1997 

 ribosomal proteins Jäkel and Görlich, 1998 
 TAP/NXF1 Truant and Cullen, 1999 
 histones Mühlhäusser et al., 2001 

Baake et al., 2001 
 c-Fos Arnold et al., 2006 

Transportin 1+2 
(Trn, Impβ-2) 
Kap-β2p/Kap104p 

 SRP19 Dean et al., 2001 
 SR proteins 

 
Kataoka et al., 1999 
Lai et al., 2000 

Transportin SR 1+2 
(TrnSR, Trn 3) 
Mtr10p/Kap111p  tRNA Shaheen and Hopper, 2005 
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 ribosomal proteins 
 

Schlenstedt et al., 1997 
Jäkel et al., 2002 

Importin 4 a+b 

 histones Mosammaparast et al., 2001 
Mosammaparast et al., 2002 

  Deane et al., 1997 
 ribosomal proteins Jäkel and Görlich, 1998 

Importin 5 
Pse1p/Kap121p 

 histones Mühlhäusser et al., 2001 
Mosammaparast et al., 2001 
Baake et al., 2001 
Mosammaparast et al., 2002 

 ribosomal proteins Jäkel and Görlich, 1998 
 histones Mühlhäusser et al., 2001 

Baake et al., 2001 

Importin 7  
Nmd5p/Kap119p 

 ERK2, SMAD3, MEK1 Chuderland et al., 2008 
 SRP19 Dean et al., 2001 Importin 8 
 Argonaute proteins Weinmann et al., 2009 
 histones Mühlhäusser et al., 2001 

Mosammaparast et al., 2001 
Importin 9 (a+b) 

 ribosomal proteins Jäkel et al., 2002 
Importin 11  UbcM2 Plafker and Macara, 2000 
  rpL12 Plafker and Macara, 2002 
Bidirectionally operating NTRs 

 hUBC9, MGN/Y14 (import)  
eIF1A (export) 

Mingot et al., 2001 

 TF NF-Y (import) Kahle et al., 2005 

Importin 13 

 histone fold heterodimers 
(import) 

Walker et al., 2009 

 Pho4p (export)  Kaffman et al., 1998 Msn5p/Kap142p 
 RPA (import) Yoshida and Blobel, 2001 
 eIF5A (export) Lipowsky et al., 2000 
 SMAD3 (export) Kurisaki et al., 2006 

Exportin 4 

 Sox2, SRY (import) Gontan et al., 2009  
(this work) 

 

1.2.2 The nuclear export receptor CRM1/Exportin 1 

CRM1/Exportin 1 was initially discovered in Schizosaccharomyces pombe, based on cold-

sensitive mutants with "deformed nuclear chromosome domains" (Adachi and Yanagida, 

1989). This pleiotropic phenotype gave rise to the protein's name ("chromosomal region 

maintenance 1"). CRM1/Xpo1p and CAS/Cse1p (Table 1-1) are the prototypical exportins 

(Stade et al., 1997; Fornerod et al., 1997a; Ossareh-Nazari et al., 1997; Fukuda et al., 1997; 

Kutay et al., 1997; Solsbacher et al., 1998).  

CRM1 is essential for the viability of all organisms tested so far. Among the exportins, it 

clearly is the most versatile receptor, recognizing hundreds of structurally unrelated proteins. 

Its activities can be grouped into four categories. The first one comprises "biosynthetic 
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transport", which is required for the assembly of biosynthetic "molecular machines" such as 

the ribosome and the spliceosome (Ho et al., 2000; Gadal et al., 2001; Moy and Silver, 2002; 

Thomas and Kutay, 2003; Fornerod et al., 1997a; Ohno et al., 2000; Will and Lührmann, 

2001). Secondly, CRM1 counteracts the leakage of cytoplasmic factors into nuclei and 

thereby contributes to compartment identity. Examples of such cargoes are several translation 

factors (Bohnsack et al., 2002) or RanBP1 (Richards et al., 1996). Thirdly, CRM1 is a key 

element in many regulatory networks. For instance, it controls the nuclear activity of cAMP-

dependent protein kinase (protein kinase A, PKA) by expelling the PKA inhibitor (PKI)·PKA 

complex from the nucleus (Fantozzi et al., 1994; Wen et al., 1994; Wen et al., 1995). Here, 

PKI acts as an adaptor to CRM1. Finally, CRM1 is also required for the infection cycles of 

numerous viruses. HIV-1, for example, relies on CRM1 to export its genomic RNA from 

nuclei (Malim et al., 1991; Fischer et al., 1995; Fornerod et al., 1997a). The HIV-1 Rev 

protein is an essential adaptor in this process. It binds the unspliced viral RNA, recruits 

CRM1 and thereby promotes HIV RNA export to the cytoplasm, where the next generation of 

viral particles is assembled. For a comprehensive review on CRM1, see Hutten and 

Kehlenbach, 2007. 

 

1.2.3 Nuclear transport signals 

NTR-cargo interaction is highly specific and governed by the cargoes' nuclear transport 

signals. Import cargoes bind to importins by virtue of their import signatures. These signals 

are as varied as the import substrates – there is neither a unifying consensus sequence, nor a 

length to which they are restricted, reflecting that multiple import receptors of different 

specificities join forces to accomplish the protein supply of the nucleus (Table 1-1). 

Prototypes of the so-called "classical nuclear localization signals" (cNLSs) are the NLS of the 

simian virus 40 (SV40) large T-antigen, which comprises a single cluster of basic amino acids 

(hence called "monopartite") and the "bipartite" NLS of nucleoplasmin, where a short spacer 

separates two basic clusters (Kalderon et al., 1984; Lanford and Butel, 1984; Robbins et al., 

1991). cNLSs do not bind to Impβ directly. Instead, Impα serves as the actual NLS receptor, 

which, upon cargo binding, pairs with Impβ for translocation through the NPC (Table 1-1). 

Seven mammalian Impα homologs have been characterized so far (Table 1-2). The transport 

cycle of the Impα/β system is depicted in Figure 1-2. In this process, Impα interacts with 

Impβ through a sequence stretch termed the IBB (Impβ-binding) domain (Görlich et al., 1996; 

Weis et al., 1996). 
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Figure 1-2: Schematic representation of the Impα  transport cycle. 
For import into the nucleus, the cargo binds to Impα, which acts as the actual NLS receptor. In turn, cargo-
bound Impα pairs with Impβ (via its Impβ-binding domain, "IBB domain"). The resulting trimeric complex 
translocates through the NPC. In the nucleus, RanGTP triggers disassembly of the import complex. The cargo is 
released into the nucleus and Impα is re-exported by CAS (see Table 1-1 and Figure 1-1). The resulting 
Impβ·RanGTP complex directly exits the nucleus. The figure has been adapted from Görlich and Kutay, 1999. 
It should be noted that the IBB domain auto-inhibits Impα's NLS-binding site in the absence of NLS cargo (not 
shown, Kobe, 1999). This mechanism and the action of CAS and nuclear pore complex components promote 
cargo release from Impα and render the Impα cycle efficient (Solsbacher et al., 2000; Catimel et al., 2001; 
Gilchrist et al., 2002; Gilchrist and Rexach, 2003; Matsuura et al., 2003; Harreman et al., 2003; Kutay et al., 
1997; Matsuura and Stewart, 2004; Matsuura and Stewart, 2005). 

 

Table 1-2: (next page) Functionally characterized mammalian Importin α  homologs. 
The Importin α protein family is diverse and a rational basis for a generalized nomenclature has only been 
suggested recently (Mason et al., 2009). Most metazoan Importin-αs assort into subtypes α1, α2 and α3 (Malik 
et al., 1997; Tsuji et al., 1997; Köhler et al., 1997; Goldfarb et al., 2004). The table shows human Importin α 
isoforms according to the nomenclature used by Köhler et al., 1999. For clarity, NCBI protein accession codes 
are given. Importin α8 has only been found recently (Tejomurtula et al., 2009). See Köhler et al., 1999 for 
references. "*" marks those factors that had been employed in the course of this work (Chapter 2). 
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Impα subtype nomenclature used selected synonyms accession number 

(H. sapiens) 

Importin α5* Karyopherin α1 
Rch2 
hSRP1-β 
hSRP1 

NP_002255 

Importin α6 Karyopherin α5 NP_002260 

α1 

Importin α7* Karyopherin α6 NP_036448 

α2 Importin α1* Karyopherin α2 
Rch1 
hSRP1-α 

NP_002257 

Importin α4* Karyopherin α3 
hSRP1-γ 

NP_002258 α3 

Importin α3* Karyopherin α4 
SRP3 
Qip1 

NP_002259 

? Importin α8 Karyopherin α7 NP_001139187 

 

It should be noted that Impβ can also pair with Imp7 to import, for instance, histone H1 

(Görlich et al., 1997; Jäkel et al., 1999, see Table 1-1). Many cargoes interact directly with 

Impβ, without the need of Impα. Prominent examples for which the NLSs have been mapped 

to a defined peptide stretch are the parathyroid hormone-related protein (PTHrP, Lam et al., 

1999) and the highly basic (pI 12.2) beta-like import receptor-binding (BIB) domain of 

ribosomal protein L23a (Jäkel and Görlich, 1998). To discriminate these NLSs from the 

Impα-dependent signals, they have been termed "non-classical" NLSs (ncNLSs). As shown 

for ribosomal proteins, recognition of import substrates can also involve very extended and 

highly basic sequences or three-dimensional patches of great complexity (Jäkel and Görlich, 

1998). The best-characterized transportin-dependent NLS is the 38-amino acid M9 signal of 

hnRNP A1 (Pollard et al., 1996), which, remarkably, only contains two basic residues. 

CRM1-dependent export determinants have been studied in great detail. The simplest CRM1-

dependent nuclear export determinants are the so-called classical nuclear export signals 

(NESs). These are short peptides reported to comprise four spaced hydrophobic residues 

(denoted Φ1 to Φ 4) and to follow the consensus Φ1-(x)2-3-Φ2-(x)2-3-Φ3-x-Φ4, with "x" 

preferentially being charged, polar or small amino acids (Kutay and Güttinger, 2005). The 

prototypical representatives are the PKI NES (LALKLAGLDI; critical hydrophobics shown 

in bold), which exemplifies the most common spacing of the hydrophobic positions 

(Φ1xxxΦ2xxΦ3xΦ4), as well as the HIV-1 Rev NES (LPPLERLTL) with a reported 
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Φ1xxΦ2xxΦ3xΦ4 spacing (Wen et al., 1995; Fischer et al., 1995). Even though classical 

NESs are also referred to as leucine-rich, analyses of other export cargoes as well as 

randomization-and-selection-screens revealed that Ile, Val, Met, or Phe are also permitted at 

the hydrophobic positions (Bogerd et al., 1996; Zhang and Dayton, 1998; Kosugi et al., 

2008). Snurportin 1 (SPN1), the nuclear import adaptor for m3G-capped spliceosomal uridine-

rich small nuclear ribonucleoproteins (UsnRNPs; Huber et al., 1998), exemplifies a CRM1 

cargo with a complex export signature (Paraskeva et al., 1999). Deciphering the structural 

basis for CRM1-cargo and CRM1-RanGTP recognition is the main focus of this work. More 

details on NESs are given in Chapter 4. 

 

1.3 The structure of Importin β-like nuclear transport receptors 

The smallest architectural units of Impβ-like NTRs are the so-called HEAT repeats, named 

after the first members identified for the class of HEAT repeat proteins: huntingtin, 

elongation factor 3, the PR65/A subunit of protein phosphatase 2A (PP2A) and the lipid 

kinase TOR (Andrade and Bork, 1995; Andrade et al., 2001; Perry and Kleckner, 2003). One 

HEAT repeat is made up of two α-helices (of 10-20 residues each) that are linked by a short 

intra-repeat loop (Figure 1-3a). The α-helices (denoted A and B) pack in an antiparallel 

orientation to form a helical hairpin. In Impβ-like NTRs, ≈20 of these HEAT repeats stack in 

a tandemly arranged fashion. Since stacking is not perfectly head-to-tail but with a slight 

clockwise twist, the resulting molecules are not just elongated rods, but form right-handed 

superhelical structures (Figure 1-3b). In these solenoids, the A-helices face the convex back 

of the transport receptor while the B-helices make up the concave "inner" surface of the 

protein.  

The intra-repeat and inter-repeat contacts establish a continuous hydrophobic core. One can 

distinguish two arches of the superhelix that are sometimes referred to as "domains" – an N-

terminal arch, whose B-helices enwrap Ran, and a C-terminal arch that, generally speaking, 

recruits the transport cargo, also via its B-helices (Figure 1-3b). In contrast, the interaction 

with NPC components (such as Phe/Gly-rich, so-called "FG repeats") is normally 

accomplished by hydrophobic pockets formed by the (outer) A-helices (Bayliss et al., 2000). 

The interactions of Impβ-like NTRs with NPC components are not in the focus of this thesis 

and I would therefore like to refer the reader to recent review articles discussing this topic 

(Stewart, 2007; Hutten and Kehlenbach, 2007; Wälde and Kehlenbach, 2010). One can think 

of an NTR-superhelix as of a tightly coiled spring with each one of its turns corresponding to 
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one HEAT repeat (Stewart, 2003; Stewart, 2007). Such repetitive structure is inherently 

flexible and this flexibility appears to contribute substantially to cargo recognition, cargo 

loading and cargo release (reviewed by Conti et al., 2006; see also Cansizoglu and Chook, 

2007). It also explains, at least in part, why Impβ can pair with a wealth of structurally 

unrelated cargo proteins (compare Cingolani et al., 1999 and Lee et al., 2003 for a truly 

striking example). Principles of these processes will be introduced below and in Chapters 3 
to 5.  

 

1.3.1 The guanine nucleotide-binding protein Ran 

As described above, Ran serves as the master regulator of NTR·cargo interaction. The GTP-

driven switch of Ran and Ran-related proteins has been extensively studied (Vetter and 

Wittinghofer, 2001). Figure 1-4a shows the first structure solved for RanGTP (Vetter et al., 

1999b). Ran's principal structural feature is the conserved, so-called "G domain". It consists 

of a central six-stranded β-sheet that is stabilized by packing of five peripheral α-helices. 

Nucleotide binding is mainly accomplished by the G domain's loops (Figure 1-4a). These 

loops contain several sequence motifs or residues that are highly conserved among guanine 

nucleotide-binding proteins (GNBPs). The nucleotide's β and γ-phosphates are coordinated by 

a network of hydrogen bonds involving a Mg2+ ion. Most importantly, the γ-phosphate is 

hydrogen-bonded to the backbone of two invariant residues –Thr 42 and Gly 68 (Figure 
1-4a). These two hydrogen bonds can be imagined holding the G domain in a γ-phosphate-

dependent "spring-loaded" conformation. 
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Figure 1-3: Architecture of Impβ-
like NTRs.  
All Impβ-like NTRs are composed of 
≈ 20 HEAT repeats that pack against 
each other to form right-handed 
superhelices.  
(a) Isolated HEAT repeat 10 of Impβ. 
Two antiparallel helices (helix A, red 
and helix B, yellow, linked by an 
intra-repeat loop) pack against each 
other via several hydrophobic side 
chains (drawn as sticks). A 
characteristic proline (grey sticks) 
causes the A helix to kink. HEAT 9 
would pack against HEAT 10 from 
above the plane of the page, while 
HEAT 11 would be behind the page. 
The inter-repeat interactions are 
typically hydrophobic. HEAT repeats 
of Impβ-like NTRs can deviate 
significantly from such "classical" 
repeat. This is especially apparent at 
the NTRs' N- and C-termini, where 
hydrophilic ends are required to "cap" 
the hydrophobic faces of the 
neighboring repeats. This is the main 
reason why HEAT repeat numbering 
is not always consistent between 
NTRs. See Andrade et al., 2001 for a 
comprehensive review article on 
HEAT repeats. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(b) Impβ (from the Impβ·RanGTP complex, Lee et al., 2005; PDB-ID 2BKU) is shown in two different 
orientations. HEAT helices are colored as in (a), while intra- and inter-repeat loops, as well as non-HEAT 
helices are depicted in gray. The superhelicity of NTRs gives rise to two arches – an N-terminal arch and a C-
terminal arch. Note that intra- and inter-repeat loops "decorate" opposing sides of the NTR. The locations of N- 
and C-termini are indicated. See text for further details. 
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Figure 1-4: The guanine nucleotide switch of Ran.  
(a) Ran is shown in its GTP state, as described for the RanGTP·RanBP2/RanBD1 complex (Vetter et al., 1999b; 
PDB-ID 1RRP). Upper: The central β-strands of Ran are shown in dark blue, surrounding α-helices and loops 
are depicted in light blue. Those parts of Ran that undergo marked conformational changes during nucleotide 
switching are highlighted: switch I (residues 30-47) is shown in red, switch II (residues 65-80) is shown in cyan 
and the C-terminal switch (residues 177-end) is colored in yellow. It should be noted that the conformation of the 
RanGTP C-terminus appears to depend on its binding partners. Here, it packs against RanBP2/RanBD1, which 
has been omitted for clarity. The very C-terminus of Ran (the "DEDDDL motif") was not completely resolved in 
the electron density map and had therefore not been added to the model. GTP is shown as sticks, the Mg2+ ion is 
shown as a green sphere. See text for details. Secondary structure elements referred to in the text are labeled. 
Lower: Close-up view of the nucleotide-binding region of Ran. Coloring is as in the upper panel, conserved 
motifs and residues referred to in the text are colored as indicated. Details shown in stick representation are 
colored according to atoms. Oxygen is light red, nitrogen is blue and phosphate is orange. Interactions mentioned 
are indicated by dotted lines. Specificity for guanine nucleotides is conferred by the N/TKxD and SAK motifs 
that interact with the nucleotide's base (conserved residues shown in bold). The nucleotide's α and β-phosphates 
are positioned by the so-called P-loop (phosphate-binding loop) that harbors the GxxxxGKS/T motif. 
(b) Ran is shown in the GDP state (Scheffzek et al., 1995; Partridge and Schwartz, 2009; PDB-ID 3GJ0). 
Coloring is as in panel a (upper). Upper: View as in panel a. Note the dramatic structural rearrangements of Ran' 
switch regions that occur upon hydrolysis of a single phosphodiester bond in GTP. See text for details. Lower: 
"Back" view of Ran. The ultimate C-terminus of Ran (the DEDDDL motif) was not resolved in the electron 
density map, but it likely packs against a conspicuously basic patch of Ran (residues 139-142, shown as orange 
sticks with nitrogen in blue). 
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Hydrolysis of a single phosphodiester bond (upon GTPase activation) triggers a dramatic 

conformational switch, causing Ran to relax to its GDP state (Scheffzek et al., 1995; Partridge 

and Schwartz, 2009; Figure 1-4b). While the core of the G domain remains essentially 

unaltered, the so-called "switch regions" rearrange substantially (Milburn et al., 1990; 

Scheffzek et al., 1995; Vetter et al., 1999b). Switch I relocates almost entirely. Helix α1a 

partially melts while a new helical stretch (α1b) and a short β-strand (β2E) form further 

downstream. The conformational changes associated with switch II are more subtle, but 

(nevertheless) functionally important (see also below): in the GTP state, its Gln69 side chain 

(which is crucial for GTP hydrolysis) is in close proximity to the GTP γ-phosphate. There are 

also changes in the positioning and coordination of the Mg2+ ion. The hydrolysis of GTP 

renders these conformational changes essentially irreversible until RanGEF/RCC1 displaces 

GDP, allowing GTP to re-bind. The so-called "C-terminal switch" (residues 177-216), which, 

among the Ras superfamily members, is unique to Ran, experiences by far the most drastic 

rearrangements when Ran changes its nucleotide state (Scheffzek et al., 1995; Vetter et al., 

1999b). Given that the C-terminal switch is not part of Ran's primary nucleotide sensor, these 

molecular acrobatics are particularly intriguing. The C-terminal switch consists of a long, 

rather extended linker, followed by an α-helix (α6) and the highly acidic C-terminal motif 

(DEDDDL, Ran211-216). In the GDP state, the extended linker region is close to the G domain 

and even contacts switch I and the preceding helix (α1a, Figure 1-4b). Together, these 

interactions appear to stabilize RanGDP, which is consistent with the observation that Ran's 

affinity for GDP is ≈10-fold higher than that for GTP (Klebe et al., 1995). The C-terminal α6-

helix packs against the "back" of Ran while the DEDDDL motif probably contacts the so-

called "basic patch". Upon GDP-to-GTP exchange, switch I re-shapes into its above-described 

triphosphate form, which would clash with the linker of Ran's C-terminal switch. Thereby, it 

can contribute to the displacement of the entire C-terminal switch from the G domain 

(Richards et al., 1995; Hieda et al., 1999; Vetter et al., 1999b). This is consistent with the 

observation that monoclonal antibodies directed against the linker region of the C-terminal 

switch preferentially recognize the triphosphate state of Ran (Richards et al., 1995). As you 

will see below, this displacement and the resulting "unlocking" of the "basic patch" are crucial 

for Ran binding to Impβ-like NTRs. 
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1.3.2 Interaction of Importin β-like NTRs with RanGTP and cargo 

To operate as unidirectional cargo transporters, Impβ-like NTRs must faithfully discriminate 

the GDP-bound form of Ran from the GTP-bound species. Indeed, they bind RanGTP with a 

≈1000 times higher affinity than RanGDP, which makes them efficient sensors of the 

RanGTP gradient. NTRs do not directly sense the nucleotide, but instead, very elegantly 

probe those regions of Ran that differ most between the nucleotide states – the switch loops I 

and II. Ran's C-terminal switch does not contribute to NTR binding, but plays a key role in 

the disassembly of NTR·RanGTP complexes (see Chapter 5). NTRs also contact Ran at 

several "invariant" loops and features of its "back side" (including the "basic patch", see 

below). 

The comparison of the RanGTP complexes of Impβ, Transportin and CAS (Figure 1-5) 

reveals that all these NTRs enwrap Ran with their N-terminal arches (Vetter et al., 1999a; 

Chook and Blobel, 1999; Matsuura and Stewart, 2004; Lee et al., 2005). In all cases, three 

distinct HEAT repeat regions contribute. The receptors' N-termini (which are most conserved 

among NTRs; Görlich et al., 1997; Fornerod et al., 1997b; Petosa et al., 2004) constitute the 

first Ran-binding region. This area interacts with switch II and also contacts α3 on the "back" 

of Ran (see Figure 1-4). It is also near switch I, and for Transportin and CAS, there are 

indeed some relevant contacts. Region 2 extends over Ran's back and shields, among others, 

the "basic patch" of Ran. In RanGDP, large parts of this contacted area are held in check by 

Ran's C-terminal switch (Figure 1-4) and would hence be inaccessible for a transport 

receptor. The third region binds those loops of Ran that are involved in holding the 

nucleotide's guanine base (Figure 1-4a). Most importantly, however, Impβ also contacts 

switch I via this area. This interaction has not been described for Transportin, but slight 

conformational changes of the intra-HEAT 13 loop would be sufficient to establish such a 

contact. In the case of CAS, equivalent interactions are definitely absent, but here a very 

peculiar loop inserted into HEAT 19 contacts switch I. Another type of HEAT repeat 

insertion is noticeable from Figure 1-5 – the acidic insertions into HEATs 7 or 8. In Impβ and 

Transportin, they are part of contact area 2 and contribute to binding the "back" of Ran, 

including its "basic patch". 
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Figure 1-5: Interaction of Impβ-like NTRs with 
Ran 
Three complexes are drawn to scale and are shown in 
identical orientations with respect to Ran. NTRs are 
depiceted in gray, their helices are represented as 
cylinders. Those HEAT repeats that mediate 
interactions with Ran are numbered and colored in 
orange. Numbering is according to the specified 
references. Notable NTR regions are highlighted in 
magenta (acidic HEAT inserts) or green ("HEAT 19 
insert" in CAS). Encircled numbers mark the 
respective Ran-binding regions. Ran is shown in light 
blue (tube representation) with switch I colored in red, 
switch II colored in cyan and the "basic patch" shown 
in dark blue. 
(a) Kap95p (Impβ)·RanGTP complex (Lee et al., 
2005; PDB-ID 2BKU).  
(b) Transportin·RanGppNHp complex (Chook and 
Blobel, 1999, PDB-ID 1QBK). 
(c) Kap60p (Impα)·Cse1p (CAS)·RanGTP complex 
(Matsuura and Stewart, 2004, PDB-ID 1WA5). 
Kap60p (Impα) has been omitted for clarity.  
N- and C-termini of NTRs are labeled. See text for 
further details. 

 

For Transportin, these interactions are very elaborate and also involve Ran's guanine-binding 

loops. In CAS, the reported HEAT 8 insert does not contact Ran. In fact, the entire Ran-

binding region 2 of CAS is not very pronounced, but here, also the cargo (which has been 

omitted in Figure 1-5c) contributes to the formation of the CAS·RanGTP complex. This 

cooperativity mechanism is discussed in Chapter 5. 
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With the notable exceptions of the PTHrP ncNLS (see 1.2.3; Cingolani et al., 2002) and c-Fos 

(Arnold et al., 2006), Impβ and Transportin cargoes mostly rely on the NTRs' C-terminal 

arches for binding (Cingolani et al., 1999; Lee et al., 2003; Lee et al., 2006; Imasaki et al., 

2007; Wohlwend et al., 2007; Mitrousis et al., 2008). This raises the question as to how Ran 

triggers efficient import cargo release. For Impβ two mechanisms have been proposed (Vetter 

et al., 1999a; Lee et al., 2005). The first mechanism involves a steric clash between Ran and 

cargo: the cargo- and Ran-binding sites partially overlap in the region that connects the two 

arches. For instance, both Ran and the IBB domain of Impα bind Impβ's acidic H8 loop. 

However, this direct competition appears to be insufficient for productive disassembly of the 

import complex (Lee et al., 2005). A second, allosteric mechanism is required for complete 

release: the interactions of Ran with region 3 of Impβ (Figure 1-5a) increase the helicoidal 

pitch of the importin, which ultimately expels the IBB domain. Consistent with that (and quite 

impressively), the disruption of that region 3 interface (by point mutations in Ran) inhibits 

RanGTP-driven release of the IBB domain from Impβ but does not prevent RanGTP binding 

to the importin. For Transportin, the contacts of Ran with region 3 are less extensive, but here 

yet another allosteric cargo release strategy is employed, involving Transportin's strikingly 

long acidic H7 insert. In the cargo-bound state, the H7 insert appears to be disordered (Lee et 

al., 2006; Imasaki et al., 2007), but upon Ran binding, it is "forced" to a path that blocks 

Transportin's cargo-binding site in the C-terminal arch (Figure 1-5b, Chook and Blobel, 

1999). In contrast to Impβ, cargo-bound and RanGTP-bound Transportin are virtually 

indistinguishable by their overall shapes. 

How precisely Ran contacts exportins and thereby promotes export cargo loading was not 

understood at the beginning of my doctoral studies (with the exception of CAS, see Figure 
1-5c and Chapter 5). The work presented in this thesis provides unprecedented insight into 

Ran-dependent CRM1 export complex formation. For the sake of simplicity, the role of Ran 

in nuclear export is discussed further in Chapter 5. 
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1.4 About this work 

This thesis addresses various central aspects of exportin function. The work presented in 

Chapter 2 (Gontan et al., 2009) has been performed in collaboration with Dr. Raymond Poot, 

Cristina Gontan and Dr. Robbert Rottier (Rotterdam, Netherlands). We discovered that 

Exportin 4 not only carries cargoes from the nucleus to the cytoplasm, but also ferries proteins 

in the opposite direction (Table 1-1). This revealed a fully unanticipated and novel nuclear 

import pathway. The study focuses on the import of Sox family transcription factors, which 

constitute an important class of developmental regulators. Sox proteins have been implicated 

in various human diseases (see Chapter 2). This work is also highly relevant in light of the 

recent proposal that a change in the expression pattern of Impα isoforms (called "Impα 

subtype switching") would trigger stem cell differentiation through regulated import of certain 

transcription factors, including Sox2 (Yasuhara et al., 2007). We found that the import 

activity of Importin-αs towards Sox2 is actually negligible compared to that of Exp4. Instead, 

Sox2 is imported not only by Exp4, but also by the Impβ/7 heterodimer and Imp9, which are 

known to mediate the constitutive nuclear import of essential proteins such as histones and 

ribosomal components (Table 1-1). Mutation of conserved amino acids in the import signal of 

Sox2 disrupted import by Exp4, Impβ/7 and Imp9. The fact that Sox2 is imported by at least 

three (constitutively active) importins clearly excludes the possibility that Sox2 import can be 

regulated by activating or deactivating an individual pathway. 

The structural characterization of the cell's export workhorse CRM1 had been a major goal 

since its description as an export factor in 1997 (see 1.2.2). However, the atomic details of 

CRM1 had been elusive up to this work (with the exception of a C-terminal fragment; Petosa 

et al., 2004). The intrinsic flexibility of CRM1 and the instability of its cargo complexes (and 

hence the apparent impossibility to purify them to homogeneity) were regarded as principal 

obstacles towards structure determination (Cook et al., 2007). Chapter 3 is dedicated to the 

first structural characterization of a CRM1 export complex – the Snurportin1·CRM1·RanGTP 

complex (Monecke et al., 2009). This has been a joined project with Prof. Ralf Ficner, 

Thomas Monecke, Dr. Piotr Neumann and Dr. Achim Dickmanns. The structure shows that 

CRM1 not only has a rather peculiar overall shape as compared to the other characterized 

family members, but also revealed that CRM1 contacts RanGTP and cargo in an 

unprecedented manner. Our structural data and biochemical analysis show that Ran promotes 

cargo binding solely by an allosteric mechanism, i.e. through long-range conformational 

changes in the exportin. Our study also provides insight into how cargo loading onto the 
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import adapter Snurportin1 is controlled. Snurportin is indeed a very special cargo in that it 

contacts CRM1 with an extensive tripartite export signature that also includes features of a 

folded domain. 

Much simpler CRM1-dependent export determinants are the "Leucine-rich" nuclear export 

signals (NESs). NES-like sequence patterns are also frequently found in proteins that are not 

to be exported by CRM1. For the Abelson tyrosine kinase we uncovered that its previously 

proposed NES is functional in isolation, but not in the context of the protein's C-terminal 

domain, where Φ residues contribute to the hydrophobic core (Hantschel et al., 2005). This 

work, which was part of a collaboration with Prof. Giulio Superti-Furga and Dr. Oliver 

Hantschel (CeMM, Wien) and the group of Prof. Michael Sattler (Technical University and 

Helmholtz Zentrum München), highlights the fact that careful considerations on protein 

structure are instrumental for predicting actual NESs. This will be discussed at the end of 

Chapter 4. 

As described above, NESs can vary greatly in their Φ residues and the length and sequence of 

their inter-Φ spacers. How CRM1 can recognize such a diversity of NES peptides has been a 

fascinating but unresolved question of molecular recognition. This question will be addressed 

in Chapter 4 (Güttler et al., 2010, accepted for publication). We tackled the problem by 

conceiving a crystallographic approach from the structure of the Snurportin1·CRM1·RanGTP 

complex. In collaboration with Prof. Ralf Ficner, Dr. Piotr Neumann, Thomas Monecke and 

Dr. Achim Dickmanns, we solved crystal structures of the Ran·CRM1 complex alone and 

when paired with the classic PKI or HIV-1 Rev NESs. Despite their drastically different Φ 

spacings, Ran-bound CRM1 recognizes these NESs with the very same set of five distinct Φ 

pockets. These pockets are rigid, i.e. they do not adapt to the NESs. Instead, variable Φ 

spacings in the NESs are compensated for by different conformations of the bound NES 

peptides. In collaboration with Prof. Michael Sattler, Dr. Tobias Madl and Lorenzo Corsini 

(Technical University and Helmholtz Zentrum München) we employed NMR spectroscopy to 

analyze the PKI NES in its free state and when bound to CRM1. This part of the work sheds 

light on the actual process of NES recognition and suggests that CRM1 selects NES 

conformers that pre-exist in solution. These structural data and a rigorous biochemical and 

functional analysis explain the enormous flexibility in CRM1·NES recognition. Certain viral 

proteins harbor so-called "supraphysiological" export signals - NESs of exceptionally high 

CRM1 affinity (Engelsma et al., 2004; Engelsma et al., 2008). These proteins strongly 

compete CRM1-mediated export and might thus represent a viral strategy to exploit or even 
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disable the host cell's infrastructure. Our data lead to a new structure-based NES consensus 

that provides the basis for predicting the affinities of NESs for CRM1. 

Chapter 2 and Chapter 3 are compilations of journal reprints and supplementary 

information. Chapter 4 contains our recently completed manuscript on CRM1·NES 

recognition. In Chapter 5, I discuss our findings in light of the recent progress in the 

structural characterization of exportins. The reconstitution of export complexes with various 

isotope labeling schemes for NMR spectroscopy had been a major effort of my doctoral work 

and will therefore be described in a separate appendix to this work (Chapter 6). This section 

also contains a reprint of the above-mentioned work on the Abelson tyrosine kinase 

(Hantschel et al., 2005) as well as additional data. My contributions to the individual studies 

are listed on page 148. 
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CHAPTER	  2 	  

Exportin	  4	  mediates	  a	  novel	  nuclear	  import	  pathway	  
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Exportin 4 mediates a novel nuclear import pathway for Sox family 
transcription factors 

Cristina Gontan*, Thomas Güttler*, Erik Engelen, Jeroen Demmers, Maarten 
Fornerod, Frank G. Grosveld, Dick Tibboel, Dirk Görlich, Raymond A. Poot and 
Robbert J. Rottier 
Journal of Cell Biology, 2009, Volume 185, Pages 27-34. 

* These authors contributed equally to this work. 
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Introduction
Sox proteins are important regulators of different stages in em-
bryonic development such as sex determination, neural devel-
opment, bone formation, and neural crest development. They 
share the so-called noncanonical high-mobility group (HMG) 
box domain, an 80–amino acid domain that confers DNA-
binding activity and sequence speci!city (Lefebvre et al., 2007). 
Sox2 is required in both embryonic and extra-embryonic tis-
sues; the lack of Sox2 results in peri-implantation lethality 
(Avilion et al., 2003). Sox2, together with Oct4 and Nanog, is 
required for embryonic stem (ES) cell self-renewal and pluri-
potency (Masui et al., 2007) and is one of the factors needed 
for reprogramming somatic cells into induced pluripotent stem 
cells (Takahashi and Yamanaka, 2006). Later in development, 
Sox2 is required for neural progenitor expansion and mainte-
nance (Graham et al., 2003; Ferri et al., 2004), eye development 
(Taranova et al., 2006), development of tastebuds (Lefebvre  
et al., 2007), inner ear formation (Kiernan et al., 2005), and  

development of the trachea and esophagus (Que et al., 2007). 
Sox2 mutations in humans cause anophthalmia-esophageal-
genital syndrome (Williamson et al., 2006). It is believed that 
Sox proteins, including Sox2, exert their speci!city by syner-
gistic binding with other transcription factors to DNA. For 
Sox2, partners like Oct4, Pax6, and Brn2 have been found 
(Lefebvre et al., 2007).

In this study, we identi!ed Exp4 (exportin 4) as an inter-
action partner of Sox2 in mouse ES cells and neural progenitors 
and show that it serves, besides its established function in nuclear 
export (Lipowsky et al., 2000; Kurisaki et al., 2006), as a bona 
!de nuclear import receptor for Sox2 and SRY. In contrast to 
earlier !ndings (Yasuhara et al., 2007), we found that the import 
activity of Imp-  (importin- ) isoforms toward Sox2 is negligi-
ble when compared with Exp4. Instead, we observed that Imp9 
and the Imp- /7 heterodimer operate as import mediators of 
Sox2 in parallel to Exp4, suggesting that regulation of Sox2 
function is most likely not dependent on a single nuclear import 
mechanism. The import signals for the three pathways overlap 
and include conserved residues in the Sox HMG box domain that 
are critical for in vivo nuclear localization and DNA binding.

 SRY and other Sox-type transcription factors are  
important developmental regulators with various 
implications in human disease. In this study, we identi-

fied Exp4 (exportin 4) as an interaction partner of Sox2 in 
mouse embryonic stem cells and neural progenitors. We 
show that, besides its established function in nuclear ex-
port, Exp4 acts as a bona fide nuclear import receptor for 
Sox2 and SRY. Thus, Exp4 is an example of a nuclear 
transport receptor carrying distinct cargoes into different 

directions. In contrast to a published study, we observed 
that the import activity of Imp-  (importin- ) isoforms to-
ward Sox2 is negligible. Instead, we found that Imp9 and 
the Imp- /7 heterodimer mediate nuclear import of Sox2 
in parallel to Exp4. Import signals for the three pathways 
overlap and include conserved residues in the Sox2 high-
mobility group (HMG) box domain that are also critical for 
DNA binding. This suggests that nuclear import of Sox pro-
teins is facilitated by several parallel import pathways.

Exportin 4 mediates a novel nuclear import 
pathway for Sox family transcription factors
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Dick Tibboel,1 Dirk Görlich,4 Raymond A. Poot,2 and Robbert J. Rottier1

1Department of Pediatric Surgery, 2Department of Cell Biology, and 3Proteomics Center, Erasmus Medical Center, Rotterdam, Netherlands
4Max-Planck-Institut für Biophysikalische Chemie, Göttingen, Germany
5Netherlands Cancer Institute, Amsterdam, Netherlands

© 2009 Gontan et al. This article is distributed under the terms of an Attribution–
Noncommercial–Share Alike–No Mirror Sites license for the first six months after the publica-
tion date (see http://www.jcb.org/misc/terms.shtml). After six months it is available under a 
Creative Commons License (Attribution–Noncommercial–Share Alike 3.0 Unported license, 
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

T
H

E
J

O
U

R
N

A
L

O
F

C
E

L
L

B
IO

L
O

G
Y

 on August 12, 2010
jcb.rupress.org

D
ow

nloaded from
 

Published April 6, 2009

 http://jcb.rupress.org/content/suppl/2009/04/06/jcb.200810106.DC1.html
Supplemental Material can be found at:



CHAPTER 2  Exp4-mediated nuclear import 

28 
 

JCB • VOLUME 185 • NUMBER 1 • 2009 28

(importins) and exportins (Mattaj and Englmeier, 1998; Görlich 
and Kutay, 1999; Pemberton and Paschal, 2005). Importins bind 
cargoes at low RanGTP levels in the cytoplasm, facilitate trans-
location through nuclear pore complexes (NPCs), release their  
load upon RanGTP binding in the nucleus, and, !nally, return to the 
cytoplasm, where GTP hydrolysis dissociates the Ran–importin  
complex and allows the importin to bind and import another 
cargo molecule. Exportins operate in the opposite manner; they 
bind cargo together with RanGTP in the nucleus and release their 
cargo upon GTP hydrolysis in the cytoplasm. Surprisingly, the 
addition of RanGTP almost completely abolished binding of 
Exp4 to Sox2 (Fig. 1 d), suggesting that Exp4 acts as an importin 
for Sox2. The effect was speci!c for Ran, as the Rab6 GTPase  
did not dissociate the Sox2–Exp4 complex (Fig. 1 d). In line with 
this observation, activation of the RanGTPase by exogenous 
RanGTPase-activating protein and RanBP1 (Bischoff and Görlich, 
1997) did not disrupt the Sox2–Exp4 interaction (Fig. S1 c).

The observed Sox2–Exp4 binding could have been either 
direct or mediated by some additional component from the cell 
extract. Therefore, we tested whether recombinant GST-Sox2 
and Exp4 interact within an Escherichia coli extract lacking other 
components of the nuclear transport machinery. Indeed, GST-
Sox2 bound Exp4 in the absence of recombinant RanGTP but not 
in its presence (Fig. 1 e). Interestingly, a Sox2 mutant (mutant 1 
[mt1]; see Fig. 4 a) previously reported to be compromised in im-
port (Yasuhara et al., 2007) did not interact with Exp4 (Fig. 1 e). 
Thus, Exp4 speci!cally and directly interacts with Sox2 in an  
importin-like manner.

Results and discussion
Exp4 is a novel interaction partner of Sox2
To identify Sox2 interactors by af!nity puri!cation, we intro-
duced a Flag-Sox2 transgene into mouse ES cells and isolated 
individual clones stably expressing the fusion protein. A sele-
cted clone expressed Flag-Sox2 protein at 30% of the endog-
enous Sox2 level (Fig. S1 a, bottom left). These cells displayed 
normal ES cell growth behavior and expressed the ES cell 
marker Oct4 (Fig. S1 a). We then performed anti-Flag immuno-
precipitation experiments with extracts of both Flag-Sox2 and 
control ES cells and analyzed the bound fractions. One of the 
predominant Sox2-binding partners, migrating at 120 kD 
(Fig. 1 a), was identi!ed by mass spectrometry as Exp4 (39 
unique peptides). We con!rmed the identity of Exp4 by Western 
blotting (not depicted) and showed that endogenous (untagged) 
Sox2 also interacts with Exp4 (Fig. 1 b). We also analyzed anti-
Flag immunoprecipitates from extracts of Flag-Sox2 ES cell–
derived neural progenitors (Fig. S1 b; Conti et al., 2005) by mass 
spectrometry and again found the prominent presence of Exp4 (27 
unique peptides), which was con!rmed by coimmunoprecipitation 
of Exp4 with endogenous Sox2 (Fig. 1 c). The addition of Benzo-
nase or ethidium bromide did not abolish the interaction (Fig. 1,  
b and c), which suggests that binding is independent of DNA.

Exp4 is a nuclear export receptor for eIF5A and the tran-
scription factor SMAD3 (Lipowsky et al., 2000; Kurisaki et al., 
2006). It belongs to the superfamily of Ran-regulated nuclear 
transport receptors, which includes nuclear import mediators 

Figure 1. Exp4 binds to Sox2. (a) Identifica-
tion of Exp4 as a Sox2 interaction partner by 
Flag affinity purification. (top) Flag affinity pu-
rifications from Flag-Sox2 (left) or control 46C 
ES cell extract (right). Eluted fractions were 
analyzed by SDS-PAGE and silver staining. 
Bands representing Flag-Sox2 and Exp4 are 
indicated. (bottom) Anti-Flag immunoblot show-
ing Flag-Sox2 in the eluted fractions. (b) Exp4 
coimmunoprecipitated with endogenous Sox2 
from ES cell extracts. Where indicated, Benzo-
nase (benzo) or ethidium bromide (EtBr) was 
added to the extract to test for DNA indepen-
dence of the Sox2–Exp4 interaction. Input and 
bound fractions were analyzed by SDS-PAGE 
and immunoblotting. (c) Exp4 coimmunoprecip-
itated with endogenous Sox2 as in b, but 
from neural progenitor cell extracts. (d) Exp4 
was coimmunoprecipitated with endogenous 
Sox2 as in b but with indicated additions. 
RanGTP disrupted the Sox2–Exp4 interaction, 
whereas the negative control, Rab6GTP, had 
no effect. (e) Recombinant Sox2 and Exp4 
interact directly. Immobilized GST-Sox2, but 
not GST-Sox2 mt1 (Fig. 4), binds recombinant 
Exp4 from an E. coli extract. RanGTP disrupted 
the GST-Sox2–Exp4 interaction. Input and 
bound fractions were analyzed by SDS-PAGE 
and Coomassie staining. IP, immunoprecipita-
tion; MW, molecular weight; wt, wild type.
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Exp4 panels) but did not require Ran (Fig. S2 b; see next section). 
These effects were speci!c to Exp4, as transportin neither im-
ported GST-Sox2 nor affected Sox2 aggregation (Fig. 2 a).  
As for all Imp- –like importins, ef!cient multiround nuclear 
import by Exp4 depended on both Ran and energy (Fig. S2 a), 
re"ecting the need for recycling Exp4–RanGTP complexes 
back into the cytoplasm. Thus, Exp4 is a bona !de importin for 
Sox2 and mediates a novel nuclear import pathway. So far, only 
Imp13 from higher eukaryotes and Msn5p from Saccharomyces 
cerevisiae have been recognized to transport distinct sets of car-
goes into opposite directions through the NPC (Mingot et al., 
2001; Yoshida and Blobel, 2001). It is now tempting to specu-
late that any exportin could operate as an importin, provided its 

Exp4 facilitates nuclear import of Sox2
To test whether Exp4 imports Sox2, we prepared "uorophore-
labeled GST-Sox2 for import assays with permeabilized HeLa 
cells (Adam et al., 1990; Jäkel and Görlich, 1998). In the ab-
sence of transport receptors, GST-Sox2 failed to accumulate in-
side nuclei but precipitated at the cytoplasmic remnants of the 
permeabilized cells (Fig. 2, a and b), which is similar to other 
nucleic acid–binding proteins such as histone H1 and ribosomal 
factors (Jäkel et al., 1999, 2002). However, the addition of Exp4 
strongly stimulated nucleoplasmic accumulation of GST-Sox2 
(Fig. 2, a and b). Remarkably, Exp4 also suppressed cytoplasmic 
aggregation of Sox2 (Fig. 2, a and b), which is an effect that ap-
peared to be Exp4 dose dependent (Fig. S2, a and b, compare 

Figure 2. Exp4, Imp- /7, and Imp9, but not Imp-  alone or Imp- / , facilitate nuclear import of Sox2. The panels show nuclear import of fluorophore-
labeled GST-Sox2 (red) and control cargo proteins (green) into nuclei of digitonin-permeabilized HeLa cells with either buffer or the indicated import recep-
tors. All import reactions contained the components of the Ran cycle and an ATP/GTP-replenishing system (see Materials and methods for details). (a) Exp4 
imported GST-Sox2 into nuclei of permeabilized cells. The transportin (TRN) substrate GST-M9 was used as an internal specificity control. (b) Imp-  failed 
to import GST-Sox2, whereas it efficiently imported its substrate Imp- –binding domain of Imp-  (IBB) fused to the maltose-binding protein (MBP [IBB-MBP]).  
(c) Apart from Exp4, only Imp- /7 and Imp9 efficiently imported GST-Sox2. Note that only the cognate import receptors suppressed cytoplasmic aggrega-
tion of GST-Sox2. (See also a, b, and d as well as Fig. 4 and Fig. S2 b.) (d) The panel shows GST-Sox2 import by Exp4 compared with the import activity 
of the indicated Imp- /  combinations. The Imp- /  substrate nucleoplasmin (NPL) served as an internal positive control. wt, wild type. Bars, 25 µm.
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in humans (Lefebvre et al., 2007). Indeed, !uorophore-labeled 
GST-SRY behaved identically to GST-Sox2, showing pronounced 
nuclear accumulation upon Exp4 addition and nuclear exclusion 
with cytoplasmic precipitation when only buffer or Imp-  had 
been added (Fig. 3 b). Consistent with this result, Flag-SRY co-
immunoprecipitated Exp4 from ES cell extracts in a RanGTP-
sensitive manner (Fig. 3 c).

Interestingly, some SRY mutations in XY females have 
been reported to impair SRY nuclear localization, with R62G and 
R75N causing the most drastic defect, whereas R76P and R133W 
only display a minor (if any) change (Fig. 3 a; Harley et al., 2003). 
These effects were previously allocated to defects in Imp- – 
dependent import (R62G and R133W) or as yet unidenti"ed im-
port pathways (R75N and R76P; Harley et al., 2003). However, as 
our data argue against a signi"cant contribution of Imp-  to SRY 
nuclear localization (Fig. 3 b), we tested whether the SRY mutants 
are compromised in recruiting Exp4 from an ES cell extract. Strik-
ingly, Exp4 binding was completely lost for the R62G mutant and 
strongly impaired for SRY R75N, whereas SRY R76P retained a 
reduced Exp4-binding activity (Fig. 3 d). R133W had no detect-
able effect on Exp4 binding (Fig. 3 d). This correlation with the 
previously observed localization defects (Harley et al., 2003) was 
perfectly recapitulated by our nuclear import assays: although 
Exp4 ef"ciently facilitated nuclear import of GST-SRY wild type 
(Fig. 3 b), nuclear import was lost for GST-SRY R62G and GST-
SRY R75N but not affected by the R76P or R133W mutation 
(Fig. 3 e). In summary, our data suggest that Exp4 operates as a nu-
clear import receptor for Sox family transcription factors and that 
the Exp4–Sox protein recognition requires residues in the HMG 
box domain that are conserved in all Sox proteins (Fig. 3 a).

Nuclear import signals for Exp4, Imp- /7, 
and Imp9 overlap
Sox2 mutations within the HMG box domain have also been  
reported to cause localization defects. GST-Sox2 mutants mt1, 
mt2, and mt1.2 (Fig. 4 a) were compromised in nuclear import 
when microinjected into the cytoplasm of HeLa cells (Yasuhara 
et al., 2007). Therefore, we tested whether these mutations af-
fect Sox2 import by Exp4, Imp- /7, or Imp9. Strikingly, mt1 and 
mt1.2 completely failed to be imported by any of these pathways, 
whereas for mt2, only Imp- /7– and Imp9-mediated import was 
reduced (Fig. 4 b). In line with these observations, we detected 
binding of Exp4 only to wild-type Sox2 and mt2, but not to mt1 
or mt1.2 (Fig. 4 c). Therefore, the Exp4-dependent import signal 
involves parts previously shown to be important for Sox2 nu-
clear localization (Yasuhara et al., 2007) and overlaps with the 
signal recognized by Imp- /7 and Imp9. Given that some of the 
residues necessary for Sox protein import (for example, SRY 
R75) reside within one of the three  helices of the HMG box do-
main (Werner et al., 1995; Murphy et al., 2001), it appears that 
the import signature is not a linear sequence but instead features 
a three-dimensional structure.

The aforementioned import determinants coincide con-
spicuously with DNA-binding residues (Fig. 3 a; Werner et al., 
1995; Murphy et al., 2001). Thus, mutations of these residues 
such as those found in SRY-dependent sex-reversal conditions 
have at least two consequences. First, they directly inhibit DNA 

af"nity for RanGTP in the absence of export cargo is suf"ciently 
high for displacing import substrates into the nucleus. We are cur-
rently testing this hypothesis. In contrast to Imp-  but like trans-
portin, Exp4 required RanGTP only to release its import cargo 
into the nucleus but not to detach from the nuclear side of the 
NPC (Fig. S2 b, middle and right panels; Ribbeck et al., 1999).

Imp- /7 and Imp9 also facilitate nuclear 
import of Sox2
Cargo binding by importins is highly speci"c and governed by 
NLSs. Imp-  either binds its cargoes directly or pairs with Imp-  
isoforms that recognize so-called monopartite or bipartite clas-
sical NLSs. Previous studies proposed that Sox proteins share a 
conserved bipartite NLS at the N terminus of the HMG box domain 
and a monopartite NLS at its C-terminal end (Figs. 3 a and 4 a; 
Poulat et al., 1995; Südbeck and Scherer, 1997) and that Imp- / 3 
and Imp- / 5 import Sox2 in neural progenitors (Yasuhara  
et al., 2007). It was also suggested that Imp-  alone can import 
Sox2 in undifferentiated ES cells (Yasuhara et al., 2007). There-
fore, it was fully unexpected to "nd Exp4 as a predominant in-
teraction partner (Fig. 1 a) and ef"cient nuclear import mediator 
of Sox2 (Fig. 2 a). This situation prompted us to also test other 
members of the Imp-  superfamily for import activity toward 
Sox2. Although, in the parallel incubation, Exp4 strongly stim-
ulated nuclear accumulation of GST-Sox2, we found no indica-
tion for Imp- , Imp4, Imp5, Imp7, Imp8, and Imp13 mediating 
import of the protein (Fig. 2, b and c). However, the Imp- /7 
heterodimer (Jäkel et al., 1999) and Imp9 imported GST-Sox2 
into nuclei as ef"ciently as Exp4 (Fig. 2 c). We obtained virtu-
ally identical results using permeabilized ES cells instead of 
HeLa cells (Fig. S3; see "gure legend for the rationale). Thus, 
Imp9 and the Imp- /7 heterodimer can facilitate nuclear import 
of Sox2 in parallel to Exp4. Importantly, just as Exp4, Imp- /7 
and Imp9 markedly reduced cytoplasmic precipitation of GST-
Sox2 (Fig. 2 c). We found no evidence for any Imp- /  combi-
nation stimulating Sox2 import, although they all imported the 
internal positive control, nucleoplasmin (Fig. 2 d). Only when 
using Imp- 3 and Imp- 4, GST-Sox2 showed slight nucleolar 
accumulation, which was not seen for endogenous or overexpressed 
Sox2 (unpublished data) and, thus, probably re!ects mislocalized 
Sox2. In contrast to Exp4, none of the Imp- /  combinations sup-
pressed cytoplasmic aggregation of GST-Sox2 (Fig. 2 d). In sum-
mary, our comprehensive survey identi"ed three import pathways 
for Sox2, all of which meet the criteria for cognate import recep-
tors, namely stimulation of nuclear import and suppression of  
import substrate aggregation. In contrast, Imp-  alone and in con-
junction with Imp-  isoforms met none of these criteria.

SRY is imported by Exp4 through 
conserved residues of its HMG box domain
Of the three import pathways identi"ed, Exp4 represents a novel 
mediator of nuclear import, and, therefore, it is of interest to 
know whether Sox2 represents the sole import cargo of this path-
way. Thus, we tested whether Exp4 also imports SRY, the proto-
typic Sox family member (Sinclair et al., 1990), which shares in 
its HMG box domain 85% identity with Sox2 (Fig. 3 a; Lefebvre 
et al., 2007) and whose loss of function leads to XY sex reversal 
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activity of Imp-  isoforms toward Sox2 is negligible compared 
with that of Exp4, Imp9, or the Imp- /7 dimer argues against the 
scenario that up-regulated Imp-  isoforms facilitate nuclear  
localization of Sox2 during neural differentiation. Instead, our 
data are in agreement with the observation that Imp- 5–de!cient 
mice undergo normal brain development (Shmidt et al., 2007). It 
was suggested that up-regulated Imp- 4 expression may compen-
sate for the loss of Imp- 5 (Shmidt et al., 2007); however, we found 
no supporting evidence for Sox2 import activity of any Imp-   
isoform (Fig. 2 d). Sox2 does not rely on a single nuclear import 
pathway but can use three pathways, all of whose import media-
tors are expressed in ES cells (Fig. 1 and not depicted). At least 
Imp- /7 and Imp9 import essential mass proteins such as histones 
and ribosomal proteins (Jäkel et al., 1999, 2002; Mühlhäusser  
et al., 2001); thus, they should represent constitutive import path-
ways that do not become limiting under physiological conditions. 
Whether other transcription factors required for neural differenti-
ation can also access multiple, possibly constitutive import path-
ways remains to be tested. At least for Sox2, it appears very 
unlikely that import regulation occurs by up- or down-regulating 
a speci!c nuclear import pathway. With a single known exception 

binding of the affected Sox protein and thereby reduce Sox- 
dependent transcriptional activity. Second, they inhibit its im-
port, which aggravates this effect. Residues directly binding to 
DNA also appear to cause the observed cytoplasmic aggrega-
tion of Sox proteins, as the respective Sox2 mutations reduced 
precipitation in the absence of cognate importins (Fig. 4 b). The 
mutations also compromised import (Fig. 4 b), and, therefore, 
we propose that Exp4, Imp- /7, and Imp9 act as chaperones for 
the exposed polycationic DNA-binding domain of Sox2 to pre-
vent potentially deleterious aggregation with polyanions such 
as RNA (Jäkel et al., 2002). Given this important function, it is 
not surprising that all cognate importins identi!ed in this study 
recognize similar features of Sox2.

Sox2-dependent transcription is essential at different stages 
of embryonic development, including the maintenance of the  
inner cell mass, from which ES cells are derived (Avilion et al., 
2003), and neural progenitor expansion (Ferri et al., 2004). A re-
cent study proposed that selective up-regulation of Imp- 3 and 
Imp- 5 would trigger the differentiation of ES cells into neural 
progenitors by mediating import of certain transcription factors 
such as Sox2 (Yasuhara et al., 2007). Our !nding that the import 

Figure 3. Exp4 facilitates nuclear import of SRY. 
(a) Sequence alignment of N- and C-terminal 
conserved regions of the HMG box domain 
previously implicated in the nuclear localiza-
tion of Sox proteins (selected members of  
all nine subgroups are shown; Poulat et al., 
1995; Südbeck and Scherer, 1997). Conserved  
basic residues are indicated in purple, and  
basic residues binding DNA in the SRY–DNA 
complex (Werner et al., 1995; Murphy et al., 
2001) are marked with asterisks. Amino acid 
substitutions of conserved arginines (R62G, 
R75N, R76P, and R133W) in the HMG box 
domain of SRY, originally identified in human 
patients with XY sex reversal (Murphy et al., 
2001), are shown in red. (b) Exp4-mediated 
import of SRY but not IBB-MBP. The import 
experiment was performed as in Fig. 2 b but 
with fluorophore-labeled GST-SRY (red). Imp-  
imported IBB-MBP but not SRY. wt, wild type. 
(c) Exp4 was coprecipitated with Flag-SRY in 
a RanGTP-sensitive manner. The panel shows 
Flag affinity purifications from extracts of ES 
cells, which were transiently transfected with 
the indicated Flag plasmids. Mock refers to the 
empty control Flag plasmid. Starting material 
and bound fractions were analyzed by SDS-
PAGE and Western blotting. The addition of 
RanGTP to the extract disrupted the SRY–Exp4 
interaction. IP, immunoprecipitation. (d) SRY 
sex-reversal mutations affected the SRY inter-
action with Exp4 to different degrees. The panel 
shows a GST pull-down from ES cell extracts 
with GST-SRY or the indicated mutants. (top) 
Eluted Exp4 was detected by SDS-PAGE and 
Western blotting. (bottom) Eluted GST and 
GST-SRY fusions were detected by SDS-PAGE 
and Coomassie staining. The addition of 
RanGTP to the extract disrupted the SRY–Exp4 
interaction as in c. (e) Sex-reversal mutations 
affected SRY nuclear import by Exp4 to differ-
ent degrees. The experiment was performed 
as in b but with the indicated GST-SRY sex-
reversal mutants. Only a subset of the SRY mu-
tations compromised Exp4-mediated nuclear 
import of SRY. Bars, 25 µm.
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(Exp6, having only one substrate in Xenopus laevis oocytes and 
eggs; Bohnsack et al., 2006), regulation of transport is achieved by 
modifying the cargo, which is a strategy that does not affect myri-
ads of other cargoes depending on the same pathway (Kaffman 
and O’Shea, 1999). If regulation of nucleocytoplasmic distribu-
tion plays a role in Sox protein function, we would expect it to 
follow the aforementioned paradigm.

Materials and methods
Antibodies and cell culture
Anti-Exp4 antibodies (Figs. 1 c, 3, and 4) against residues 1,015–1,150 
of the Xenopus protein were raised in rabbits and affinity purified via the 
antigen. For other figures (Fig. 1, b and d, and Fig. S1 c), commercial 
anti-Exp4 was used (V-18; Santa Cruz Biotechnology, Inc.). Other anti-
bodies were against Flag (M2; Sigma-Aldrich), Sox2 (Millipore), Oct3/4 
(Santa Cruz Biotechnology, Inc.), nestin, and RC2 (Developmental Studies 
Hybridoma Bank).

Mouse 46C ES cells (provided by A. Smith, Wellcome Trust Centre 
for Stem Cell Research, Cambridge, England, UK; Ying et al., 2003) and 
derivatives were grown under standard conditions (Yasuhara et al., 
2007). Flag-Sox2 46C ES cells were generated by electroporation of a 
2× Flag-tagged murine Sox2 under the control of the CAG (CMV early 
enhancer/chicken -actin/globin) promoter followed by neomycin selec-
tion (pCBA vector provided by A. Tang, Medical Research Council Clini-
cal Sciences Centre, London, England, UK). Differentiation into neural 
progenitors and immunostaining were performed as described previously 
(Conti et al., 2005). HeLa cells were grown under standard conditions 
(Kurisaki et al., 2006). Lipofectamine 2000 (Invitrogen) was used for 
transient transfections.

Preparative Flag-Sox2 purification and mass spectrometry
Flag-Sox2 ES cell or neural progenitor nuclear extract (20 mM Hepes,  
pH 7.6, 10% [wt/vol] glycerol, 100 mM KCl, 1.5 mM MgCl2, 0.2 mM EDTA, 
and 1× complete protease inhibitor [Roche]) was incubated with anti-Flag 
M2 agarose beads (Sigma-Aldrich). Bound material was eluted with a 
Flag-tripeptide (Sigma-Aldrich) and analyzed by SDS-PAGE and silver 
staining. Mass spectrometrical analysis was performed on a capillary liq-
uid chromatography system (NanoflowLC-MS/MS 1100 series; Agilent 
Technologies) coupled to a mass spectrometer (LTQ-Orbitrap; Thermo 
Fisher Scientific). Data analysis was performed as described previously 
(Sanchez et al., 2007).

Bacterial protein expression and purification
GST fusions of human SRY (subcloned into a modified pGEX-6P-1 plasmid; 
GE Healthcare; DNA construct provided by V. Harley, Human Molecular 
Genetics Laboratory, Clayton, Australia) and chicken Sox2 (both C-terminally 
His6 tagged; DNA construct provided by Y. Yoneda, Osaka University, 
Osaka, Japan) were expressed in a protease-deficient E. coli strain and 
purified by nickel chelate affinity and gel filtration chromatography. The 
gel filtration step was essential to keep the background fluorescence in  
import assays sufficiently low to assess specific import effects. Alexa Fluor 
488– and 568–maleimide labeling was performed essentially as previ-
ously described (Jäkel and Görlich, 1998). Other recombinant proteins 
were prepared as previously described (Pollard et al., 1996; Jäkel and 
Görlich, 1998; Köhler et al., 1999; Lipowsky et al., 2000; Dean et al., 2001; 
Mingot et al., 2001; Jäkel et al., 2002; Ribbeck and Görlich, 2002).  

Figure 4. The Exp4-, Imp- /7-, and Imp9-dependent nuclear import  
signals overlap. (a) Schematic representation of N- and C-terminal regions 
of the HMG box domain that have been previously implicated in nuclear 
localization of Sox2 (Fig. 3 a; Yasuhara et al., 2007). The gray-shaded 

regions mark basic amino acid residues that were substituted for alanines 
(marked in red) in mt1, mt2, and mt1.2 (Yasuhara et al., 2007). wt, wild 
type. (b) Exp4-, Imp- /7-, and Imp9-mediated Sox2 nuclear import is  
affected by the previously described Sox2 mutations (Yasuhara et al., 2007). 
The nuclear import assay was performed as in Fig. 2 c. Note that the GST-
Sox2 mutants showed reduced cytoplasmic aggregation in the absence 
of importins. DNA-staining with DAPI highlights nuclei. (c) GST-Sox2 mt2 
but not GST-Sox2 mt1 binds Exp4. The figure shows a GST pull-down from 
ES cell extracts with GST-Sox2 or the indicated Sox2 mutants. (top) Eluted 
Exp4 was detected by SDS-PAGE and Western blotting. (bottom) Eluted 
GST and GST-Sox2 fusions were detected by SDS-PAGE and Coomassie 
staining. Bar, 25 µm.
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Expression plasmids for human Imp-  isoforms were provided by M. Köhler 
(University of Kiel, Kiel, Germany) and E. Hartmann (University of Lübeck, 
Lübeck, Germany).

Immunoprecipitations and binding assays
ES cell or neural progenitor nuclear extract was incubated with protein A–
Sepharose (GE Healthcare) and anti-Sox2 antibody or control rabbit IgG 
(Santa Cruz Biotechnology, Inc.) or with anti-Flag M2-agarose (Sigma- 
Aldrich). Elution was performed with SDS sample buffer. Where indicated, 
5 U/ml Benzonase (EMD), 25 µg/ml ethidium bromide, 3–5 µM RanQ69L, 
5 µM Rab6 (provided by A. Akhmanova, Erasmus Medical Center, Rotter-
dam, Netherlands), 1 mM GTP, 12 µM RanGTPase-activating protein, or  
6 µM RanBP1 was added.

GST pull-downs were performed by incubating GST-Sox2 bound to 
glutathione–Sepharose 4B (GE Healthcare) with an ES cell nuclear extract 
or 1 µM mouse Exp4-spiked E. coli lysate (50 mM Tris, pH 7.5, 50 mM 
NaCl, 2 mM Mg-acetate, 1 mM DTT, and 0.005% digitonin) in the pres-
ence of an ATP/GTP-regenerating system and, if indicated, 3 µM RanGTP. 
Bound proteins were eluted with SDS sample buffer and analyzed by immuno-
blotting and/or Coomassie staining.

Import assays
Import assays were performed essentially as described previously (Adam 
et al., 1990; Jäkel and Görlich, 1998). Unless otherwise noted, import 
mixes contained 1 µM of import cargoes and 1 µM of transport receptors 
(2 µM for Imp-  isoforms). Where indicated, the energy dependence of 
nuclear import was tested by replacing the energy-regenerating system 
with 0.1 U/µl apyrase (Sigma-Aldrich). Fixed samples were mounted in 
Vectashield (Vector Laboratories); imaging was performed with a con-
focal laser-scanning microscope system (SP5; Leica) using the 405-, 488-, 
and 561-nm laser lines and a 63× NA 1.4 Plan-Apochromat oil objective 
(Leica). Confocal imaging was vital to minimize blurring of the strong 
cytoplasmic signal into nuclear regions. Figures were assembled in Photo-
shop or Illustrator (Adobe).

Online supplemental material
Fig. S1 shows the characterization of Flag-Sox2 ES cells and neural 
progenitor cells. Fig. S2 shows Ran and energy dependence of Exp4-
mediated nuclear import of Sox2. Fig. S3 shows that Exp4, Imp- /7, 
and Imp9 also mediate nuclear import of Sox2 in permeabilized ES 
cells. Online supplemental material is available at http://www.jcb.org/ 
cgi/content/full/jcb.200810106/DC1.
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Supplemental Material

Gontan et al., http://www.jcb.org/cgi/content/full/jcb.200810106/DC1

Figure S1. Characterization of Flag-Sox2 ES cells and neural progenitor cells. (a) Flag-Sox2 cells display normal ES cell growth behavior 
and express the ES cell marker Oct4. (top) Phase-contrast images of control 46C ES cells and 46C ES cells stably transfected with Flag-Sox2. (bottom) 
Anti-Sox2 and Oct4 Western blots using extracts from Flag-Sox2 ES cells (left) and control 46C ES cells (right). (b) Characterization of ES cell–derived 
Flag-Sox2 neural progenitors. The left panel shows a phase-contrast image of Flag-Sox2 neural progenitors. Immunostaining shows that the cells expressed 
the neural progenitor markers nestin (middle) and RC2 (right). (c) The Sox2–Exp4 complex is insensitive to RanGTPase activation by RanGTPase-activating 
protein (RanGAP) and RanBP1. Coimmunoprecipitation of Exp4 with endogenous Sox2 as in Fig. 1 b but with the indicated additions. IP, immunoprecipita-
tion. Bars: (a) 200 µm; (b) 100 µm.
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JCB S2

Figure S2. Ran and energy dependence of Exp4-mediated nuclear import of Sox2. (a) Efficient multiround nuclear import by Exp4 depends 
on Ran and metabolic energy. The import experiment was performed as in Fig. 2 a, but import substrates were in 10-fold (Sox2) or fivefold (M9) excess 
over the receptors, making efficient nuclear accumulation of cargoes dependent on receptor recycling. In the absence of Ran and energy, nuclear accumula-
tion of both GST-M9 and GST-Sox2 was impaired. wt, wild type; TRN, transportin. (b) Single-round nuclear import of Exp4–Sox2 is independent of Ran 
and metabolic energy. The import experiment was performed as in Fig. 2 b, but transport receptors were in slight excess over the substrates to render nu-
clear accumulation of the cargoes independent of receptor recycling. Omission of Ran or of Ran and energy did not affect GST-Sox2 import by Exp4 but 
did prevent the nuclear accumulation of Imp- –IBB-MBP complexes (which instead arrested at nuclear pores). This was also evident when both Imp-  and 
Exp4 had been added simultaneously (right). Bars, 25 µm.
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S3

Figure S3. Exp4, Imp- /7, and Imp9 also mediate nuclear import of Sox2 in permeabilized ES cells. NPC composition may vary among 
different cell types and change during development (Lupu, F., A. Alves, K. Anderson, V. Doye, and E. Lacy. 2008. Dev. Cell. 14:831–842). As it cannot 
be excluded that such changes regulate nuclear import, we tested the import activity of Exp4, Imp- /7, and Imp9 with permeabilized 46C ES cells instead 
of HeLa cells. The import experiment was performed as in Fig. 2 a. The transportin (TRN) substrate GST-M9 was used as an internal specificity control. wt, 
wild type. Bar, 25 µm. 
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Crystal Structure of the Nuclear Export
Receptor CRM1 in Complex with
Snurportin1 and RanGTP
Thomas Monecke,1* Thomas Güttler,2* Piotr Neumann,1 Achim Dickmanns,1
Dirk Görlich,2† Ralf Ficner1

CRM1 mediates nuclear export of numerous unrelated cargoes, which may carry a short
leucine-rich nuclear export signal or export signatures that include folded domains. How CRM1
recognizes such a variety of cargoes has been unknown up to this point. Here we present the crystal
structure of the SPN1⋅CRM1⋅RanGTP export complex at 2.5 angstrom resolution (where SPN1 is
snurportin1 and RanGTP is guanosine 5′ triphosphate–bound Ran). SPN1 is a nuclear import
adapter for cytoplasmically assembled, m3G-capped spliceosomal U snRNPs (small nuclear
ribonucleoproteins). The structure shows how CRM1 can specifically return the cargo-free form of
SPN1 to the cytoplasm. The extensive contact area includes five hydrophobic residues at the SPN1
amino terminus that dock into a hydrophobic cleft of CRM1, as well as numerous hydrophilic
contacts of CRM1 to m3G cap-binding domain and carboxyl-terminal residues of SPN1. The
structure suggests that RanGTP promotes cargo-binding to CRM1 solely through long-range
conformational changes in the exportin.

Nuclear transport proceeds through nucle-
ar pore complexes (NPCs) and supplies
cell nuclei with proteins and the cyto-

plasm with nuclear products such as ribosomes
and tRNAs. Most nuclear transport pathways are
mediated by importin b–type nuclear transport
receptors, which include nuclear export receptors
(exportins), as well as importins (1, 2). These
receptors bind cargoes directly or through adapter
molecules, shuttle constantly between the nucle-
us and cytoplasm, and use the chemical potential
of the nucleocytoplasmic RanGTP-gradient to
act as unidirectional cargo pumps (where GTP is
guanosine 5′ triphosphate and RanGTP is GTP-
bound Ran) (3).

Exportins recruit cargo at high RanGTP
levels in the nucleus, traverse NPCs as ternary
cargo⋅exportin⋅RanGTP complexes, and release
their cargo upon GTP hydrolysis into the cyto-
plasm. CRM1 (exportin1/Xpo1p) (4, 5) and CAS
(Cse1p/exportin2) (6) are the prototypical exportins.
Whereas CAS is specialized to retrieve the nu-
clear import adapter importin a back to the cy-
toplasm (6), CRM1 exports a very broad range of
substrates from nuclei (4, 5, 7–11), including
ribosomes and many regulatory proteins. It also
depletes translation factors from nuclei and is
essential for the replication of viruses such as
HIV.

CRM1 has a dual function during biogenesis
of spliceosomal U small nuclear ribonucleopro-
teins (snRNPs). It exports m7G-capped U small
nuclear RNAs to the cytoplasm (4, 12), where
they recruit Sm-core proteins and receive a 2,2,7-
trimethyl (m3G) cap structure. The import adapter
snurportin 1 (SPN1) and importin b then transport
the mature m3G-capped U snRNPs into nuclei
(13). To mediate another import cycle, SPN1 is
returned to the cytoplasm by CRM1 (14).

Many CRM1 cargoes harbor a leucine-rich nu-
clear export signal (NES) that typically includes
four characteristically spaced hydrophobic resi-
dues (7). Examples are the HIV-Rev protein (15)
or the protein kinase A inhibitor (PKI) (16). In
other cases, however, CRM1 recognizes not just
a short peptide, but instead a large portion of the
export cargo; here, SPN1 is the prototypical
example (14). CRM1 binds SPN1 tighter than
other export substrates, apparently because CRM1
must displace the imported U snRNP from SPN1
before export may occur.

The cytoplasmic dissociation of CRM1 from
SPN1 is essential for multi-round import of U
snRNPs. Hydrolysis of the Ran-bound GTP alone
is insufficient to fully disrupt the interaction (Fig. 1,
A to C) (14), but importin b can displace CRM1
from SPN1 (Fig. 1A). Thus, either the binding sites
of SPN1 for CRM1 and importin b overlap, or
importin b forces SPN1 into a conformation that
is incompatible with CRM1 binding.

Two functional domains in SPN1 have been
described: (i) the m3G cap-binding domain
(SPN97–300) (17) and (ii) the N-terminal importin
b–binding (IBB) domain (SPN140–65) (14, 18, 19),
which confers binding to and import by importin
b (20). A multiple alignment of SPN1 from var-
ious species revealed another conserved region
that precedes the IBB domain and includes the
hydrophobic residues Leu4, Leu8, Phe12, and
Val14. Mutating any of those residues to serine or
deleting Met1 strongly impaired the interaction
with CRM1, in particular at higher salt concen-
trations (Fig. 1B and fig. S1). Even though the
SPN1 N terminus (with its conserved hydropho-
bic residues) resembles a classical NES, there are
clear differences: foremost that CRM1 binds the
isolated SPN1 N terminus (SPN11–21) consider-
ably weaker than, for instance, the PKI-NES
(Fig. 1C). In the context of full-length SPN1,
however, this difference ismore than compensated
by the contribution of the m3G cap-binding
domain to the CRM1 interaction.

We then assembled, purified, and crystallized
an export complex containing full-length human
SPN11–360, full-length mouse CRM11–1071, and
GTP-RanQ69L1–180, a C-terminally truncated
and GTPase-deficient form of human Ran (21).

1Abteilung für Molekulare Strukturbiologie, Institut für
Mikrobiologie und Genetik, GZMB, Georg-August-Universität
Göttingen, Justus-von-Liebig-Weg 11, 37077 Göttingen,
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Göttingen, Germany.
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The resulting crystals contained two complexes
per asymmetric unit. The structure was solved
by molecular replacement with the use of known
structures of GTP-bound Ran7–176 (22), SPN197–300

(17), and a short human CRM1707–1027 fragment
(23). The final model, refined at a resolution of
2.5 Å, includes residues 12 to 1055 of CRM1
and Ran9–179, as well as SPN11–360. CRM167–69

and four regions of SPN1 appear to be disordered
(table S1) (21).

As expected from previous sequence analysis
(23, 24), CRM1 is built from so-called HEAT
repeats (Fig. 2, fig. S2, and table S2), which
include two consecutive helices (A and B) that
pack in antiparallel orientation against each other
and against the adjacent repeat (25). However,

previous structure prediction (23) failed to predict
the correct number and exact positions of the 21
repeats. This reflects the highly degenerate nature
of some of the repeats, which even leads to an
inverted topology of helices at the C terminus of
CRM1 (fig. S2).

In contrast to importin b (26), transportin
(27), and CAS/Cse1p (22, 28), the overall CRM1
structure shows remarkably little superhelical
twist (Fig. 2). However, it is bent to a distorted
toroid structure, with HEAT 21 touching helices
2B and 5A, as well as the loop between HEATs
4 and 5 (Fig. 2 and fig. S2). Ran is enclosed into
this toroid and stabilizes the ring closure by
extensive contacts. In contrast to the IBB–
importin b interaction (18, 19, 26), the cargo
SPN1 is not enveloped by CRM1 but instead
rests on the outside of the CRM1 toroid (Fig. 2).
This different binding topology might reflect the
fact that CRM1 carries cargoes, such as ribosomal
subunits, that are too large to be engulfed by an
exportin. In addition, the outside of the torus
provides a larger surface area and possibly also a
greater variety of binding sites for cargo recog-
nition than does the inner face that already
accommodates the Ran molecule.

The structure of m3G cap-bound SPN197–300

was previously solved (17) and remained essen-
tially unaltered in the SPN1⋅CRM1⋅RanGTP
complex (root mean square deviation = 0.67 Å).
However, several residues of SPN1 as well as of
CRM1 HEATs 12 and 13 protrude into the m3G
cap-binding pocket (fig. S3). With the physio-
logical import cargo of SPN1 (fully assembled U
snRNPs), the clashes would be evenmore severe,
because the RNA would run into the CRM1
molecule. Thus, SPN1 cannot simultaneously bind
its import cargo and its export receptor, which agrees
with previous data (14). This ensures that only cargo-
free SPN1 is returned to the cytoplasm and allows
SPN1 to mediate unidirectional transport of m3G-
capped U snRNPs into nuclei.

SPN1 binds CRM1 through an elaborate
contact area (2330 Å2), which includes three parts:
(i) the N terminus (SPN11–35), (ii) the m3G cap-
binding domain (SPN197–300), and (iii) a C-terminal
region, SPN1349–360 (Fig. 3A). This is consistent
with biochemical data that revealed strong con-
tributions of SPN11–21 and the cap-binding domain
to CRM1 binding (Fig. 1, B and C, and fig. S1)
(14) and aweaker contribution of SPN1286–360 (14).

AllN-terminal residues thatwere found tobecritical
for CRM1-binding (SPN1Met1, Leu4, Leu8, Phe12, Val14)
(Fig. 1B and fig. S1) dock into a hydrophobic cleft
that is formed by helices 11A and 12A and the
intervening helical linker between 11B and 12A of
CRM1 (Fig. 3B and fig. S4). The side chain of
CRM1Lys534, which is positioned by a salt bridge
to CRM1Glu575, closes the cleft and introduces
a sharp kink into the SPN1 chain between
SPN1Val14 and SPN1Ser15. There are several addi-
tional contacts in this area, such as electrostatic
attraction between the negatively charged N-
terminal helix of SPN1 and basic regions on
the CRM1 surface, as well as hydrogen bonds
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Fig. 1. (A) Effects of RanGTP and importin b on the SPN1⋅CRM1 interaction. 1 mM SPN1 was mixed with
an Escherichia coli lysate containing 200 mM NaCl, 1 mM CRM1, and the indicated combinations of 3 mM
RanGTP and 1, 2, or 3 mM importin b (Impb) (21). Complexes were retrieved by immunoglobulin G (IgG)–
Sepharose via the zz-tag of SPN1. SPN1-ligands were eluted with 1.5 M MgCl2 (upper panel); the
remaining baits (zz-SPN1; lower panel) were eluted with SDS. Analysis was by SDS–polyacrylamide gel
electrophoresis/Coomassie staining. Note that RanGTP enhanced CRM1-binding to SPN1; however, this
interaction was also detectable in the absence of Ran. This residual CRM1⋅SPN1 interaction could be
suppressed by importin b that binds the IBB domain of SPN1. MW, molecular weight standard. (B) Met1,
Leu4, Leu8, Phe12, and Val14 of SPN1 are all required for high-affinity binding to the CRM1⋅RanGTP
complex. zz-tagged CRM1 immobilized on IgG-Sepharose was incubated with an E. coli lysate containing
200 mM NaCl and indicated combinations of 3 mM RanGTP and 1 mM untagged wild-type SPN1 or the
specified mutants. CRM1-ligands were eluted with MgCl2 and analyzed as described in (A). Note that
mutating Leu4, Leu8, Phe12, or Val14 to Ser (left) or deleting Met1 (right) abolished or substantially
impaired SPN1 binding to CRM1⋅RanGTP, whereas mutating Leu28 did not (left). (C) The N terminus of
SPN1 contains export determinants that allow autonomous, RanGTP-stimulated binding to CRM1.
Indicated zz-tagged SPN1 derivatives or the PKI-NES immobilized on IgG-Sepharose were incubated with
an E. coli lysate containing 1 mM CRM1 and 3 mM RanGTP as specified. Bound ligands were eluted with
MgCl2 and analyzed as described in (A). At low NaCl concentration (50 mM, upper panel), SPN12–360

bound CRM1⋅RanGTP nearly as efficiently as full-length SPN11-360; however, a clear decrease in binding
was observed without Ran. SPN11–21 recruited CRM1 in a strictly RanGTP-dependent manner. This CRM1
binding was lost when SPN1Met1 was deleted. Even though SPN11–21 contains five hydrophobic residues, it
bound CRM1 considerably weaker than the classical PKI-NES with only four hydrophobic residues. This
difference was particularly apparent at 200 mM NaCl (lower panel).
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between SPN1Ser15 and CRM1Glu575 and between
SPN1Tyr35 and CRM1Glu529 (fig. S4). The CRM1
inhibitor leptomycin B (LMB) covalently modi-
fies CRM1Cys528 (29). Cys528 is located within
the hydrophobic cleft (Fig. 3B), which explains
plausibly why LMB-modified CRM1 cannot
bind export cargoes that rely on this cleft.

The N-terminal part of snurportin’s export sig-
nature (with its five critical hydrophobic residues)
resembles a classical NES and binds CRM1 in a
conformationwhere residuesMet1 to Ser11 form an
a helix (Fig. 3A and fig. S4). The classical NES
from the HIVRev protein (15) must be recognized
differently for three reasons: (i) The spacing of the

hydrophobic residues is different, (ii) the interven-
ing prolines would not allow such a helix to form,
and (iii) this classical NES contains only four crit-
ical hydrophobic residues (15). Nevertheless, we
cannot exclude the possibility that the same hydro-
phobic cleft also accommodates some or all of the
key hydrophobic residues from classic NESs.

The interaction between the SPN1 m3G cap-
binding domain and CRM1 is dominated by
polar contacts. SPN1349–360, the third part of the
export signature, binds to helices 14A, 15A, and
16A of CRM1 (Figs. 2 and 3A).

Importin b can displace CRM1 from the
rather stable Ran-free SPN1⋅CRM1 complex

(Fig. 1A) and therefore restore m3G cap-binding
of SPN1 in the cytoplasm (fig. S3) (14). This
antagonism between CRM1 and importin b is not
caused by an overlap of the respective binding
sites; rather it appears to be caused by a com-
bination of conformational changes in SPN1 and
volume extrusion. The IBB domain binds
importin b as a straight helix (18, 19). However,
within the CRM1 complex, the central part of this
IBB helix is unwound, and the remaining helix-
fragments are kinked by ≈80° (shown in green in
Fig. 3A). This distortion of the IBB helix appears
to be enforced by contacts of the 35 N-terminal
residues of SPN1 with CRM1. Thus, straighten-
ing of the IBB helix by importin b is likely to
break crucial contacts between CRM1 and
SPN1.

The structure of Ran in the SPN1⋅CRM1⋅
RanGTPcomplex is virtually identical to that in other
transport receptor⋅RanGTP complexes (22, 30, 31).
Ran is almost completely engulfed by the CRM1
toroid and contacts four distinct areas of CRM1
(Figs. 2 and 4, A to C, and movie S1). The first
area is located within the region that is most
conserved between nuclear transport receptors
(24, 32). HEATs 1 to 3 bind switch II of Ran,
whereas HEATs 4 and 5 pack against Ran helix 3
and the so-called “basic patch” (30), respectively
(Fig. 4, B and C). The second Ran-binding
region (HEATs 7 to 9) also contacts the basic
patch and extends to b strand 6 of Ran. Analo-
gous interactions occur in RanGTP complexes
with CAS, transportin, and importin b (22, 30, 31).
In contrast, the long “acidic loop”within HEAT 9
(region 3) binds Ran in an unprecedented manner.
It forms a b hairpin, touches HEAT helices B12 to
B15, and reaches through the entire central “hole”
of the CRM1 toroid (Figs. 2 and 4, A and B, and
figs. S2 and S5). The acidic loop locks RanGTP
closely to theN- andC-terminalHEATrepeats and
binds Ran37 from switch I, as well as Ran127,129,155

from the loops involved in guanine recognition.
The fourth C-terminal Ran-binding region (HEATs
17 and 19) was not anticipated by sequence
similarity or previous structures. It contacts both
switch regions of Ran.

To function as an effective, unidirectional cargo-
pump, CRM1 must strongly discriminate between
GTP- and guanosine diphosphate (GDP)–bound
Ran. CRM1 can sense the nucleotide state of Ran
because it contacts switches I and II; i.e., the
regions that differ most between GDP- and
GTP-Ran (Fig. 4, B and C, and fig. S5). The
structure of RanGDP (33, 34) is incompatible
with CRM1 binding, because switch I of RanGDP
would clash with CRM1 HEAT 1 and switch II
would collide with HEAT 19.

Ran switches the affinity of importin b–type
transport receptors for their cargoes and thereby
provides energy for the transport cycles. In the
case of Cse1p, RanGTP increases the affinity of
the exportin for its cargo importin a by directly
interacting with both Cse1p and importin a (22).
There are, however, no direct contacts between
Ran and cargo in the SPN1⋅CRM1⋅RanGTP com-

Fig. 2. Structure of the SPN1⋅CRM1⋅RanGTP nuclear export complex. Two views of the complex are depicted.
Color-codes for Ran, SPN1, and the 21 consecutive HEAT repeats of CRM1 are indicated. Except for HEAT 21, A
helices of the HEAT repeats are located at the outer surface of the CRM1 toroid and B helices at the inner
surface (see also fig. S2). RanGTP is engulfed by the toroid-shaped structure of CRM1 and fixed by the so-called
acidic loop (shown in the lower panel in gray), which is part of HEAT repeat 9. SPN1 is bound on the outer
surface of CRM1, far away from the Ran molecule.
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plex (Fig. 2). The ≈1000-fold increase in the
affinity of CRM1 for RanGTP by SPN1 and the
equally large strengthening of the CRM1⋅SPN1

interaction by RanGTP (14) must therefore be
caused solely by conformational changes in the
CRM1 molecule.

Both RanGTP and SPN1 obviously select the
same conformation of CRM1 for high-affinity
binding (here referred to as the nuclear confor-
mation), whereas the free cytoplasmic conforma-
tion of CRM1 has only a low affinity for the two
ligands (Fig. 1 and fig. S1). To explain this
cooperativity, one must assume that the nuclear
conformation is under considerable tension and
that this tension is compensated for by the
released binding energies of the Ran⋅CRM1 and
SPN1⋅CRM1 interactions. In other words, Ran
apparently promotes SPN1-binding by stabiliz-
ing the strained nuclear conformation of CRM1
and vice versa.

Ran and SPN1 are ≈55 Å apart in the export
complex (Fig. 2). The conformational changes in
CRM1 that coordinate their binding must there-
fore be transmitted over a considerable distance,
probably through rigid body movements along
the HEAT repeats. The splitting of the Ran-
binding site on CRM1 into distinct regions is
probably crucial for driving these movements,
because even small changes in their distances
will greatly affect the binding of Ran. Ran-
binding regions 2 and 4, for example, are located
on opposite sides of the CRM1 toroid (Fig. 4B),
and it is quite possible that they are too far apart
in the relaxed CRM1 conformation to contact
Ran simultaneously (Fig. 4D). Hence, a low
affinity for Ranwould result. The transition to the
nuclear conformation would bring these inter-

Fig. 4. Molecular details of the
CRM1⋅RanGTP interaction (see also table
S3). (A) CRM1 is shown as a gray backbone
tube, and Ran is depicted as a surface
representation. HEAT helices 11A and
12A, forming the cargo-binding hydro-
phobic cleft, are shown in green, and the
acidic loop is shown in red. (B) RanGTP
contact areas on CRM1. Orientation of
CRM1 is as in (A), but Ran has been re-
moved, and Ran-binding residues of CRM1
(distance < 3.6 Å) are shown as orange
sticks. Note that the Ran-binding site in-
cludes four distinct areas (labeled 1 to 4).
See also movie S1. (C) Contacts of RanGTP to
CRM1. Ran is depicted as a ribbon diagram.
Orientation is as in (A). CRM1-binding res-
idues are shown in orange, switch I (Ran30–47)
is shown in red, and switch II (Ran65–80) is
depicted in blue. CRM1 contacts both
switches. The basic patch (Ran139–142, dark
blue) shows extensive contacts to CRM1
regions 1 and 2 [see panel (B)]. Secondary
structure elements are numbered as in (33).
GTP is depicted as gray sticks; the Mg2+ ion is
shown as a green sphere. (D) Model for con-
formational states of CRM1. CRM1 switches
between a relaxed cytoplasmic (top) and a
strained nuclear conformation (bottom). In
the hypothetical cytoplasmic conformation,
the contact sites for RanGTP inside the CRM1
toroid are too far apart to bind Ranwith high affinity. Also, the hydrophobic cleft on
the outer side of the toroid is closed. Rigid body movements allow transition to the
nuclear conformation. Here, the Ran-binding sites are close enough to bind Ran

simultaneously and thus with high affinity. The conformational change also alters
the curvature of the toroid near the cargo-binding site, opens the hydrophobic cleft,
and allows the export cargo to dock. For details, see main text.

cytoplasmic 
CRM1

(relaxed)

nuclear 
CRM1

(strained)

hydrophobic
cleft OPEN

export
determinants

hydrophobic
cleft CLOSED

export
cargo

RanGTP

RanGTP

hydrophobic 
cleft

B

D

A

C

RanGTP

acidic loop

NN

C

11A

12A

acidic loop

H1

H19

H17

H2

H3

H4
H5 H7

H8

H9

switch I

switch II

“basic patch”

1

3

4

2

α3

β6

GTP

Mg++

CRM1
SPN1 (1-35)
SPN1 IBB (40-65)
SPN1 cap-binding domain
SPN1 C-terminus (349-360)

Met 1Met 1

Leu 4Leu 4Leu 8Leu 8

Phe 12Phe 12

Val 14Val 14

A B

Fig. 3. The nuclear export signature of SPN1 involves a large interface formed by residues from all three domains
of SPN1. (A) Three domains of SPN1 contact CRM1. These include N-terminal residues of SPN1 (orange), the cap-
binding domain (gray), and the C-terminal residues (SPN1349–360, yellow). The IBB domain of SPN1, which forms
a straight helix within the importin b complex (18, 19), is here partially unwound and bent (green). White dashed
lines mark unresolved stretches. (B) The N-terminal hydrophobic residues of SPN1 (Met1, Leu4, Leu8, Phe12, and
Val14) dock into a hydrophobic cleft of CRM1. Carbons of SPN1 are shown as orange, oxygens as red, and
nitrogens as blue sticks. The side chains of the hydrophobic residues are depicted as spheres. CRM1 is shown as
a surface representation (blue indicates hydrophilic areas, white denotes hydrophobic areas). The yellow patch
marks the sulfur of Cys528, which is covalently modified by the CRM1-specific inhibitor LMB (29).
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faces closer together and allow high-affinity
binding of Ran.

Conformational changes in CRM1, which fa-
vor the CRM1⋅Ran interaction, must also activate
the cargo binding site(s). Thus, we suggest that
the hydrophobic cleft is also controlled by these
transitions. The cleft might be closed in the
cytoplasmic, relaxed conformation of CRM1
(Fig. 4D). Putting the CRM1 toroid under tension
to bind Ran with all interfaces should also change
the curvature of the CRM1 molecule around the
cargo-binding site. This might stretch the contacts
between the outer A helices of HEATs 11 and 12
and consequently open the hydrophobic cleft. The
observation that CRM1 binding of the isolated
SPN1 N terminus and, thus, docking into the hy-
drophobic cleft is efficient only in the presence of
RanGTP (Fig. 1C) strongly supports this model.
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3.1 Supplementary Figures and Tables 

 

 

 

 

 

Fig. S1. Met1, Leu4, Leu8, Phe12 and Val14 of SPN1 are critical for cooperative export complex formation. 
The experimental setup was essentially identical to that described in Fig. 1B with the difference that here, 
RanGTP instead of CRM1 was zz-tagged and immobilized on IgG-Sepharose. The beads were incubated at 200 
mM NaCl with an E. coli extract that contained 1 μM CRM1 and 1 μM of wild-type or mutant SPN1 as 
indicated. RanGTP-bound ligands were eluted with MgCl2 and analyzed by SDS-PAGE and Coomassie-staining. 
As the affinity of CRM1 for RanGTP is low in the absence of export cargo, RanGTP recruited CRM1 only very 
inefficiently without SPN1. However, addition of wild-type SPN1 (1-360) promoted CRM1-binding to RanGTP. 
Note that the deletion of Met1 of SPN1 or the change of either Leu4, Leu8, Phe12 or Val14 to Ser abolished or 
strongly weakened the CRM1·RanGTP interaction. Mutating Leu28 to Ser had no effect. See also Fig. 1B. 
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Fig. S2. HEAT repeat organization of CRM1. 
The panels illustrate the organization of CRM1 from consecutive HEAT repeats, numbered H1-H21. Two views 
are depicted. A-helices (colored in red) are located on the outside of the torus, while B-helices (yellow) face the 
inside. However, this topology is inverted for HEAT 21. HEAT 21 also circularizes CRM1 by contacting 
HEATs 2 and 5. The long intra-repeat “acidic loop” within HEAT 9 is shown in green. See also Table S2. 
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Fig. S3. m3G cap binding is excluded in the export complex. 
(A) The complex of CRM1 (blue) and SPN1 (green) is shown as a surface representation. In the following 
panels, it is flipped open to illustrate the contact sites (shown in white). Deviation from exact complementarity is 
due to coloring interacting residues and not interacting atoms. 
(B) The CRM1 molecule from (A) is shown alone and rotated as indicated. Areas that contact SPN1 are colored 
in white. The region that covers the m3G cap-binding site of SPN1 is demarcated by a yellow dashed line. 
(C) The SPN1 molecule from (A) is shown alone and rotated as indicated. Residues contacting CRM1 are shown 
in white. The m3G cap-binding site is bordered by a yellow dashed line. The insert shows superposition with an 
m3G cap (in black) from the SPN1·m3GpppG complex (PDB accession code 1XK5). 
(D) The CRM1 molecule is shown as in (B), but those residues are shown in red that would clash with an m3G 
cap bound to SPN1. 
(E) The SPN1 molecule is shown as in (C), but residues that would clash with a bound m3G cap are shown in 
red. 
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Fig. S4. Molecular details of the CRM1· SPN11-35 interaction (overview). 
HEAT repeats 11-12 (CRM1510-595) are shown in blue, SPN11-35 in orange. SPN1 residues Met1, Leu4, Leu8, Phe12 
and Val14 (shown as red sticks) wedge into the hydrophobic cleft that is formed by CRM1 helices 11A and 12A 
and the helical linker (gray) connecting helices 11B and 12A. Hydrogen bonds (CRM1E529-SPN1Y35; CRM1E575-
SPN1S15) and the salt bridge (CRM1K534-CRM1E575) are illustrated as yellow dashed lines. CRM1 residues 
engaged in polar contacts are shown as blue sticks. SPN130-32 remained unresolved and are shown as a gray 
dashed line. See main text for further details. A complete analysis is given in Fig. S6. 
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Fig. S5. Detailed view on the interactions of the acidic loop with Ran and HEAT repeats of CRM1. 
The acidic loop is colored in dark red, other parts of CRM1 in gray, and Ran in green. Atoms involved in polar 
interactions (black dashed lines) are colored in blue (nitrogen) or in light red (oxygen). Numbers in black circles 
denote those B-helices of CRM1 HEATs that contact the acidic loop with a distance of less than 3.6 Å. The 
extensive contacts immediately suggest that the acidic loop helps to couple Ran binding to those conformational 
changes that activate the cargo-binding site at HEATs 11 and 12. See also Fig. 4 and Table S3. 
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Fig. S 6. Details of the interaction between the NES-like SPN1 N-terminus and CRM1. 
By sequence, the SPN1 N-terminus displays striking similarity to "Leu-rich" NES peptides. Residues 4; 8; 12 
and 14 are equivalent to the four Φ residues of the PKI NES (Φ1-Φ4). In addition, SPN1 uses its start-
Methionine (termed "Φ0") to wedge into the hydrophobic cleft of CRM1. See also Fig. S4. 
(A) Upper: Sequence of the SPN1 N-terminus. Φ residues are color-coded. Lower: Panel displays the 2Fo-Fc 
electron density map (blue mesh, contoured at 1.0 σ) for the SPN1 N-terminus (shown as sticks) in the 
RanGTP·CRM1·SPN1 complex. Φ residues are colored according to the shown sequence. Note that all Φ 
residues are very well defined in the map. In all panels, dark blue marks nitrogen, oxygen is shown in light red 
and sulfur is colored in yellow. 
(B) CRM1 HEAT repeats 11-12 (gray cartoon) are shown with the SPN1 peptide bound (backbone traced in 
orange). SPN1-binding residues of CRM1 are depicted as blue sticks. Dashed lines link interacting atoms. Lines 
pointing onto backbones indicate contacts to carbonyl-carbons or amide groups. Upper: Panel shows the 
hydrophobic contacts of the Φ residues (distance ≤  4.0 Å). The respective Φ residues are shown as sticks, the 
color code is explained in (A).  Lower: Panel shows the non-Φ hydrophobic (distance ≤ 4.0 Å) as well as polar 
(distance ≤ 3.8 Å) contacts of SPN1 residues (cyan sticks). 
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Table S1: Crystallographic data statistics 

 

Crystal SPN1·CRM1·RanGTP 
  
Data collection 
Space group P 21 
Cell dimensions  
    a, b, c (Å) 72.17, 225.72, 163.41 
    α, β, γ (°) 90.00, 100.56, 90.00 
  
Wavelength (Å) 0.9 
X-ray source BL14.1, BESSY (Berlin) 
Resolution range (Å) 38.84-2.50 (2.60-2.50) 
No. of reflections 749341 (64346) 
Completeness (%) 97.3 (96.1) 
Rmerge 

a (%) 10.8 (44.3) 
Average I/σ 10.8 (2.9) 
Redundancy 4.4 (3.4) 
  
  
Refinement 
Resolution (Å) 38.8-2.5 
Complexes per AU 2 
No. of atoms  
    Protein 24247 
    Ligand 66 
    Waters 959 
Rwork 

b (%) 24.4 (28.1) 
Rfree 

c (%) 28.1 (32.9) 
Figure of merit 0.80 
Average B factors (Å2)  
    Protein 48.9 
    Ligand 29 
    Waters 40 
RMS deviations  
    Bond lengths (Å) 0.007 
    Bond angles (°) 1.079 

 
Values in parentheses indicate the specific values in the particular highest resolution shell. 
(a)  Rmerge = ∑hkl∑i|Ii(hkl) − <Ii(hkl)>|/∑hkl∑iIi<(hkl)>, where the sum i is over all separate measurements of the 
unique reflection hkl. 
(b)  Rwork = ∑hkl||Fobs|−|Fcalc||/∑hkl|Fobs|. 
(c)  Rfree as Rwork, but summed over a 5 % test set of reflections. 
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Table S2: HEAT repeat helices in CRM1. See Fig. S2 for further details. 

 

HEAT repeat Helix A 
residues 

Helix B 
residues 

1 25 – 35 38 – 52 

2 59 – 64 69 – 90 

3 96 – 115 124 – 140 

4 148 – 159 161 – 181 

5 188 – 215 219– 234 

6 246 – 254 261 – 273 

7 280 – 297 314 – 339 

8 344 – 359 363 – 383 

9 405 – 423  

Acidic loop 424 – 448 

9  449 – 467 

10 469 – 485 491 – 504 

11 510 – 530 534 – 550 

12 559 – 574 580 – 595 

13 610 – 623 627 – 643 

14 647 – 674 682 – 702 

15 704 – 735 746 – 765 

16 769 – 790 798 – 811 

17 815 – 834 842 – 858 

18 868 – 883 887 – 906 

19 908 – 931 939 – 954 

20 970 – 985 991 – 1005 

21 1008 – 1023 1037 – 1052 
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Table S3: List of CRM1 residues that contact the RanGTP molecule with a distance of less than 3.6 Å. 
Corresponding HEAT repeats are numbered. “A”: A helix; “B”: B helix; “A‑B”: Loop between A and B helix; 
“AL”: acidic loop within HEAT 9. Contact areas of CRM1 for Ran are numbered as in Fig. 4B. 

 

Residue of CRM1 CRM1 HEAT Contact area  
of CRM1 Distance [Å] Contacted residue 

of Ran 

Tyr36 1A-1B 1 3.28 Gln82 
Tyr77 2B 1 3.54 Asp77 
Gln81 2B 1 2.66 Leu75 
Gln81 2B 1 2.56 Asp77 
Gln81 2B 1 3.27 Gly78 
Lys129 3B 1 3.51 Asp77 
Glu176 4B 1 3.54 Arg110 
Glu176 4B 1 2.58 Arg110 
Glu177 4B 1 3.08 Arg110 
Glu177 4B 1 2.80 Arg110 
Arg231 5B 1 2.99 Lys142 

Asp313 7A-7B 2 3.16 Lys167 
Asn317 7B 2 3.20 Asn143 
Gln320 7B 2 3.59 Arg140 
Asn321 7B 2 3.54 Asn143 
Glu364 8B 2 2.78 His139 
Glu364 8B 2 3.41 Arg140 
Glu371 8B 2 3.58 Arg140 

Glu429 AL 3 2.53 Tyr155 
Asp436 AL 3 3.35 Lys37 
Asp436 AL 3 3.26 Lys37 
Glu443 AL 3 3.19 Lys127 
Asp 447 AL 3 2.47 Arg129 

Asp449 9B 4 2.87 Asp148 
Glu843 17B 4 3.38 Lys37 
Asp932 19A-19B 4 2.88 Lys71 
Thr933 19A-19B 4 2.62 Glu70 
Thr933 19A-19B 4 2.78 Lys71 
Thr933 19A-19B 4 3.07 Lys71 

 

 

Movie S1. (available at http://www.sciencemag.org/cgi/content/full/1173388/DC1) The movie illustrates the 
multi-partite nature of the Ran-binding surface of CRM1. Coloring is according to Fig 4B: The Ran-binding 
residues are shown in orange, while the helices that form the hydrophobic cleft (11A and 12A) are shown in 
green. Orientation in the first frame is approximately identical to the orientation in Fig. 4B. 
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3.2 Materials and Methods 

3.2.1 Protein expression and purification 

Full-length mouse CRM11-1071 was expressed at 16 °C in E. coli BLR as an N-terminal His-zz-

[TEV] fusion protein from a pQE80-derived plasmid (QIAGEN, Hilden, Germany). Cells 

were lysed in 50 mM Tris (pH 7.5), 500 mM NaCl, 2 mM Mg(OAc)2, 2 mM imidazole, 5 mM 

DTT. The protein was purified via Ni2+-chelate affinity chromatography with elution in lysis 

buffer containing 200 mM imidazole. After cleavage of the His-zz-tag during dialysis to the 

lysis buffer, tag and the bulk of contaminants were removed via another Ni2+-chelate column. 

The flow-through was further purified by gel filtration on a Superdex 200 column 

(equilibrated in 50 mM Tris (pH 7.5), 50 mM NaCl, 2 mM Mg(OAc)2, 5 mM DTT). 

We truncated the C-terminus of Ran (residues 181-216), because it is disordered in other 

transport receptor complexes (Vetter et al., 1999a; Cook et al., 2007), it destabilizes the GTP-

bound form of Ran and weakens the interactions with transport receptors (Richards et al., 

1995). The Q69L mutation blocks the GTPase-activity (Klebe et al., 1995). Human 

RanQ69L1-180 was expressed as an N-terminal His-zz-[TEV] fusion at 20 °C in E. coli BL21 

(DE3). Cells were lysed in 50 mM K-Phosphate (pH 7.0), 500 mM NaCl, 5 mM Mg(OAc)2, 2 

mM imidazole, 2 mM DTT. The purification of Ran was analogous to that of CRM1 with the 

difference that all steps performed after cell lysis were in the presence of 30 µM GTP. The 

nucleotide state of Ran was validated by extracting the nucleotide in de-ionized urea, 

followed by analysis on MonoQ (Amersham Biosciences). 

Expression and purification of human SPN1 for crystallization was as described (Strasser et 

al., 2004). Wild-type and mutant SPN1 constructs for binding assays were expressed as N-

terminal His-[TEV] or His-zz-[TEV] fusions in E. coli BLR at 20-25 °C and purified via Ni2+-

chelate affinity chromatography (lysis buffer: 50 mM Tris (pH 7.5), 200 mM NaCl, 2 mM 

Mg(OAc)2, 2 mM imidazole, 2 mM DTT). Where indicated, the His-tag had been cleaved off 

by TEV-protease and removed as described above. Untagged and His-zz-tagged SPN11-360/2-360 

were further purified on a Superdex 200 gel filtration column equilibrated to 50 mM Tris (pH 

7.5), 200 mM NaCl, 2 mM Mg(OAc)2, 2 mM DTT. His-zz-[TEV]-Hs SPN11-21/2-21 were 

expressed in E. coli BLR at 37 °C, purified under denaturing conditions via the His-tag (lysis 

in 50 mM Tris (pH 8.0), 6 M Guanidinium hydrochloride, 1 mM EDTA, 2 mM DTT; elution 

in 50 mM Tris (pH 7.5), 8 M urea, 50 mM NaCl, 1 mM EDTA, 200 mM imidazole, 2 mM 

DTT) and re-folded by dialysis to 50 mM Tris (pH 7.5), 50 mM NaCl, 1 mM EDTA, 2 mM 
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DTT. Expression and purification of human importin β was as described (Jäkel and Görlich, 

1998). 

 

3.2.2 Binding assays 

Binding assays were performed by incubating the specified components (see Fig. 1 and fig. 

S1) for 3 h with 20 µl IgG-Sepharose 6 FastFlow (Amersham Biosciences) at 50 mM Tris 

(pH 7.5), 200 mM NaCl (if not denoted differently), 2 mM Mg(OAc)2, 1 mM DTT, 0.005% 

(w/v) digitonin in the presence of an ATP/GTP-regenerating system (Jäkel and Görlich, 

1998). Where indicated, 3 µM RanQ69L1-180 (GTP-form) was added. The binding volume 

was 500 µl. Beads were washed 3x with 500 µl of the respective binding buffer; bound 

material was eluted with 50 mM Tris (pH 7.5), 1.5 M MgCl2 and precipitated with 

isopropanol (95% v/v final). Baits immobilized on IgG-Sepharose were then eluted with SDS.  

 

3.2.3 Reconstitution and structure determination of the SPN1·CRM1·RanGTP 
complex 

The complex was prepared by mixing purified CRM11-1071, GTP-RanQ69L1-180 and SPN11-360 

and further purified by gel filtration on a Superdex 200 column (equilibrated in 50 mM Tris 

(pH 7.5), 50 mM NaCl, 2 mM Mg(OAc)2, 5 mM DTT). For crystallization, the protein 

solution was concentrated to 4 mg·ml-1 and stored on ice for a maximum of 2 weeks. 

The complex was crystallized by the vapor diffusion method in sitting drop 24-well 

ChrysChem-plates (Hampton Research, CA, USA). 1 µl of a reservoir solution containing 

11% (w/v) PEG1000 and 100 mM Tris pH 8.05 was mixed with 1 μl of the prepared protein 

complex solution. Single crystals with dimensions of 50 µm x 50 µm x 300 µm grew within 4 

days at 293 K and belonged to the space group P21 with cell dimensions of a=72.17 Å, 

b=225.74 Å and c=163.45 Å and angles of α=90.0°, β=100.6° and γ=90.0°. The crystals were 

soaked in 15.7 % (v/v) propanediol for 10 seconds and flash-frozen. 

For structure determination more than 500 crystals had to be tested. The X-ray diffraction data 

of two crystals, diffracting to a maximum resolution of 2.5 Å, were integrated, scaled, 

reduced and merged using XDS (Kabsch, 1993). The structure was solved by means of 

molecular replacement using PHASER (McCoy, 2007) with the crystal structures of GTP-

Ran7-176 (PDB-ID 1WA5; Matsuura and Stewart, 2004), the m3G-cap-binding domain of SPN1 
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(residues 97-300; PDB-ID 1XK5; Strasser et al., 2005) and CRM1707-1027 (PDB ID 1W9C, 

Petosa et al., 2004) as search models. The resulting electron density map was used to 

complete the initial search model. The structure was improved by iterative cycles of 

refinement using CNS (Brunger, 2007) and PHENIX (Adams et al., 2002), as well as model 

building in COOT (Emsley and Cowtan, 2004). Waters were built manually in COOT. 

In the final model of SPN1, residues 31-33, 72-91, 162-165 and 288-348 of one complex in 

the asymmetric unit, and residues 30-32, 74-92, 162-165 and 291-348 of the other one were 

not defined in the electron density map and thus they were not built. The electron density 

corresponding to the C-terminal residues of SPN1 could not be interpreted unambiguously. 

The model containing residues 349-360 yielded the best R-factor and Rfree-value, and strong 

electron density peaks correlated with the positions of the sulfur atoms of Cys356 and Met358. 

Ran comprises the residues 9-179, the bound GTP molecule as well as a coordinated 

magnesium ion. The polypeptide chain of CRM1 could be traced for residues 12-1055 with 

exception of the flexible region encompassing residues 67-69. 

The structure was refined at a resolution of 2.5 Å to an Rwork of 24.4 % and an Rfree-value of 

28.1 % (see Table S1). In the final model, 88 % of the residues are located within the most 

favored regions of the Ramachandran plot, 11 % in the additionally allowed ones, 1% in the 

generously allowed regions and none in the disallowed regions. Contact surfaces were 

calculated with the program AREAIMOL as implemented in the CCP4 suite (version 6.0.2; 

Collaborative Computational Project, 1994). Figures were prepared with PyMOL (DeLano, 

W.L. The PyMOL Molecular Graphics System (2002), DeLanoScientific, USA). 
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4.1 Abstract 

Classic nuclear export signals (NESs) confer CRM1-dependent nuclear export. Here we 

present crystal structures of the RanGTP⋅CRM1 complex alone and bound to the prototypic 

PKI or HIV-1 Rev NESs. These NESs differ drastically in the spacing of their key 

hydrophobic (Φ) residues. Yet, CRM1 recognizes them with the same rigid set of five 

Φ pockets. The different Φ spacings are compensated for by different conformations of the 

bound NESs: an α-helical conformation in the case of PKI and, in the case of Rev, an 

extended conformation with a critical proline docking into a Φ pocket. NMR analyses of 

CRM1-bound and free PKI NES suggest that CRM1 selects NES conformers that pre-exist in 

solution. Our data lead to a new structure-based NES consensus, explain why NESs differ in 

their affinities for CRM1, and why supraphysiological NESs bind the exportin so tightly. 

 

4.2 Introduction 

Nuclear export is essential for eukaryotic life. It proceeds through nuclear pore complexes 

(NPCs) and is typically accomplished by exportins (Görlich and Kutay, 1999; Cook and 

Conti, 2010). The most versatile exportin is CRM1, which is also called exportin 1 or Xpo1p 

(Adachi and Yanagida, 1989; Fornerod et al., 1997a; Stade et al., 1997; Nishi et al., 1994; 

Wolff et al., 1997). Exportins shuttle between nucleus and cytoplasm, bind cargo molecules at 

high RanGTP levels inside the nucleus, traverse NPCs as ternary cargo⋅exportin⋅RanGTP 

complexes, and release their cargo upon hydrolysis of the Ran-bound GTP into the cytoplasm 

(Kutay et al., 1997; Fornerod et al., 1997a). 

RanGTP greatly increases the affinity of exportins for their cargoes. For the exportins CAS, 

exportin-t, and exportin 5, it is striking that RanGTP contacts not only the exportin but also 

the cargo (Matsuura and Stewart, 2004; Cook et al., 2009; Okada et al., 2009; see also 

Chapter 5), i.e., here, the binding energy released at the cargo⋅RanGTP interface is likely to 

make a substantial contribution to the observed cooperative effect. This mechanism is 

unavailable for CRM1, where RanGTP is enclosed within the toroid-like exportin molecule 

(Monecke et al., 2009), far away from the cargo-binding site on the outside of the toroid 

(Dong et al., 2009b; Monecke et al., 2009). It was therefore suggested that CRM1 switches 

between a (nuclear) high-affinity state for RanGTP and cargo, and a (cytoplasmic) low-

affinity conformation (Monecke et al., 2009). Cooperativity should arise if the nuclear 

conformation is strained and if this strain is counterbalanced by the released binding energies 
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of the RanGTP⋅CRM1 and cargo⋅CRM1 interactions. In this scenario, RanGTP promotes 

cargo binding solely by stabilizing the strained nuclear conformation of CRM1. Direct 

evidence for such an allosteric mechanism comes from the very recently solved crystal 

structure of a RanBP1-stabilized disassembly intermediate of a RanGTP⋅CRM1 complex 

(Koyama and Matsuura, 2010; see also Chapter 5). 

CRM1 serves a very broad range of export substrates and mediates, for instance, the nuclear 

export of small and large ribosomal subunits (Ho et al., 2000; Gadal et al., 2001; Moy and 

Silver, 2002; Thomas and Kutay, 2003). It is also required for numerous viral infection 

cycles. HIV-1, for example, uses CRM1 to export its genomic RNA from nuclei (Malim et 

al., 1991; Fischer et al., 1995; Fornerod et al., 1997a). The HIV-1 Rev protein is an adaptor in 

this process. It binds the unspliced viral RNA, recruits CRM1 and thereby triggers export of 

the RNA into the cytoplasm, where the RNA is assembled into the next generation of viral 

particles. CRM1 is also a key element in many regulatory networks. For instance, it controls 

the nuclear activity of protein kinase A (PKA) by expelling the PKA⋅PKI (PKA inhibitor) 

complex from nuclei (Wen et al., 1995). In this process, PKI acts as an adaptor to CRM1. 

Finally, CRM1 counteracts the leakage of cytoplasmic factors into nuclei. Examples are 

certain translation factors (Bohnsack et al., 2002) as well as RanBP1 (Richards et al., 1996), 

whose exclusive cytoplasmic localization is crucial for RanGTPase-driven nucleocytoplasmic 

transport (Izaurralde et al., 1997). 

The simplest CRM1-dependent nuclear export determinants are the so-called classic nuclear 

export signals (NESs). These are short peptides reported to comprise four spaced hydrophobic 

residues (denoted Φ1 to Φ4) and to follow the consensus Φ1-(x)2-3-Φ2-(x)2-3-Φ3-x-Φ4, with "x" 

preferentially being charged, polar or small amino acids (Kutay and Güttinger, 2005). The 

prototypical representatives are the PKI NES (LALKLAGLDI; critical hydrophobics shown 

in bold), which exemplifies the most common spacing of the hydrophobic positions 

(Φ1xxxΦ2xxΦ3xΦ4), as well as the HIV-1 Rev NES (LPPLERLTL) with a reported 

Φ1xxΦ2xxΦ3xΦ4 spacing (Wen et al., 1995; Fischer et al., 1995). Even though classic NESs 

are also referred to as leucine-rich NESs, analyses of other export cargoes as well as 

randomization-and-selection-screens revealed that Ile, Val, Met, or Phe are also permitted at 

the hydrophobic positions (Bogerd et al., 1996; Zhang and Dayton, 1998; Kosugi et al., 

2008). 

Snurportin 1 (SPN1), the nuclear import adaptor for m3G-capped spliceosomal U snRNPs 

(Huber et al., 1998), exemplifies a CRM1 cargo with a complex export signature. Mapping 
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experiments (Paraskeva et al., 1999) and the solved crystal structures of the CRM1⋅SPN1 

(Dong et al., 2009b) and the RanGTP⋅CRM1⋅SPN1 complexes (Monecke et al., 2009) 

revealed that three regions of SPN1, namely the N-terminus, the m3G cap-binding domain and 

a C-terminal region contact the exportin. The SPN1 N-terminus (residues 1-14) docks into the 

so-called hydrophobic cleft of CRM1. In sequence, the SPN1 N-terminus resembles a leucine-

rich NES, but differs from previously described classic NESs in that it contains not four but 

five critical hydrophobic positions (Φ0-Φ4) and binds CRM1 much more weakly than, for 

example, the PKI NES. 

We now introduce a unifying structure-based NES consensus comprising five Φ positions 

(Φ0, Φ 1-Φ4), which explains differences in binding strength that were previously not 

understood. The general importance of a hydrophobic Φ 0 residue so far escaped detection. 

However, we observed that it not only causes exceptionally strong CRM1 binding of the so-

called supraphysiological S1 and NS2 NESs (Engelsma et al., 2004; Engelsma et al., 2008), 

but also that a Φ0 residue is critically important for CRM1 binding of the classic Rev NES. In 

fact, our data revise the Rev NES from the previously suggested Φ1xxΦ2xxΦ3xΦ4 spacing to 

a fully unexpected Φ0Φ1 Pro xΦ2xxΦ3xΦ4 pattern. It has been an intriguing, unresolved 

question of how CRM1 can recognize diverse NESs that differ not only in their hydrophobic 

Φ positions, but also in the length and sequence of their inter-Φ-spacers. One possibility was 

that the NES-binding site flexibly adapts its conformation to match individual NES 

sequences. Alternatively, different Φ spacings might be compensated for by the use of 

additional Φ pockets (Dong et al., 2009b) or by allowing Φ residues to "slide" within the 

hydrophobic cleft. We now solved the structures of RanGTP⋅CRM1 complexes without cargo, 

with a PKI NES or with an HIV-1 Rev NES bound; and we found that yet another scenario 

holds true: The NES-binding site of RanGTP-bound CRM1 is rigid, it does not adapt to 

individual NES sequences and uses the very same five binding pockets to capture the Φ 

residues of either SPN1 N-terminus, PKI NES or Rev NES. These ligands bind to CRM1, 

however, in drastically different conformations. The CRM1-bound PKI Φ0Leu NES is α-

helical from Φ0 to Φ2, whereas the backbone of the shorter-spaced Rev NES is extended. 

Thus, the NES ligands themselves compensate different Φ spacings by a conformational 

adaptation to the rigid NES-binding site. 
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4.3 Results 

4.3.1 Crystal structure of the classic PKI NES bound to CRM1 

The PKI NES (LALKLAGLDI) contains four critical hydrophobic positions (Φ1-Φ4). By 

means of a linker, we had serendipitously introduced an additional upstream leucine into a 

fusion construct. We observed that this Φ0Leu improved CRM1 binding such that it became 

clearly detectable even in the absence of RanGTP, i.e. when CRM1 is in its low-affinity state 

for cargo binding (Figure 4-1a). A successful crystallization of classic NES⋅CRM1⋅RanGTP 

complexes was so far hampered by their apparent instability (Cook et al., 2007). The PKI 

Φ0Leu NES was therefore a logical candidate for further crystallization trials. Indeed, we 

obtained a stable PKI Φ0Leu NES⋅CRM1⋅RanGTP complex (Figure 4-1b, c). However, even 

exhaustive screens failed to identify suitable crystallization conditions for the intact complex. 

Because of this, we switched strategies and proceeded on the assumption that the PKI Φ0Leu 

NES docks into a binding site on CRM1 that is similar to that used by the SPN1 N terminus 

(Dong et al., 2009b; Monecke et al., 2009). We exploited the fact that the 

SPN1⋅CRM1⋅RanGTP complex readily crystallizes, facilitated by the m3G cap-binding 

domain of SPN1 that engages in critical crystal contacts (Monecke et al., 2009). To 

implement this strategy, we exchanged the N-terminus of SPN1 for the PKI Φ 0Leu NES, 

yielding a PKI Φ0Leu-SPN1 chimera. The addition of the SPN115-360 module to the NES not 

only stabilized the NES⋅CRM1 interaction (Figure 4-1a), but also allowed the 

NES⋅CRM1⋅RanGTP complex to form crystals that were isomorphous to the crystals of the 

previously solved SPN1⋅CRM1⋅RanGTP export complex (PDB-ID 3GJX, Monecke et al., 

2009, Table 4-1). As already experienced with this previous structure, we had to screen many 

crystals of the chimeric NES⋅CRM1⋅Ran complex to identify one that diffracted beyond 4 Å 

resolution. Also here, data collection and structure solving were complicated by high 

mosaicity and anisotropic diffraction, leading to low completeness and redundancy, especially 

for the highest resolution shell (Table 4-1). However, refinement strategies optimized for 

datasets with low completeness (see Methods and Rice and Brünger, 1994) yielded a reliable 

model at 3.42 Å resolution with good geometry for the PKI NES bound to CRM1 (Figure 
4-2; Supplementary Figure 4-1; Table 4-1). As detailed below, the NES part of the model is 

supported by solution NMR, while the CRM1⋅RanGTP part is supported by a total of five 

independently refined crystal structures (PDB-ID 3GJX, Monecke et al., 2009; and 3NBY, 

3NBZ, 3NC0 as well as 3NC1 from this study). 
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Figure 4-1: Enhancement of the PKI NES⋅CRM1 interaction by Φ0Leu and the SPN115-360 fusion module. 
(a) The zz-tagged CRM1 cargoes, immobilized to IgG Sepharose, were incubated at 200 mM NaCl with an E. 
coli lysate containing 1 µM CRM1. Beads were washed and bound fractions analyzed by SDS-PAGE/ 
Coomassie staining. CRM1 binding to the PKI NES was clearly enhanced by the Φ0Ser→Leu mutation and 
stabilized further by fusion of the SPN115-360 module to the NES ("chimera"). This was most obvious when 
CRM1 was supplied in its Ran-free, low-affinity form for cargo binding. The NaCl concentration was chosen 
according to the strength of the CRM1·cargo interaction: strong interactions tolerate 200 mM NaCl whereas 
weak ones are evident only at 50 mM. This and subsequent figures also show relevant sequences with color-
coded Φ residues.  
(b) Size exclusion chromatography of indicated export complex constituents on a Superdex 200 column. Upper: 
Elution profiles recorded at 280 nm Lower: Fractions analyzed by SDS-PAGE/Coomassie-staining. CRM1, Ran 
and NES co-eluted as a complex when mixed prior to gel filtration. (MW, molecular weight standard)  
(c) CRM1 binding to the fluorescently labeled PKI Φ0Leu NES was quantitated at equilibrium by fluorescence 
polarization. The assay exploits the fact that the rotational diffusion of the 2.7 kDa NES peptide is slowed down 
when assembled into an > 120 kDa CRM1 complex. Apparent dissociation constants (Kd) for the CRM1·NES 
interaction were determined by non-linear regression. Error bars illustrate standard deviations for three 
independent experiments. RanGTP (1 µM) increased the affinity of CRM1 for the NES by a factor of ≈ 1400. 

 

As expected, the structures of RanGTP, CRM1 and of the retained SPN1 parts showed only 

minor deviations from our reported structure with wild type SPN1. Crucially however, we 

could now see that all experimentally confirmed Φ side chains of the PKI Φ0Leu NES (Wen 

et al., 1995 and see below) docked into the exportin's hydrophobic cleft (Figure 4-2a, b), 

which represents also the docking site for the authentic SPN1 N-terminus (Monecke et al., 

2009; Dong et al., 2009b; Supplementary Figure 4-1; Figure S6 in Chapter 3). The Φ2-Φ3 
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spacers of PKI NES and SPN1 N-terminus differ in length. Yet, equivalent Φ side chains of 

the two NESs dock at identical positions of the CRM1 molecule (Figure 4-2c). The shorter 

Φ2-Φ3 spacer of the PKI Φ0Leu NES is compensated for by an earlier break in the α-helix, 

which allows Φ3Leu11 and Φ4Ile13 to reach into their corresponding pockets of the 

hydrophobic cleft (Figure 4-2b, c). The docking of Φ0Leu1 of the PKI NES into the Φ0 pocket 

explains why this additional leucine confers a stronger CRM1 binding to the PKI NES 

(Figure 4-1a). 

 

 

Figure 4-2: Crystal structure of a classic PKI-type NES bound to the CRM1⋅RanGTP complex. 
(a) A complex of GTP-Ran5-180, mouse CRM1 and the PKI Φ0Leu NES-SPN115-360 fusion was assembled, purified 
and crystallized, yielding crystals that diffracted to 3.42 Å. Picture shows the NES-binding site of CRM1 
(hydrophobic cleft) as a surface representation. Blue denotes hydrophilic and white hydrophobic areas. Cys528 is 
colored yellow, Ala541 orange. Deep pockets are visible that accommodate the Φ residues of the NES. 
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(b) (previous page) Same structure as in (a), but here the bound PKI NES (chain E) is also shown. The NES 
backbone is colored in orange. Helical regions were defined by PROMOTIF (Hutchinson and Thornton, 1996). 
Side chains of Φ0-Φ4 (color-coded as in Figure 4-1a) are presented as sticks and surfaces. Note that the Φ 
residues perfectly fit into their pockets. NES⋅CRM1 interactions are further detailed in Supplementary Figure 
4-1. 
(c) Upper: sequence alignment of SPN1 N-terminus and PKI Φ0Leu NES. Lower: structural overlay of NES 
and SPN1 N-terminus in their CRM1-bound forms. The NES is colored as above, the SPN1 N-terminus (PDB-
ID 3GJX, Monecke et al., 2009) is colored gray. Φ side chains of the two ligands are superimposable, despite 
their different Φ2-Φ3 spacings. Overlay derives from a Cα alignment of the corresponding hydrophobic clefts. 
Both NES chains of the asymmetric unit (B & E) are shown to illustrate allowed flexibility.  
(d) CRM1 was bound to immobilized PKI Φ0Leu NES (with 3 µM RanGTP and 100 mM NaCl). This CRM1 
binding was competitively inhibited by wild type SPN1 or the PKI NES-SPN115-360 fusion. This is consistent with 
the assumption that PKI NES and SPN1 N-terminus are recognized by the same binding site. The SPN1 module 
lacking SPN1 residues 1-14 (ΔN) alone did not compete.  
(e) The A541K CRM1 mutation disables binding to the indicated export ligands, probably because the mutant 
residue clashes in all cases with the respective Φ3 side chains (see panels a and b). Binding of CRM1 to Phenyl-
Sepharose (a mimic of FG repeats, Ribbeck and Görlich, 2002) remained unaffected, indicating that the mutant's 
effects are restricted to the hydrophobic cleft. Binding to NES peptides was at 100 mM NaCl, binding to SPN1 
chimeras and Phenyl-Sepharose at 200 mM. See also Supplementary Figure 4-5. 

 

4.3.2 Point mutations in CRM1 that block NES binding to the hydrophobic 
cleft 

One might argue that the addition of the SPN115-360 module forced the NES into the 

hydrophobic cleft and that an NES without the SPN1 fusion partner would bind to a different 

site and/or in a different mode. We therefore probed the atomic structure of a non-fused NES 

in its CRM1-bound state as well as the location of the NES on the exportin molecule by 

independent experimental strategies. 

Figure 4-2d shows that the PKI NES-SPN1 chimera competitively blocks CRM1 binding of 

the non-fused PKI NES, supporting the assumption that fused and non-fused NES contact 

identical sites on CRM1. 

Furthermore, we mutated CRM1 Ala541 (located at the base of the Φ3-binding pocket, Dong et 

al., 2009b; Monecke et al., 2009; Figure 4-2a) to a lysine that we expected to clash with the 

CRM1-bound PKI NES (Supplementary Figure 4-1b). Indeed, the A541K mutation 

excluded binding of all tested PKI NES variants (Figure 4-2e). Likewise, NES binding was 

impaired when Cys528, the residue covalently modified by the CRM1 inhibitor leptomycin B 

(Kudo et al., 1999), was mutated. While Ala, Thr and Val were still well tolerated at this 

position, NES binding was diminished in the C528S and clearly reduced in the C528W 

mutant (Supplementary Figure 4-5d). 
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Considered together, these experiments provided, independently of the above-described 

crystal structure, evidence for the hydrophobic cleft being the binding site not only for the 

SPN1 N-terminus, but also for the classic PKI NES. 

 

4.3.3 NMR structure of the CRM1-bound PKI Φ0Leu NES 

To elucidate the structure of a CRM1-bound PKI Φ0Leu NES without the SPN1 fusion 

module, we performed a series of NMR experiments. We prepared several isotope-labeled 

variants of the NES peptide and assembled them into NES⋅CRM1⋅RanGTP complexes. (See 

Chapter 6 for more details on the sample preparation.) Initial attempts were hampered by 

poor signal-to-noise in the NMR spectra, probably due to the size of this complex (≈150 kDa) 

and extensive broadening of the NES NMR signals by relaxation with protons of the exportin. 

Complexes with uniformly deuterated CRM1, however, yielded high-quality NMR spectra 

and allowed structural analysis of the bound NES and its docking to the exportin 

(Supplementary Figure 4-4 and Figure 4-3) in a two-step protocol. 

First, we determined the structure of the bound NES from NOE-derived intramolecular 

(intrapeptide) distance restraints and chemical shift-derived restraints for the backbone torsion 

angles (Table 4-2). In the second step, the NES was docked onto the CRM1⋅RanGTP 

complex, which we found to undergo surprisingly little structural change upon export ligand 

binding (see below, Supplementary Figure 4-3). For docking, the following additional 

restraints were used: i) NOE crosspeaks between the sulfhydryl proton of CRM1-Cys528 and 

NES protons from the methyl groups of Φ3Leu11 and Φ4Ile13 as well as from the backbone 

amide of NES-Asp12 (Figure 4-3c and Supplementary Figure 4-5c); and ii) ambiguous 

distance restraints (Nilges, 1993; Nilges and O'Donoghue, 1998) between CRM1 amide 

protons and buried PKI NES methyl protons, which were derived from NOEs detected in 13C-

edited NOESY-HMQC spectra. The obtained docking model was further refined based on the 

solvent accessibility of methyl groups from the NES side chains as probed by paramagnetic 

relaxation enhancement experiments (Supplementary Figure 4-4b, Madl et al., 2009). 



CHAPTER 4  CRM1·NES Recognition 

65 

 

 

Figure 4-3: Solution NMR structure of the CRM1-bound PKI Φ0Leu NES. 
(a) Overview of the NES·CRM1·RanGTP complex. RanGTP (red) and CRM1 (blue) are shown as a surface 
representation. The NES-binding site is colored as in Figure 4-2. The ensemble of NMR structures of the PKI 
Φ0Leu NES is shown in orange, docked onto the CRM1·RanGTP complex. 
(b) Close-up of the CRM1⋅PKI Φ0Leu NES interaction. Φ side chain carbons are colored according to Figure 
4-1a, the non-interacting, solvent-accessible Leu6 is shown in gray. The hydrophobic cleft, formed by HEAT 
repeats 11 and 12, is depicted as a blue cartoon. 
(c) Strips from a 13C-edited NOESY-HMQC spectrum displaying intermolecular NOE crosspeaks between 
CRM1-Cys528 Hγ and methyl protons of Φ3Leu11/ Φ4Ile13 from the NES. The 13C chemical shifts for the Φ3 and 
Φ4 δ methyl groups are 26.38 and 16.32 p.p.m., respectively. See also Supplementary Figure 4-5. 
(d) Upper: Cartoon representation of the CRM1-bound NES as defined by the NMR secondary chemical shifts 
(Δδ). Middle: Difference of 13Cα and 13Cβ secondary chemical shifts for the residues of the CRM1-bound NES. 
The average over residues 1-10 (red dashed line) serves as a reference point to define the 100% bound 
population. Lower: The secondary chemical shift analysis indicates that free NES molecules already populate 
the CRM1-bound α-helical conformation to ≈ 31%. See also Supplementary Figure 4-4. 
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The final ensemble of lowest-energy structures is well converged (pair-wise backbone 

coordinate RMSD of 0.9 Å) and does not exhibit any restraint violations. Residues Φ0Leu1-

Gly10 of the NES form an amphipathic α-helix, whereas Φ3Leu11-Φ4Ile13 adopt an extended 

conformation (for helix definition, see Figure 4-3d). Residues N-terminal of Φ0 and C-

terminal of Φ4 are highly flexible in solution and do not interact with CRM1. This is also 

indicated by similar chemical shifts of the corresponding residues in the free and bound forms 

of the NES peptide (Supplementary Figure 4-4a). Importantly, the solution structure of the 

CRM1-bound PKI NES is fully consistent with the crystal structure of the SPN115-360-fused 

PKI NES. This validation suggests that our crystallographic approach using chimeras is 

generally applicable for elucidating the atomic details of CRM1 binding to different NESs. 

 

4.3.4 Solution conformation of the unbound NES peptide 

NMR experiments also allowed us probe the conformation of the NES peptide prior to 

exportin binding (Figure 4-3d). The spectra revealed that peptide molecules with an α-helical 

conformation between residues Φ0Leu1-Gly10, corresponding to the CRM1-bound 

conformation, pre-exist in solution and that this conformation is already populated to ≈ 31%. 

This suggests that recruitment of cargo to CRM1 may not solely rely on a (CRM1-) induced 

fit mechanism. Instead, it appears that CRM1 selects those NES molecules from a pre-

existing equilibrium that are already in a "bound conformation". We assume that a highly 

populated "bound conformation" of the free peptide is a prerequisite for high-affinity binding 

to CRM1. 

 

4.3.5 A consensus for optimal NES binding to CRM1 

NESs vary considerably in their affinities for CRM1, but the sequence features underlying 

this variability are still poorly understood. We therefore addressed this issue systematically, 

starting with a characterization of the Φ0 position of the PKI NES. We found that a Φ0xxΦ1 

spacing is optimal (Figure 4-4a), and that Φ0Ile, Val or Met confer an even stronger CRM1 

binding than a Φ0Leu (see below, Figure 4-4c). In the light of previously considered Φ 

residues (Bogerd et al., 1996; Zhang and Dayton, 1998; Kosugi et al., 2008), it was quite 

surprising that even Φ0Ala, Pro or Tyr enhanced CRM1 binding as compared to the PKI wild 

type Φ0Ser variant. 
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Figure 4-4: Φ  preferences in PKI-type NESs. 
(a) 1 µM CRM1 was bound at 3 µM RanGTP and 
100 mM NaCl to 1 µM immobilized NESs. At this 
NES concentration, the assay hardly discriminates 
between low and medium nanomolar dissociation 
constants. Binding was therefore performed also in 
the absence of Ran ("-RanGTP") or with RanGTP 
and 2 µM competing free PKI NES ("+RanGTP 
+NES competitor"). The Φ0 LeuxxΦ1 Leu-spaced NES 
recruited CRM1 most efficiently. 
(b) Binding assay (performed as in panel a) 
demonstrates that a hydrophobic Φ0 residue 
contributes also to the very strong CRM1 binding 
of the supraphysiological S1 and NS2 NESs. Until 
now, Φ0 residues in S1 and NS2 were not 
recognized as relevant. CRM1 binding of the An3 
NES was enhanced by changing the Φ0-Φ1 spacer to 
acidic residues (EE). This also potentiated the effect 
of the hydrophobic Φ0 residue. 

 
(c) Starting with the PKI Φ0Leu NES, all five Φ positions were systematically mutated to indicated residues. 
These mutants were tested for CRM1 binding as in a, using the conditions "+RanGTP" and "+RanGTP+NES 
competitor". The control without Ran is shown in Supplementary Figure 4-6. Note that the individual Φ 
pockets differ in their preferences. This is most obvious in the "+RanGTP+NES competitor" panels. 

 

It is curious that hydrophobic Φ0 positions have not yet been described for high-affinity NESs 

such as the supraphysiological S1 and NS2 NESs. We therefore re-evaluated this issue. S1 

was identified through a phage display selection for 15-mer peptides that show strong CRM1 
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binding even in the absence of RanGTP (Engelsma et al., 2004). With the previously 

considered sequence (LARLFSALSV), which lacks a Φ 0 position, we could not reproduce 

the high affinity reported. However, we noticed a seemingly perfect Φ0Val in the sequence 

stretch N-terminal to the reported 4-Φ NES. Indeed, including this Val dramatically improved 

CRM1 binding, while a Φ 0Val→Ser mutation abolished the effect (Figure 4-4b). The NS2 

NES from Minute Virus of Mice was also published without considering a hydrophobic Φ0 

position (Engelsma et al., 2008), and again, we found an upstream Val from the original 

sequence context to be required for very tight CRM1 binding (Figure 4-4b). We thus 

conclude that the NES consensus comprises not four but five hydrophobic positions (Φ0, Φ1-

Φ4) and that high-affinity NESs are characterized by a hydrophobic Φ0 residue. 

Our analysis of the An3 NES (Askjaer et al., 1999) documents another critical feature of 

NESs with high affinity for CRM1. This NES contains an optimally spaced Φ0Val. Here, 

however, a change to Ser had surprisingly little effect on CRM1 binding (Figure 4-4b). This 

correlated with another difference: whereas the Φ0-Φ1 spacer is acidic in the SPN1 N-terminus 

as well as in the PKI Φ0Leu, NS2 and S1 NESs, it comprises two neutral residues in the An3 

NES. Indeed, changing these neural residues to acidic ones greatly improved the CRM1 

interaction. In such context, also the Φ0Val→Ser mutant had a striking effect (Figure 4-4b). 

Acidic residues from the Φ0-Φ1 spacer engage in electrostatic interactions with K522 and K560 

of CRM1 (Dong et al., 2009b; Monecke et al., 2009). This explains their positive effect on 

exportin binding. Apparently, they also position the Φ0 residue within the hydrophobic cleft. 

To complete our systematic analysis, we probed, in the context of the PKI NES, all five Φ-

binding pockets for their side chain preferences. The result of our survey is summarized in 

Figure 4-4c (see also Supplementary Figure 4-6 and below Figure 4-8a). Leu is well 

accepted by all five Φ pockets, but only in Φ1 clearly preferred over all other hydrophobics. 

Notably, the Φ2 pocket has the preference Phe ≈ Met > Leu and it even accepts Tyr. These 

data suggest that the five Φ-binding pockets are non-equivalent and that the strength of NES 

binding to CRM1 can be adjusted at each Φ position by the choice of the hydrophobic 

residue. 

 

4.3.6 Rational design of a supraphysiological NES 

With respect to maximum CRM1 binding, our PKI Φ0Leu NES was still suboptimal at Φ0 

(Leu instead of Ile), Φ2 (Leu instead of Phe) and Φ4 (Ile instead of Leu). We therefore 
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constructed a fully Φ-optimized version and found that this Super-PKI-1 NES bound CRM1 

nearly as strongly as the supraphysiological S1 NES (Figure 4-5a). 

Around their Φ0 positions, the NS2 and S1 NESs are more negatively charged than the PKI 

NES (Figure 4-5a). This is interesting, because a negatively charged Φ0-Φ1 spacer confers 

stronger CRM1 binding to the An3 NES (Figure 4-4b). We therefore gradually adjusted the 

original NΦ0NEΦ1 sequence of the Super-PKI-1 NES to more acidic patterns. The effect was 

striking. The final Super-PKI-3 NES had a DΦ0DEΦ1 pattern and a CRM1 affinity that 

clearly exceeded the affinity of S1 and matched that of the NS2 NES (Figure 4-5a). 

Structurally, this effect can be explained by additional electrostatic interactions of the acidic 

Φ0 neighbors and Lys514 and Lys560 of CRM1 (Supplementary Figure 4-1b, 

Supplementary Figure 4-2b). 

 

 

Figure 4-5: Supraphysiological and attenuated NESs. 
(a) Conversion of the PKI NES into a supraphysiological NES. To maximize CRM1 affinity of the PKI Φ0Leu 
NES, all Φ  positions were changed to preferred residues (yielding Super-PKI-1 NES). Subsequently, Asp 
residues were introduced next to Φ 0. The final Super-PKI-3 NES matched the CRM1 affinity of NS2 and 
outperformed the S1 NES. Binding assay was performed as in Figure 4-4a, using the supraphysiological S1 
NES as a competitor. 
(b) Mutants, which render the weakly CRM1-binding SPN1 N-terminus more similar to the PKI NES, were 
tested for CRM1 binding at 50 mM NaCl. The greatest gain in CRM1 binding was observed for the ΔAla9 
mutant that adjusted the Φ2xxxΦ3 to the PKI-like Φ2xxΦ3 spacing. The Φ3F→L and Φ4V→I mutations that 
introduced more optimal Φ residues also facilitated the interaction with CRM1. 
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Supraphysiological NESs naturally occur in certain viral proteins (Engelsma et al., 2008). 

They strongly compete CRM1-mediated nuclear export and thus might even represent a viral 

strategy to disable a critical element of the host's cellular infrastructure. Our data suggest that 

such high CRM1 affinity results if an NES sequence closely matches our consensus for PKI-

type NESs with 5 Φ positions and an acidic Φ0 context (see below, Figure 4-8a). 

 

4.3.7 NES attenuation  

Cellular NESs are apparently not optimized to maximum CRM1 binding (Engelsma et al., 

2008; Kutay and Güttinger, 2005), because that too strong an NES⋅CRM1 interaction would 

cause the Ran-free form of CRM1 to stably bind the NES in the cytoplasm and thus to re-

import such cargo into the nucleus. A typical cellular NES will therefore be attenuated as 

compared to the strongest possible ligand of the hydrophobic cleft. An extreme example of 

such attenuation is the NES-like N-terminus of SPN1. Its Φ residues occupy virtually the 

same positions within the hydrophobic cleft as the equivalent residues of the PKI Φ0Leu NES 

(Figure 4-2c). Yet, the SPN1 N-terminus binds CRM1 ≈100 times more weakly. Our analysis 

(Figure 4-5b) revealed that the SPN1 N-terminus is down-tuned in at least three regards as 

compared to the PKI NES, namely by containing suboptimal Φ3Phe and Φ4Val residues and 

by having a Φ2xxxΦ3 spacing instead of the optimal Φ2xxΦ3 spacing. Possibly, the Φ2xxxΦ3 

spacing results in tension within the hydrophobic cleft and /or the NES peptide. 

 

4.3.8 Unconventionally-spaced NESs derived from the 5-Φ consensus 

The allowed variability of the Φ2-Φ3 spacing is also interesting in that it creates a greater 

diversity of functional NESs. An even greater diversity arises from the observation that not all 

hydrophobic positions are necessarily essential, especially if the other Φ positions are 

sufficiently strong. In the context of the Φ-optimized Super-PKI-1 NES (Figure 4-5a), for 

example, each of the Φ residues can be exchanged for Ala without abolishing CRM1 binding 

and export activity (Figure 4-6a, b). These Φ→Ala mutations lead to 4-Φ NESs with very 

unusual hydrophobic spacings, such as ΦxxΦxxxΦxxxxΦ in the case of a Φ3→Ala mutant. 

Likewise, the Φ4→Ala mutation generates a peptide with a ΦxxΦxxxΦxxΦ spacing that 

corresponds to an exotic "class 3 NES" described by Kosugi et al. (Kosugi et al., 2008). 

Taken together, this suggests that the number of peptide sequences with CRM1-dependent 

NES activity is far larger than was previously thought. The data also show that an optimized 
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5-Φ NES tolerates losses at hydrophobic positions considerably better than the wild type 4-Φ 

version of the PKI NES (Wen et al., 1995). This tolerance certainly reaches its limits, 

however, when the peptide contains residues that are incompatible with the required NES 

conformation (e.g. proline in the Φ1-Φ3 helical region) or cause steric exclusion from the 

central Φ1-Φ3 pockets. 

 

 

 

 

 

 

 

Figure 4-6: Export activity of NESs 
with unconventionally spaced Φ  
residues. 
(a) Starting from the Super-PKI-1 NES, 
each of the Φ positions was mutated to 
Ala, generating 4-Φ NESs with 
unconventional Φ spacing. The CRM1 
binding assay (performed at 100 mM 
NaCl) indicates that these changes were 
tolerated at every Φ position. The term 
"bg" denotes background binding to beads 
with only the zz tag being immobilized. 
(b) PKI NES variants of panel (a) were 
fused to GFP and assayed for nuclear 
export activity. The readout was steady-
state exclusion from HeLa cell nuclei 
incubated in Xenopus egg extract. The 
assay exploits the fact that these small 
fusion proteins passively diffuse into 
nuclei. Nuclear exclusion results only if 
CRM1 accepts the respective fusion as a 
cargo. Confocal images were taken 3 h 
after addition of the indicated fluorescent 
proteins. As internal controls, we used 
mCherry (which enters nuclei but lacks 
CRM1 binding) or a PKI Φ0Leu NES-
mCherry fusion. Scale bar: 20 µm. 
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4.3.9 The "4-Φ" Rev NES docks in an unanticipated manner into all 5 Φ 
pockets 

The HIV-1 Rev NES was initially identified as the Rev-activation domain (Malim et al., 

1991) and later shown to mediate nuclear export of the genomic HIV-1 RNA (Fischer et al., 

1995) in a CRM1-dependent manner (Fornerod et al., 1997a). Its recognition by the exportin 

is particularly interesting, because here, the suggested "Φ1" is separated from Φ2 by a double-

Pro spacer that should break any helicity. Its mode of CRM1 binding can therefore not be 

explained by the SPN1/PKI paradigm described above. 

To investigate this problem, we used the chimera strategy, crystallized the corresponding Rev 

NES⋅CRM1⋅RanGTP complex and solved its structure. Considering that the Rev NES had so 

far been assumed to contain four Φ residues, all being leucines, the structure revealed a fully 

unexpected mode of binding, namely that the Rev NES docks with five residues into all five 

Φ pockets of CRM1 (Figure 4-7a, c; Supplementary Figure 4-2). The structure shows that 

the traditional alignment between the Rev and PKI-type NESs was correct only for the stretch 

from Φ2Leu9 to Φ4Leu14, i.e. for the region that is indeed analogous between the two NES 

types (Figure 4-7c). The critical Leu6, however, is not the Φ1 residue, but docks into the Φ0 

pocket. Surprisingly, the Φ1 pocket accommodates the following Pro7. The spacer to Φ2Leu9 

does not comprise three residues as in the PKI NES or the SPN1 N-terminus, but only a single 

Pro. These shorter spacers between Φ0 and Φ2 are compensated for by an extended instead of 

an α-helical structure. Strikingly, this allows the five newly defined Φ residues of the Rev 

NES to occupy positions in 3D space that are nearly identical to the equivalent hydrophobics 

of SPN1 or PKI (Figure 4-7c; compare Figure 4-2b, c; Figure 4-7a-c, Supplementary 

Figure 4-1; Supplementary Figure 4-2). 

Our Rev NES⋅CRM1 structure is supported by biochemical data. The notion that the Rev NES 

docks into the hydrophobic cleft, for example, is fully consistent with the inhibition of the 

Rev NES⋅CRM1 interaction by competing PKI NES or SPN1 (not shown), by leptomycin B 

(Fornerod et al., 1997a), by the A541K and C528W mutations in CRM1 (Fig. 2e and 

Supplementary Fig. 5d), and by the I521L525F561F572→A quadruple mutation in CRM1 (Dong 

et al., 2009b). 
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Figure 4-7: Structure of the CRM1-bound 
HIV-1 Rev NES. 
The NES from the HIV-1 Rev protein was 
fused to the SPN115-360 module, assembled 
into an export complex with CRM1 and 
RanGTP, and crystallized under two different 
conditions (Supplementary Table 4-1, 
Table 4-1). The resulting crystals allowed 
structure refinement to 2.9 Å resolution. 
(a) Illustration of how the Rev NES docks 
with Leu6, Pro7, Leu9, Leu12 and Leu14 into 
the five Φ-pockets. Φ0-4 coloring is as in 
Figures 4-1 to 4-6. Leu4 makes a weak 
hydrophobic contact to Leu6 and is shown in 
ochre. NES⋅CRM1 interactions are further 
detailed in Supplementary Figure 4-2. 

 
(b) The comparison clearly shows that the analogous Φ residues of Rev NES and SPN1 N-terminus occupy 
identical positions in the cleft. 
(c) Upper: traditional sequence-based and novel structure-based alignment of SPN1 N-terminus and Rev NES. 
Lower: structural overlay between the CRM1-bound forms of the Rev NES (colored as in panel a) and the SPN1 
N-terminus (gray). To illustrate the low flexibility at the Φ positions and the higher flexibility near Leu4, we 
included four Rev NES structures (derived from different crystallization conditions and the fact that each 
asymmetric unit contains two export complexes). 
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(d) (previous page) 1 µM CRM1 was bound at 3 µM RanGTP and 75 mM NaCl to indicated Rev NES variants. 
CRM1 binding was drastically reduced by mutations of leucines 6, 9, 12, or 14 to Ser, or change of the critical 
proline 7 to Gly, Ala or Leu. Pro8→Gly also impaired CRM1 binding. Changing Leu4 also had some effect, 
probably because Leu4 shields Leu6 from the solvent (panel a). 
(e) Overlay of the structures of the hydrophobic clefts from RanGTP⋅CRM1 complexes in their SPN1-, PKI 
NES- and Rev NES-bound forms (light blue backbones) or cargo-free form (orange). The side chains shown are 
those that contact the Φ residues of the NESs. Note that the backbones show no major deviation and that 
structural differences are restricted to varying rotational states of the side chains and minor alterations in the 
intra-HEAT loops. 

 

Mutation of the critical Φ leucines of the Rev NES to serine reduced CRM1 binding to 

background levels (Figure 4-7d). The very strong effect of the Φ0Leu6→Ser mutation is 

particularly interesting, because it classifies the Rev NES as an export signal where a 

hydrophobic Φ0 position not just tightens the interaction with CRM1, but appears essential for 

CRM1 binding. The critical Φ1Pro7 turned out to be very intolerant towards mutations (Figure 

4-7d). Changes to Gly or Ala abolished CRM1 binding. Even the Φ1Pro→Leu mutant showed 

strongly reduced CRM1 binding, emphasising that Pro7 is not just a hydrophobic ligand, but 

also favors the special backbone conformation that positions other Φ residues within the 

hydrophobic cleft. Indeed, this mutant reveals an unexpected strong interdependence of Φ 

preference and backbone conformation: Φ1Pro is optimal in the Rev NES context but kills the 

PKI NES, whereas Φ1Leu disables the Rev NES but is optimal for PKI (summarized in 

Figure 4-8). Interestingly, also the change of the spacer-Pro8 to Gly impaired the interaction 

with CRM1, while a change to Ala had no negative effect (Figure 4-7d). This probably 

reflects a negative entropic impact of the very flexible Gly residue, and it emphasizes once 

again the great influence of the NES backbone conformation on recognition by CRM1. 

 

4.3.10 The NES-binding site is rigid and does not adapt to individual cargoes 

We also obtained a crystal structure of the binary RanGTP⋅CRM1 complex. It lacked a cargo 

molecule and crystallized in a different space group than the RanGTP⋅CRM1⋅cargo 

complexes (Supplementary Figure 4-3 and Table 4-1). Nevertheless, Ran and CRM1 

showed only negligible deviations from the structures containing cargo. In particular, the 

backbones of the NES-binding sites of all four RanGTP⋅CRM1 complexes (containing SPN1, 

the PKI NES or Rev NES fusions, or lacking cargo) are essentially indistinguishable (Figure 
4-7e). Differences appear merely restricted to conformations of the side chains. Thus, the 

NES-binding site in RanGTP-bound CRM1 is rigid, i.e. it does not adapt to individual NES 
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sequences. Instead, the NES ligands themselves compensate different Φ spacings by their 

conformational adaptation to the rigid NES-binding site. 

The fact that RanGTP alone suffices to force the CRM1 molecule into the nuclear 

conformation emphasizes that Ran is the master regulator of the cargo-binding site. It further 

predicts that the conformation of CRM1 in export complexes with other cargoes will be very 

similar to the structures we observed. 

 

 

 

Figure 4-8: Redefinition of the NES consensus. 
Our structural and biochemical analyses revealed that five and not just four Φ positions need to be considered. In 
addition, the rules for Φ0-Φ2 spacing differ strikingly between PKI-class NESs (a) and Rev-class NESs (b). Φ 
preferences for PKI-class NESs were elucidated in Figure 4-4c and Supplementary Figure 4-6. A given Φ 
residue was scored as active if the tested NES bound CRM1 in a RanGTP-stimulated manner and stronger than 
the corresponding Ser variant. It is remarkable that while Pro is the only well accepted residue at Φ1 of the Rev-
type NES, it is forbidden at PKI Φ1. 
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4.4 Discussion 

The great diversity of functional leucine-rich NESs poses an intriguing question, namely, how 

a single receptor, CRM1, can recognize all of these different peptides. In particular, it was 

difficult to comprehend how the exportin can cope with different spacings of the key Φ 

residues. To address this recognition problem, we developed and validated a general 

crystallographic approach (based on NES-SPN1 chimeras) that allowed us to elucidate the 

structures of NES⋅CRM1·RanGTP complexes. We applied this approach to the export signals 

of the protein kinase A inhibitor PKI and the HIV-1 Rev protein, which not only represent the 

two prototypical NESs, but also mark (together with the SPN1 N-terminus) the known 

extremes of inter-Φ spacing. 

Strikingly, we found that CRM1 uses the very same set of Φ pockets for the recognition of 

each of these diverse NES peptides. The high-affinity state of the hydrophobic cleft has a very 

defined conformation that does not adapt to different NESs. We also found no indication for a 

sliding of Φ residues within the hydrophobic cleft or for alternative Φ-binding sites. Instead, 

different Φ spacings are compensated for by allowing NESs to dock their Φ residues with an 

α-helical, near α-helical or an extended backbone conformation into the Φ pockets. This, 

along with the facts that single Φ residues are dispensable (provided the others are close to 

optimal) and that each Φ-binding pocket accepts various hydrophobic residues, account for 

the observed very wide range of specifically recognized NESs. 

NESs of the PKI class are characterized by a Φ1xxxΦ2 spacing. The traditional NES 

consensus, however, also included a deviating Φ1xxΦ2 spacing. We now have reason to 

assume that this latter Φ spacing is highly disfavored, because it is too short to bridge the 

distance between the Φ1 and Φ2 pockets in a PKI-typical α-helical conformation, and too long 

for a favorable extended conformation. The Φ1xxΦ2 pattern was historically derived from 

NESs containing a Rev-like Φ-Pro-x-Φ motif (see Kutay and Güttinger, 2005 and citations 

therein). Our crystal structure now revealed that Pro is not part of an inter-Φ spacer, but the 

essential Φ1 residue of the NES, whereas the preceding Leu is Φ0. In other words, Rev-class 

NESs are characterized by a Φ0Φ1 Pro xΦ2 and not a Φ1xxΦ2 spacing (Figure 4-8b). 

NES-like sequence patterns occur rather frequently in proteins, even in those that are not 

recognized by CRM1. This phenomenon has been studied in detail for the Abl tyrosine kinase 

(Hantschel et al., 2005), whose actin-binding domain contains a perfect 4-Φ PKI-type NES 

stretch (LENNLRELQI, Taagepera et al., 1998). When taken out of its original protein 
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context, this NES indeed confers efficient CRM1-dependent nuclear export. However, the 

complete domain cannot be recruited as a CRM1 cargo, because the three leucines of the 

"NES" are buried in the hydrophobic core and are thus not accessible for the exportin 

(Hantschel et al., 2005; see also Chapter 6; Rittinger et al., 1999; Kadlec et al., 2004; la Cour 

et al., 2004). Functional NESs should hence lack an appropriate "packing partner" in their 

sequence context. Operational classic NESs will therefore not occur within compactly folded 

domains, but rather at the N-terminus, C-terminus, or within an unstructured region of an 

export cargo. This consideration is obviously crucial for a precise prediction of export signals. 

From a protein folding perspective, the docking of an NES into CRM1's hydrophobic cleft 

can be seen as a trans-complementation that creates a new hydrophobic core. 

The most conserved part of CRM1 (and probably of all nuclear transport components) 

comprises residues 495-595 and includes the hydrophobic cleft as well as flanking residues 

(Supplementary Figure 4-7). This part from human is 100% identical to that of fish (Danio 

rerio), 94% to Drosophila melanogaster, 91% to Penicillium chrysogenum, 82% to rice 

(Oryza sativa) and still very similar to that of distant protozoa such as Toxoplasma gondii 

(76% identity) or Tetrahymena thermophila (53% identity). This extreme conservation readily 

explains why the Rev and PKI NESs are functional from yeast to human. Remarkably, 

however, the conservation is not restricted to the residues that contact the Φ side chains. 

Instead, strict evolutionary constraints were evidently imposed onto the entire HEAT repeats 

11 and 12, which harbor the hydrophobic cleft, as well as onto flanking regions, in particular 

the acidic loop that contacts RanGTP. This probably reflects that the NES-binding site and the 

acidic loop cooperate in a highly optimized manner when CRM1 is switched between its 

cytoplasmic state (which is the form of low affinity for Ran and cargo) and its nuclear high-

affinity state (Monecke et al., 2009; Koyama and Matsuura, 2010). The necessary rigid 

coupling between RanGTP binding and export cargo loading probably requires the 

hydrophobic cleft to be rigid in its nuclear state. As a consequence, the NES-binding site 

cannot adapt to different Φ spacings. Therefore, peptides will display CRM1-dependent NES 

activity only if a favorable conformation of their backbone can place a sufficient number of Φ 

side chains into the rigid arrangement of Φ pockets. 
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Table 4-1: Data collection and refinement statistics. 

 

*Values in parentheses are for highest-resolution shell. 
a Rrim =  ∑hkl {N/(N-1)}1/2 ∑i|Ii(hkl) − I(hkl)|/∑hkl∑iIi(hkl), with N being the number of times a given reflection has 
been observed. (Weiss and Hilgenfeld, 1997) 
b Rpim = ∑hkl {1/(N-1)}1/2 ∑i|Ii(hkl) − I(hkl)|/∑hkl∑iIi(hkl), with N being the number of times a given reflection has 
been observed. (Weiss and Hilgenfeld, 1997) 
#B-factor or map correlation coefficient for NES-binding site comprising CRM1 residues 511-574. 
Note that the quality of maps and models for the NES regions of the Snurportin chimeras is above average of the 
data, as judged by B-factors and map correlation coefficients. See Online Methods for further details. 
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Table 4-2: NMR and refinement statistics for the CRM1-bound PKI Φ0Leu NES. 

 

 PKI Φ0Leu NES bound to 
CRM1⋅Ran complex 

NMR restraints  
Distance restraintsa  
    Total NOE 37 
    Intra-residue 0 
    Inter-residue (NES)  
      Sequential (|i – j| = 1) 0 
      Medium-range (|i – j| ≤ 4) 9 
      Long-range (|i – j| > 4) 10 
      Intermolecular (NES-CRM1)   
 unambiguous 3 
 ambiguous 15 
Dihedral angle restraints (NES)b  
    φ 9 
    ψ 10 
Solvent PREs (NES) 11 
  
Structure statistics  
Violations (mean ± s.d.)  
    Distance restraints (Å)     0.331 ± 0.106 
    Dihedral angle restraints (º) 0.000 ± 0.000 
    Max. dihedral angle violation (º)     0.00 
    Max. distance restraint violation (Å)  0.13 
Deviations from idealized geometry  
    Bond lengths (Å)     0.00344 
    Bond angles (º) 0.57480 
    Impropers (º) 1.46510 
Average pairwise r.m.s. deviation (Å)      
    Backbone      0.89 ± 0.25 
    Heavy   1.62 ± 0.22 
Ramachandran plot (PROCHECK)c  
    Most favored regions 88.3 % 
    Allowed regions 8.3 % 
    Generously allowed regions 3.3 % 
    Disallowed regions 0.0 % 

 
Statistics are given for the 10 lowest energy structures out of 1000 calculated for the PKI NES docking to 
CRM1. These structures were obtained after scoring against the solvent PRE data as described in the Methods. 
The CNS Erepel function was used to simulate van der Waals interactions with an energy constant of 25 kcal mol-1 

Å-4 using "PROLSQ" van der Waals radii (Linge et al., 2003). RMSD and PROCHECK values apply for 
residues 1-11 and 1-13, for the PKI NES peptide and the docking to CRM1, respectively. 
a   Distance restraints were employed with a soft square-well potential using an energy constant of 50 kcal 

mol-1 Å-2.  
b    Torsion angle restraints derived from TALOS (Shen et al., 2009) were applied to φ, ψ  backbone  angles 

using energy constants of 200 kcal mol-1 rad-2. 
c PROCHECK (Laskowski et al., 1996) was used to determine the quality of the structure. 
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4.5 Supplementary Figures and Tables 

 

Supplementary Figure 4-1: Details of the PKI Φ0Leu NES·CRM1 interaction. 
(a) Upper: Sequence of the PKI Φ0Leu NES. Φ residues are colored according to Figure 4-1a. Lower: Panel 
displays the 2Fo-Fc electron density map (blue mesh, contoured at 1.0 σ ) for the PKI Φ 0Leu NES (shown as 
sticks) in the chimeric RanGTP·CRM1·NES-SPN115-360 complex. Φ residues are colored according to the shown 
sequence. Note that all Φ residues are well defined in the map. In all panels, dark blue marks nitrogen, oxygen is 
shown in light red and sulfur is colored in yellow. 
(b) CRM1 HEAT repeats 11-12 (gray cartoon) are shown with the NES peptide bound (backbone traced in 
orange). NES-binding residues of CRM1 are depicted as blue sticks. Dashed lines link interacting atoms. Lines 
pointing onto backbones indicate contacts to carbonyl-carbons or amide groups. Upper: Panel shows the 
hydrophobic contacts of the Φ residues (distance ≤  4.0 Å). The respective Φ residues are shown as sticks, the 
color code is explained in a. Lower: Panel shows the non-Φ hydrophobic (distance ≤ 4.0 Å) as well as polar 
(distance ≤ 3.8 Å) contacts of NES residues (cyan sticks). 
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Supplementary Figure 4-2: Details of the HIV-1 Rev NES·CRM1 interaction. 
For explanation, see Supplementary Figure 4-1. 

!"#$%&'%()*
Φ!*%+,-*,.

(

-

/01*,$%+2#1+.),"23-&
45/67

!89:;2<1=25/6

!89:;2<1=25/6

/01*,$%+2#1+.),"23-&

!89:;2<1=25/6

"#
$%

&'(
)''

*'+
*',

-#++ &#+.

-#/%0#/,

*#+# -#1,

!89:;2<1=25/6

2##%

3##,

3#/' 3#4+

5#'%-#',
-#++

-#/%
0#/,

5#/#

6#+'

7#,#

8#,'
8#1%

9#+%
*#+# -#14

&#4#

PLQLPPLERLTL
Φ>Φ;Φ? Φ@ ΦA

/# . '+ ',4
!89:;2<1=25/6

B<C;

B<C;

;;

;;

;?

;?

5%+:Φ!'"#$%&'%()*
-+#2&%0-$2*%+,-*,.



CHAPTER 4  CRM1·NES Recognition 

82 

 

Supplementary Figure 4-3: Comparison of the overall structures of RanGTP·CRM1 from the binary 
(cargo-free) RanGTP·CRM1 complex and the ternary RanGTP·CRM1·SPN1 complex (PDB-ID 3GJX, 
chains F and D, Monecke et al., 2009). 
a) Pictures show an overlay of RanGTP·CRM1 from the indicated complexes (in cartoon representation). The 
color code is explained on top of the figure. The overlay is based on a Cα alignment of the CRM1 molecules 
(RMSD = 0.843 Å). HEAT repeats forming the hydrophobic cleft (11 and 12) are labeled.  
(b) As in (a), but here RanGTP was omitted for clarity. 
(c) As in (a), but here CRM1 was omitted and Ran was enlarged. GTP is shown for orientation (green sticks). 
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Supplementary Figure 4-4: NMR-spectroscopic analysis of the free and CRM1·RanGTP-bound PKI 
Φ0Leu NES. 
(a) Overlay of the 1H,15N-HSQC NMR spectrum of the unbound PKI NES peptide (black) and the 1H,15N-
CRINEPT-HMQC spectrum of the PKI NES peptide in the export complex (orange). Signals are labeled 
according to the shown residue numbers. Arrows indicate changes in the chemical shift of selected residues that 
occur when the NES is incorporated in the export complex. 
(b) Upper: Diagram shows solvent PRE (paramagnetic relaxation enhancement) data for the CRM1-bound NES. 
PRE values positively correlate with the solvent-accessibility of methyl groups. Experimental (orange) and back-
calculated 1H PREs (blue) for methyl groups are displayed. Lower: The panels show how the 1H-methyl groups 
of the indicated residues are positioned in the hydrophobic cleft of CRM1. The backbone of the PKI NES is 
shown in orange, side chains are color-coded as in Figure 4-3b, protons are colored in light gray. CRM1 is 
shown as a surface representation (blue). 
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Supplementary Figure 4-5: Evidence for a hydrogen bonding network involving CRM1Cys528 and NES 
peptide backbones. 
Panels (a)-(c) show cartoon representations of CRM1 (gray) and the indicated ligand (light orange), focussing on 
the region around CRM1Cys528. Selected residues are depicted as sticks (with oxygen in red, nitrogen in blue, 
sulfur in yellow and protons in gray). The higher-resolution structures of the SPN1 (PDB-ID 3GJX, Monecke et 
al., 2009) and HIV-1 Rev NES complexes revealed a conspicuous water molecule (red sphere) in the vicinity of 
CRM1Cys528. 
(a) The dashed lines illustrate the hydrogen bonding network that involves this water molecule,  
CRM1Cys528 and the backbone of SPN1Ser13.  
(b) The panel illustrates the analogous hydrogen bonding network for the HIV-1 Rev NES·CRM1·RanGTP 
complex. 
(c) The PKI Φ0Leu NES·CRM1·RanGTP electron density map could not resolve water molecules. However, we 
observed NOE cross peaks for a cysteine sulfhydryl protected against solvent exchange (Figure 4-3c), typical 
for stable hydrogen bonding interactions. This cysteine can be assigned to CRM1-Cys528, which is located in the 
vicinity of the PKI Φ0Leu NES peptide (panel d) and is the only cysteine within the hydrophobic cleft. Thus, the 
NOE pattern (cross peaks between CRM1-Cys528 Hγ and side chain methyl protons of NES-Leu11/Ile13 as well as 
the backbone amide of NES-Asp12, illustrated by red dashed lines) is consistent with an equivalent hydrogen 
bonding network in the PKI Φ0Leu NES·CRM1·RanGTP complex. 
(d) Binding of the indicated CRM1 variants to the specified export ligands. Changing CRM1Cys528 to other small 
residues with hydrophobic potential (Ala, Thr, Val) did not reduce cargo binding detectably. A change to the 
more hydrophilic Ser, however, caused some reduction and a change to the bulky residue Trp resulted in a clear 
decrease in cargo binding.  See Figure 4-2e for further details. These results confirm that PKI and Rev NES bind 
in close vicinity of CRM1Cys528 and CRM1Ala541. See also Supplementary Figure 4-1 and Supplementary 
Figure 4-2. 
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Supplementary Figure 4-6: Assessment of the amino acid specificities of the Φ pockets. 
(a) Each Φ residue of the zz-tagged PKI Φ0Leu NES was systematically mutated to the indicated hydrophobic 
residues (single letter codes) and tested for CRM1 binding in the absence or presence of RanGTP as described 
for Figure 4-4a. Ser mutants were used as negative controls, because Ser should not engage in hydrophobic  
interactions with Φ pockets. We considered residues as clearly Φ-active if (I) CRM1 recruitment to the mutant 
peptide was stimulated by RanGTP and (II) if CRM1 binding was more pronounced than for the  
corresponding Ser mutant. Substitutions that reduced bound CRM1 to background levels can be regarded as 
disallowed. 
(b) Panel shows the NES consensus derived from a and Figure 4-4c (see also Figure 4-8). 
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Supplementary Figure 4-7: Sequence conservation of CRM1. 
CRM1 (in export complex conformation) is shown as a surface representation, ligands have been omitted for 
clarity. 
(a) The “acidic loop” (residues 423-448) is colored in magenta, HEAT repeats 11 and 12 (residues 510-595) in 
green. The locations of N- and C-terminus are shown for orientation. 
(b) The Ran-binding surface is depicted in blue and the NES-binding surface is shown in brown. 
(c) CRM1 surface is colored according to sequence conservation. Note that the NES-binding site is the most 
conserved part of CRM1. Striking conservation further extends to the acidic loop that links Ran- and NES-
binding. The surface representation was generated with UCSF Chimera (Pettersen et al., 2004) from Clustal W-
aligned CRM1 sequences (Larkin et al., 2007). The alignment was essentially based on all full-length CRM1 
sequences that were identifiable in the non-redundant NCBI protein sequence database, the most distant being 
CRM1 from Trichomonas vaginalis (22 % identity to mouse CRM1). For sets of highly similar sequences 
however, only one orthologue was included in order to avoid bias by overrepresenting individual clades, leaving 
58 sequences. 
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Supplementary Table 4-1: Crystallization and cryoprotection conditions. 

Complex Crystallization  Cryoprotection 

PKI Φ0Leu NES-SPN1· 
CRM1·Ran(Q69L)5-180 

100 mM Tris/HCl pH 8.08-8.30, 
10-14% (w/v) PEG 1000  
(20 °C) 

sitting drop 
1 µl prot. (4 mg ml-1) +  
1 µl reservoir 

reservoir + 
20% (v/v) 1,2-propanediol 

HIV-1 Rev NES-SPN1· 
CRM1·Ran(Q69L)5-180 
(crystal I) 

100 mM Tris/HCl pH 7.8, 16% 
(w/v) PEG 1000  
(16 °C) 

hanging drop 
2 µl prot. (8 mg ml-1) +  
2 µl reservoir 

reservoir + 
5% (w/v) PEG 1000 +  
12% (v/v) glycerol 

HIV-1 Rev NES-SPN1· 
CRM1·Ran(Q69L)5-180 
(crystal II) 

100 mM Tris/HCl pH 7.8, 16% 
(w/v) PEG 1000, 2 mM phenol 
(20 °C) 

hanging drop 
2 µl prot. (8 mg ml-1) +  
2 µl reservoir 

reservoir + 
5% (w/v) PEG 1000 +  
12% (v/v) glycerol 

CRM1·Ran(Q69L)1-180 
100 mM Tris/HCl pH 8.5, 12% 
(w/v) PEG 4000  
(20→4 °C) 

sitting drop 
1 µl prot. (12.2 mg ml-1) + 
1 µl reservoir 

reservoir +  
11% (v/v) 2,3-butanediol 

 

4.6 Methods 

4.6.1 Protein Expression and Purification 

2YT medium supplemented with 2% (w/v) glycerol and 30 mM K2HPO4 was used for 

standard expression cultures. Mouse CRM11-1071 (full-length) was expressed as an N-terminal 

His10-zz fusion in E. coli BLR using a fermenter (Labfors 3, Infors AG). Expression was 

performed at 16 °C for ≈20 hours (0.1 mM IPTG). A total of 1 mM PMSF and 1 mM EDTA 

were added to the culture prior to centrifugation. Cells were resuspended in lysis buffer (50 

mM Tris/HCl pH 7.5, 500 mM NaCl, 1 mM EDTA, 2 mM imidazole) supplemented with 100 

µM Amidino-PMSF and 100 µM DFP and lysed in the presence of 5 mM DTT and 20 U ml-1 

Benzonase (Novagen). The lysate was cleared by centrifugation and the protein bound to a 

Ni2+-chelate affinity column. To remove CRM1-associated chaperones, the column was 

washed with lysis buffer supplemented with 100 mM KCl, 10 mM Mg(OAc)2 and 1 mM 

ATP. CRM1 was eluted with lysis buffer/200 mM imidazole. The eluate (diluted to 100 mM 

NaCl) was passed through a Heparin Sepharose column (GE Healthcare), applied to a Q-

Sepharose column (GE Healthcare) and eluted in a concentration gradient of NaCl. After 

cleavage of the His10-zz-tag by His-tagged TEV protease, the tag, protease and residual 

contaminants were removed via another Ni2+-column. The flow-through was then subjected to 

a Superdex 200 gel filtration column (HiLoad 26/60, GE Healthcare, equilibrated in 50 mM 

Tris/HCl pH 7.5, 500 mM NaCl, 2 mM Mg(OAc)2, 1 mM EDTA, 5 mM DTT). 

We truncated the C-terminus of Ran, since it is disordered in other transport receptor 

complexes (Vetter et al., 1999a; Cook et al., 2007), it destabilizes the GTP-bound form of 
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Ran and counteracts the interactions with transport receptors (Richards et al., 1995). Human 

Ran1-180(Q69L) and Ran5-180(Q69L) were expressed as an N-terminal His10-zz fusion in E. coli 

BLR (0.1 mM IPTG for ≈ 16 hours at 20 °C). Protease inhibitors were applied as described 

for CRM11-1071. Cells were lysed in 50 mM K-Phosphate pH 7.0, 500 mM NaCl, 5 mM 

Mg(OAc)2, 1 mM EDTA, 2 mM imidazole, 2 mM DTT (lysis buffer). The protein was 

purified by Ni2+-chelate affinity chromatography. 20 µM GTP were included in all buffers 

subsequent to cell lysis. The His10-zz tag was cleaved off by TEV protease during dialysis of 

the Ni2+-eluate to lysis buffer. The flow-through of a second Ni2+-column was further purified 

by gel filtration chromatography (HiLoad 26/60 Superdex 200, GE Healthcare, equilibrated in 

50 mM K-Phosphate pH 7.0, 500 mM NaCl, 5 mM Mg(OAc)2, 1 mM EDTA, 2 mM DTT). 

To confirm the nucleotide state of Ran, the nucleotide was dissociated from the protein by 

addition of de-ionized urea and the nucleotide pattern analyzed by anion exchange 

chromatography on a MonoQ 5/50 GL column (GE Healthcare).  

All human SPN1 and SPN1-derived constructs (SPN11-360, the NES-SPN115-360 chimera and 

SPN1 ΔN) were expressed as N-terminal His10-zz fusions in E. coli BLR (0.1 mM IPTG for ≈ 

16 hours at 18 °C). Protease inhibitors were applied as described for CRM11-1071. Cells were 

lysed in 50 mM Tris/HCl pH 7.5, 200 mM NaCl, 2 mM Mg(OAc)2, 1 mM EDTA, 2 mM 

imidazole, 5 mM DTT (lysis buffer). The protein was purified by Ni2+-chelate affinity 

chromatography. The eluate (diluted to 50 mM NaCl) was bound to a Q-Sepharose column 

(GE Healthcare) and eluted in a concentration gradient of NaCl. After cleavage of the His10-zz 

tag by His-tagged TEV protease, the protein was passed over a second Ni2+-chelate affinity 

column and polished by gel filtration (HiLoad 26/60 Superdex 200, GE Healthcare, 

equilibrated in 50 mM Tris/HCl pH 7.5, 200 mM NaCl, 2 mM Mg(OAc)2, 1 mM EDTA, 5 

mM DTT). 

His10-zz-tagged NES peptides (PKI NES: Homo sapiens, Rev NES: HIV-1, NS2 NES: Minute 

Virus of Mice, An3 NES: Xenopus laevis, S1: synthetic) were expressed in E. coli BLR (1 

mM IPTG for ≈5 hours at 37 °C) and purified under denaturing conditions (lysis buffer: 50 

mM Tris/HCl pH 8.0, 6 M guanidinium hydrochloride, 1 mM EDTA, 5 mM DTT) by Ni2+-

chelate affinity chromatography (elution in 50 mM Tris/HCl pH 7.5, 8 M urea, 50 mM NaCl, 

200 mM imidazole, 1 mM EDTA, 5 mM DTT), followed by dialysis to 50 mM Tris/HCl pH 

7.5, 50 mM NaCl, 2 mM Mg(OAc)2, 2 mM DTT for re-folding. The His10-zz tag used as a 

control in binding assays (Figure 4-6a and Figure 4-7d) was obtained by TEV protease 

cleavage of an NES fusion construct. His10-zz-tagged human Ran1-180(Q69L) (Figure 4-1b) 

was prepared according to the procedure described for Ran1-180(Q69L) and Ran5-180(Q69L). All 
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CRM1 forms used for Figure 4-2e and Supplementary Figure 4-5d were expressed as N-

terminal His fusions (as described for CRM11-1071) and purfied by Ni2+-chelate affinity 

chromatography. 

eGFP-spacer-NES fusions (N-terminally His10-tagged, C-terminal Cys) were expressed in E. 

coli TOP10F' (0.2 mM IPTG for ≈16 hours at 18 °C) and bound to a Ni2+-chelate affinity 

column (lysis buffer: 50 mM K-Phosphate pH 7.0, 200 mM NaCl, 2 mM Mg(OAc)2, 1 mM 

EDTA, 2 mM imidazole, 5 mM DTT). The proteins were direcly eluted onto a home-made 

thiopyridine-activated, SH-reactive Sepharose matrix (pH adjusted to 7.5) to select for full-

length NES species. Elution from SH-Sepharose was performed with lysis buffer (pH 

adjusted to 7.5, supplemented with 5 mM DTT). The eluate was dialyzed to 50 mM Tris/HCl 

pH 7.5, 100 mM NaCl, 2 mM Mg(OAc)2, 2 mM DTT. mCherry and PKI Φ0Leu NES-

mCherry (TEV protease-cleavable His14-fusions) were expressed and purified following the 

procedure described for mCherry (Frey and Görlich, 2009). 

To obtain NMR spectra of good quality, uniform deuteration of CRM1 was essential. For this, 

we optimized the fully deuterated minimal medium to support robust expression of CRM1 

and cell growth to high optical densities (OD600 6-10, manuscript in preparation). CRM1 

expression was induced with 0.05 mM IPTG for nine (!) days at 16 °C (see Chapter 6). 

Purification of deuterated CRM1 followed the procedure described for the non-deuterated 

protein. The His10-zz-tagged PKI Φ0Leu NES was produced with various methyl-protonation 

schemes (Gardner and Kay, 1998; Tugarinov et al., 2006) and purified as the unlabeled 

peptide fusion constructs. The tag was cleaved off by TEV protease and removed via a Ni2+-

column. The peptide was then loaded onto a reversed-phase HPLC column (C-18, 

218TP1022, GraceVydac), eluted by increasing the concentration of acetonitrile in the 

presence of 0.5% (v/v) TFA and lyophilized. 

 

4.6.2 Protein sample preparation for crystallization and NMR analysis 

For crystallization, complexes were reconstituted in 20 mM Tris/HCl pH 7.5, 50 mM NaCl, 2 

mM Mg(OAc)2, 5 mM DTT as described (Monecke et al., 2009). 

Samples for NMR spectroscopy were prepared by mixing the NES peptide, CRM1 and 

Ran5-180(Q69L) in a 1:1.4:1.4 ratio, followed by dialysis against 20 mM Na-Phosphate pH 6.8, 

50 mM NaCl, 2 mM MgCl2, 5 mM DTT, 30 µM GTP and concentration to 0.1-0.2 mM 
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(export complex). NMR spectra of the free NES were recorded at 1 mM peptide 

concentration. Isotope labeling is described in Chapter 6. 

 

4.6.3 Crystallization and structure determination. 

All complexes were crystallized by vapor diffusion (Supplementary Table 4-1). 

The crystallization of the binary CRM1·RanGTP complex was initially started with a ternary 

PKI Φ 0Leu NES·CRM1·RanGTP complex. However, crystal growth was most probably 

initiated only after a contaminating bacterial protease had removed the NES peptide as well as 

21 residues from the C-terminus of CRM1. This interpretation is supported by the following 

observations: i) Crystals were observed only after more than five months. ii) After this time, 

CRM1 in the used protein preparation was found to be quantitatively cleaved. iii) More highly 

purified, protease-free preparations of the intact ternary complex were fully refractory to 

crystallization. iv) The structure of CRM1 in the obtained crystals is clearly defined up to 

His1050, whereas the complete C-terminus (ending at residue 1071) can probably not be 

accommodated into the observed crystal lattice. And v) no electron density for an NES 

peptide was traceable. See also Table 4-1 and Supplementary Table 4-1. 

X-ray oscillation photographs were integrated and scaled using XDS (Kabsch, 1993). 

Crystals containing the NES-SPN1 chimera were isomorphous with the described crystals of 

the SPN1·CRM1·RanGTP complex (Monecke et al., 2009, PDB-ID 3GJX). Iterative cycles of 

refinement were done using CNS (Brunger, 2007). To avoid overfitting, refinement was based 

on slow-cooling simulated annealing (SA) torsion angle dynamics (TAD) combined with 

standard minimization and individually restrained B-factor refinement. The structures were 

refined using strong non-crystallographic symmetry (NCS) restraints between equivalent 

residues, which were later relaxed for regions showing different conformations. The final 

refinement steps were performed with PHENIX (Adams et al., 2002) using the NCS restraints 

and the set of reflections for calculating Rfree that had also been used for CNS refinement. TLS 

(translation/libration/screw) refinement was applied to derive the anisotropic motions of the 

domains. Water molecules for the HIV-1 Rev models had been added manually, based on 

stringent criteria, i.e. only if both difference electron density maps (2Fo-Fc contoured at 1σ 

and Fo-Fc contoured at 3σ) showed a peak within a distance ranging between 2.2 and 3.5 Å to 

O or N atoms of the protein molecules. Deletion of these water molecules increased both R 
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and Rfree factors by a similar value, indicating that the water molecules included in the current 

model are justified and are not simply masking errors. 

The structure of the binary RanGTP·CRM1 complex was solved by molecular replacement 

using PHASER (McCoy, 2007) with the crystal structures of Ran9-179 and CRM112-1055 (PDB-

ID 3GJX, Monecke et al., 2009) as separated search models. Refinement was conducted using 

the same strategy as was used for the cargo complexes (refinement with CNS, followed by 

use of PHENIX with grouped B-factor refinement and TLS). 

Models were built in COOT (Emsley and Cowtan, 2004) based on SIGMAA-weighted SA 

omit maps and/or difference electron density maps. Molecular contacts were analyzed with 

the CONTACTS program of the CCP4 suite (version 6.1.3, Collaborative Computational 

Project, 1994). Map correlation coefficients in Table 4-1 were calculated with PHENIX 

(against 2Fo-Fc map). All main figures were prepared with PyMOL (http://www.pymol.org). 

 

4.6.4 NMR Spectroscopy and NMR structure calculation. 

Protein sample preparation is described in the supplementary information online. NMR 

spectra were recorded at 298 K using Avance 900 and Avance III 600 Bruker NMR 

spectrometers, equipped with cryogenic triple resonance gradient probes. Assignments were 

carried out using a combination of CRINEPT (Riek et al., 1999), Methyl-TROSY (Tugarinov 

et al., 2003), NOE-based (mixing times 30-140 ms) and 13C direct-detected (Bermel et al., 

2006; Oh et al., 1988) NMR experiments (see supplementary information online). 13C direct-

detected spectra were recorded at 298 K using Avance III 600 (equipped with a TCI 

probehead) and Avance III 700 (equipped with a CP-TXO probehead) spectrometers. Spectra 

were processed with NMRPipe/Draw (Delaglio et al., 1995) and analyzed with Sparky 3 (T. 

D. Goddard & D. G. Kneller, University of California, San Francisco, USA) and NMRView 

(Johnson and Blevins, 1994). 

For measurement of solvent PREs, Gd(DTPA-BMA) was added to the protein sample to final 

concentrations from 0.5 to 4.5 mM. Proton T1 relaxation times were obtained from a series of 

saturation-recovery 2D 1H,13C-HMQC and 1H,15N-HMQC spectra. Typically, eight such 2D 

data sets were acquired with recovery delays of 0.2, 0.5, 1.0, 1.5, 2.0, 4.0, 6.0 and 8.0 s. For 

two delays, duplicates were acquired for statistical purposes. To obtain the relaxation times, 

the peak intensities were fitted to  
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using the NMRViewJ (version 8.0) rate analysis tool. PREs were calculated as reported (Madl 

et al., 2009; Pintacuda and Otting, 2002) and are represented by the slope of the relaxation 

rate as function of the concentration of the paramagnetic agent. PREs were back-calculated 

and averaged for the ten lowest-energy structures by numerical integration of the 

paramagnetic environment (Madl et al., 2009). 

Structures were calculated with the standard ARIA/CNS setup (Linge et al., 2003; Linge et 

al., 2001) using NOEs and backbone dihedral angles derived from 13C secondary chemical 

shifts (TALOS+) (Shen et al., 2009). The peptide was docked to the CRM1·RanGTP crystal 

structure (PDB-ID 3GJX, Monecke et al., 2009) using all intra-peptide restraints, ambiguous 

PKI NES - CRM1 NOEs (Nilges, 1993; Nilges and O'Donoghue, 1998) and unambiguous 

PKI NES - CRM1 Cys528 NOEs. The protein backbone of CRM1 was fixed while CRM1 side 

chains were left flexible for optimal accommodation of the PKI NES in the hydrophobic cleft. 

From the 1000 structures generated, the 100 structures of lowest energy were evaluated 

against solvent PRE data (Supplementary Figure 4-4b), and ranked according to the 

correlation between measured and back-calculated PREs. The 10 best structures in terms of 

the correlations are displayed and used to calculate the structural statistics (Table 4-2). 

 

4.6.5 NMR assignment 

Conventional TROSY versions of triple resonance experiments failed for the bound PKI NES 

residues in the complex. This is due to the relatively low concentrations around 0.1-0.2 mM 

(limited by the solubility of the protein complex) and the adverse relaxation properties that 

reflect the size of the complex (calculated correlation time: 90 ns (HYDRONMR, García de la 

Torre et al., 2000). Sample stability further limited NMR measurements to ambient 

temperature. Resonance assignment was carried out using several specifically isotope labeled 

samples, namely [U-2H, 15N, 13C, I/L/V 1H, 13C-methyl] and [U-2H, 15N, 13C, Ala-1H, Leu/Val 
1H, 13C-methyl] PKI NES, respectively. Unique amino acids (e.g. Ile13) were used as starting 

points for the resonance assignment in 13C/15N edited NOESY-HMQC experiments acquired 

at different mixing times. Two continuous methyl-walks involved residues Leu1, Leu4 and 

Leu8, Leu11, Ile13, respectively. For one leucine methyl group (Leu6) no NOE cross peaks to 

any other methyl groups were observed. 
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As the standard route towards backbone dihedral angle restraints from 13C chemical shifts 

(Shen et al., 2009) via conventional TROSY versions of triple resonance experiments failed, 

we used 13C direct-detected experiments to assign backbone 13Cα and side chain 13C chemical 

shifts. A combination of 13C-13C TOCSY and 13C-13C NOESY experiments provided 

complementary chemical shift data. Whereas cross peaks for residues located within the 

flexible termini of the PKI NES peptide are observed in the 13C-13C TOCSY experiment, the 
13C-13C NOESY provides chemical shifts for the CRM1-bound residues that tumble with the 

correlation time of the complex. The efficiency of the dipolar transfer between 13C spins 

increases with the correlation time (Fischer et al., 1996), and residues located within the 

flexible termini did not give rise to detectable cross peaks at the used mixing times of 500 ms. 

The 13C-13C NOESY yields cross peaks exclusively for the directly bonded carbons. This is 

due to the generally much shorter distances between directly bonded carbon and the strong (r-

6) distance dependency of the dipolar transfer. 13C chemical shifts of leucine and isoleucine 

methyl groups were used as starting point for the 13C resonance assignment. The remaining 

amino acids were assigned based on their characteristic 13C chemical shifts and spin systems. 
13Cα and 13Cβ chemical shifts were then used as input to derive backbone dihedral angle 

restraints (Shen et al., 2009). Further details of the assignments and structure calculation will 

be described in a manuscript by T. Madl et al. (in preparation). 

 

4.6.6 Nuclear export assay 

HeLa cell were prepared as described (Adam et al., 1990; Stüven et al., 2003), with some 

changes of the protocol. Briefly, cells were grown to ≈ 95% confluency, washed with PBS, 

detached with a Citrate/EDTA solution, and washed 3x with ice-cold transport buffer (20 mM 

HEPES/KOH pH 7.5, 110 mM KOAc, 5 mM Mg(OAc)2, 0.5 mM EGTA, 250 mM sucrose). 

Cell membranes were permeabilized with 25 µg ml-1 digitonin (in ice-cold transport buffer) 

and nuclei recovered by centrifugation. After two washes, nuclei were resuspended in 

transport buffer (without sucrose) containing 5% (w/v) glycerol and 0.5 M trehalose, and were 

slowly frozen at -80 °C. We used Xenopus laevis egg extract (Leno and Laskey, 1991) for 

nuclear export assays, as it stabilizes the nuclei over a period of hours (Stüven et al., 2003). 

Nuclei were mixed with egg extract (supplemented with 0.5 µM CRM1 and an ATP/GTP-

regenerating system) and incubated at 22 °C for 30 min before addition of 2 µM of the 

indicated fluorescent proteins. Imaging was performed with a confocal laser-scanning 
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microscope system (SP5; Leica) using the 488-, and 561-nm laser lines and a 63x-NA 1.3 

Plan-Apochromat glycerol objective (Leica). 

 

4.6.7 Fluorescence polarization (FP) assay 

10 nM of the PKI Φ0Leu NES (Fluorescein maleimide-labeled via its C-terminal Cys) were 

incubated for 4 h with the indicated concentrations of CRM1 and GTP-Ran (Q69L). The 

assay buffer contained 20 mM Tris/HCl pH 7.5, 130 mM NaCl, 2 mM Mg(OAc)2, 1 mM 

DTT, 0.005% (w/v) digitonin, 0.1 mg ml-1 BSA and a RanGTP-regenerating system (0.5 mM 

GTP, 10 mM PEP, 0.5 µM pyruvate kinase, 0.5 µM RanGEF/RCC1). FP measurements were 

performed with a "Victor 3" multilabel plate reader (PerkinElmer). Apparent equilibrium 

dissociation constants were derived by non-linear regression using GraphPad Prism 

(GraphPad Software, Inc.). 

 

4.6.8 Software used for preparation of figures 

Structural representations have been generated with PyMOL (http://www.pymol.org) and, 

where indicated, with UCSF Chimera (Pettersen et al., 2004). Figures were prepared using 

Photoshop and Illustrator (Adobe Systems Inc.). 

 

4.7 Accession codes 

Protein Data Bank: Coordinates and structure factors have been deposited with accession 

codes 3NBY (PKI Φ0Leu NES·CRM1·RanGTP), 3NBZ (HIV-1 Rev NES·CRM1·RanGTP, 

crystal I), 3NC0 (HIV-1 Rev NES·CRM1·RanGTP, crystal II) and 3NC1 (CRM1·RanGTP). 

The NMR data of the CRM1·RanGTP-bound PKI Φ0Leu NES have been deposited with 

accession code 2L1L. 
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CHAPTER	  5 	  

Concluding	  Remarks	  and	  Perspectives	  

The past couple of years have seen tremendous progress in the structural characterization of 

Ran-dependent nuclear export factors (Cook and Conti, 2010). The crystal structure of the 

RanGTP·CRM1·Snurportin1 complex (Chapter 3) revealed how CRM1 recognizes a cargo 

that carries a very complicated export signature, which also includes features of a folded 

domain (see also Dong et al., 2009b). Moreover, it suggests a mechanism by which RanGTP 

promotes cargo binding to CRM1. The work presented in Chapter 4 explains how the same 

exportin can recognize extremely divergent NESs. This study redefines the NES consensus 

and explains why NESs differ in their affinities for CRM1. Together with the structures 

presented in this work, crystal structures of Cse1p/CAS, Exportin-t, Exportin 5 as well as 

those of the bidirectional transport receptor Importin 13 (Matsuura and Stewart, 2004; Cook 

et al., 2005; Cook et al., 2009; Okada et al., 2009; Bono et al., 2010) begin to reveal 

principles of exportin-cargo recognition and the specific roles of Ran in cargo loading. In the 

following, I will highlight some of these concepts and briefly sketch the major future goals in 

the characterization of the nuclear transport receptors that have been in the focus of this work 

(i.e. CRM1 and Exp4). 

 

5.1 How does Ran promote export cargo loading? 

In all exportin·RanGTP complexes crystallized so far, GTP-bound Ran confers high cargo 

affinity by interacting simultaneously with both the N-terminal as well as the C-terminal 

arches of the export receptors. However, the associated structural changes in the exportins 

appear to vary considerably. In general, these rearrangements are either the result of discrete 

hinge movements (e.g. in the case of CAS), the consequence of cumulative changes over the 

entire molecule (e.g. in Exp-t) or a combination of both (such as in Imp13). Among the 

exportins shown in Figure 5-1, Exp-t probably experiences the most dramatic Ran-driven 

structural changes (Cook et al., 2009). In its cytosolic state, Exp-t is open and rather 

elongated, with its N- and C-termini being distant in space. Ran stabilizes a closed 

conformation of Exp-t that can recognize tRNA.  
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Although the CAS/Cse1p export complex (Matsuura and Stewart, 2004) resembles that of 

Exp-t, Ran-promoted cargo binding by CAS deviates markedly from the just described 

principle. While cytoplasmic Exp-t is open, unliganded CAS/Cse1p is tightly closed by the C-

terminal region clamping onto the N-terminal arch (Cook et al., 2005, Figure 5-1). This 

conformation clearly precludes cargo loading. However, when RanGTP intercalates between 

the two arches, it opens the transport receptor to a horseshoe-like conformation, which can 

readily accommodate the export cargo (Matsuura and Stewart, 2004). Thus, both Exp-t and 

CAS act as Ran-driven "clamps", but the ways of how Ran triggers cargo clamping are 

diametrically opposite. 

How does Ran control cargo loading onto Exp5? Architecturally, the RanGTP·Exp5·pre-

miRNA complex is very similar to the Exp-t export complex (Okada et al., 2009). The 

interaction with Ran appears to bend the exportin into a U-shaped structure that can sandwich 

the pre-micro RNA (Figure 5-1). The atomic details of cytoplasmic, unliganded Exp5 are 

elusive, but it most likely assumes a more open conformation similar to that of cytosolic Exp-

t. Alternatively, Exp5 might follow the paradigm described for CAS. 

In their RanGTP-bound states, Exp-t, Exp5 and CAS use their inner HEAT helices to contact 

their load, i.e. they wrap around their cargoes. Ran facilitates loading of these exportins not 

only by stabilizing their cargo-competent states, but also by directly binding to the cargoes. 

As discussed in Chapters 3 and 4, this mechanism of cooperative export complex formation 

is unavailable for the CRM1 ring (Figure 5-1), because here the cargo is recruited to the outer 

HEAT helices – far away from the inner Ran-binding site. In other words, Ran appears to 

promote CRM1 loading by an exclusively allosteric mechanism. The atomic structure of 

unliganded CRM1 is elusive, but it is likely that this "relaxed" form assumes a more open 

conformation that is incompatible with cargo and Ran binding. Data obtained by small angle 

X-ray scattering and electron microscopy (Fukuhara et al., 2004; Petosa et al., 2004) and the 

observation that CRM1's ring conformation is stabilized by several strong salt bridges (Dong 

et al., 2009b; Monecke et al., 2009) suggest that an overall toroid-like shape will be preserved 

in cytoplasmic CRM1. The recent crystal structure of a RanBP1-stabilized export complex 

disassembly intermediate (Koyama and Matsuura, 2010, see below) provides proof for a 

RanGTP-driven allosteric mode of CRM1 cargo loading and unloading. This disassembly 

mechanism will be discussed in the next section. 
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Figure 5-1: Comparison of structurally characterized Impβ-like export mediators. 
The indicated transport receptors are shown in a surface representation, gradient-colored from dark blue (N-
terminus) to light blue (C-terminus). The left column shows the NTRs in their (Ran-free) cytosolic states, while 
the right column depicts their nuclear (RanGTP-bound) forms. The orientations are the same with respect to 
HEATs 2-7. RanGTP is shown in red, the indicated transport cargoes are depicted in orange. The acidic loop of 
CRM1 is shown in magenta. Red arrows sketch the apparent global conformational changes that occur upon 
RanGTP binding. At the right, the exportins are classified by the Ran-triggered conformational changes and/or 
their shape. The PDB-IDs are indicated. See text for details. 
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5.2 Dissociation of export cargoes from CRM1 

In a CRM1 export complex, Ran-bound GTP is protected from RanGAP-stimulated 

hydrolysis (Paraskeva et al., 1999), similarly to what had earlier been described for Impβ 

(Floer and Blobel, 1996; Görlich et al., 1996). RanBP1 (Bischoff et al., 1995) or 

RanBP2/Nup358 (Yokoyama et al., 1995) release this inhibition (Bischoff and Görlich, 1997; 

Lounsbury and Macara, 1997; Paraskeva et al., 1999; Askjaer et al., 1999; Maurer et al., 

2001; Koyama and Matsuura, 2010), priming Ran for GTPase activation by RanGAP. The 

crystal structure of the RanGTP·CRM1·RanBP1 complex from S. cerevisiae (Koyama and 

Matsuura, 2010) has revealed that RanBP1 can actively displace an NES cargo from CRM1. 

In all CRM1 cargo complexes crystallized so far (see Chapters 3 and 4), the exportin's 

"acidic loop" (within HEAT 9) engages in extensive interactions with RanGTP and CRM1 

HEAT repeats 10 and 12-15 (Figure 5-2a). When an export complex reaches the cytoplasmic 

face of the NPC, it encounters RanBP1 and RanBP2/Nup358. Their Ran-binding domains 

(RanBDs) interact with Ran by a tight "molecular embrace": the C-terminal switch region of 

Ran (see Figure 1-4) wraps around the RanBD, while the N-terminus of the RanBD clasps 

around Ran (Vetter et al., 1999b). As revealed by the RanGTP·CRM1·RanBP1 complex 

(Figure 5-2b), the very same embrace in the context of an export complex causes the export 

cargo to be released. How is this accomplished? Both RanBP1 and the C-terminal switch 

region of Ran would not only clash with the acidic loop of "nuclear" CRM1, but also with its 

HEAT repeats 14 and 15. As a consequence, CRM1 performs a series of structural 

rearrangements. Most strikingly, the acidic loop assumes a highly compacted conformation, 

packing against the "back" of the NES-binding HEAT repeats 11 and 12 and helix 10B by a 

very elaborate network of mostly hydrophobic but also polar interactions (Figure 5-2b).  

The incompatibility of the RanBP1·RanGTP component with "nuclear" CRM1 and the 

binding of RanBP1 to HEAT 15 also trigger some more global remodeling of the exportin 

(Figure 5-3a). The RanBP1-induced rearrangements of the acidic loop and the changes in the 

superhelical path of the CRM1 HEAT repeats are probably coupled. Most crucially, these 

changes close the NES-binding site (the "hydrophobic cleft") of CRM1 and thereby cause the 

exportin to release its cargo (Figure 5-3b, c). This mechanism is in perfect agreement with 

the cooperativity model proposed in Chapters 3 and 4 of this work.  

The described RanBP1-triggered changes in CRM1 also break the exportin's contacts to the 

switch I loop and the guanine-binding loops of Ran, preparing the complex for RanGAP-

stimulated disassembly. 
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Figure 5-2: Interactions of the acidic loop with RanGTP and the HEAT repeats of CRM1.  
CRM1 is shown in gray (with hydrophobic cleft HEATs 11 and 12 in green and the acidic loop in magenta), 
RanGTP is depicted in light blue (with switch I in red, switch II in cyan, the C-terminal switch in yellow, GTP in 
ochre, and the magnesium ion as a green sphere). Numbers in black circles denote those B helices of CRM1 that 
contact the acidic loop. Residues involved in interactions are shown as sticks with dashed lines linking 
interacting atoms (hydrophobic contacts ≤  3.8 Å, polar contacts ≤  3.6 Å). Oxygens are red, nitrogens blue and 
sulfur atoms yellow. 
(a) Interactions of the acidic loop in the RanGTP·CRM1·SPN1 complex (PDB-ID 3GJX, Monecke et al., 2009). 
Note that the acidic loop extends over HEAT repeats 10-15 and that it also interacts with Ran loops (including 
switch I). CRM1 is from mouse, RanGTP is human. 
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(b) (previous page) Interactions of the acidic loop in the RanGTP·CRM1·RanBP1 complex (PDB-ID 3M1I, 
Koyama and Matsuura, 2010). RanBP1 is depicted in a surface representation (orange). Its binding to an export 
complex triggers major conformational changes in CRM1, mainly in the acidic loop, but also in the arrangement 
of HEAT repeats. Collectively, these changes close the hydrophobic cleft and thereby release the NES cargo. See 
text and Figure 5-3 for details. The "compacted" acidic loop tightly packs against HEAT helices 10B, 11B and 
12B. For clarity, only the B helix residues are shown as sticks, interacting acidic loop residues (Met435, Val436, 
Arg437, Glu440, Leu442, Val443, Ile451 and Arg453, yeast numbering) are not depicted, with the exception of the 
invariant Xpo1pPro438 (Pro427 in mouse CRM1). Note that practically all interactions of the acidic loop with Ran 
are lost. (The depicted bond is only weak, distance 3.7 Å). 
The view in the panels is the same with respect to RanGTP, whose structure is virtually identical in both 
complexes. 

 

 

 

Figure 5-3: Global and local RanBP1-triggered conformational changes in CRM1 HEAT repeats. 
(a) Change in superhelical paths of CRM1 HEAT repeats accompanying RanBP1 binding (Figure adapted from 
Koyama and Matsuura, 2010). The indicated CRM1 complexes were aligned via their RanGTP components as in 
Figure 5-2. The geometric centers of individual HEAT repeats are represented by spheres (blue: 
RanGTP·CRM1·cargo complex, orange: RanGTP·CRM1·RanBP1 complex). Note that CRM1 in the RanBP1 
complex assumes a more "open" conformation than cargo-bound CRM1. The most pronounced deviations are 
seen for HEAT repeats 12-19 with HEAT 15 (which represents the binding site for RanBP1) re-locating its 
center most drastically. Similar results are obtained with the CRM1 molecules aligned via HEAT repeats 1-8, 
whose interactions with RanGTP remain essentially unchanged upon RanBP1 binding (Koyama and Matsuura, 
2010). This representation merely shows the relocation of HEAT repeats, but cannot properly reflect rotations 
that drive hinge-like motions, as they do not shift the repeats' centers.  
(b) The picture shows the NES-binding site ("hydrophobic cleft") of Ran- and cargo-bound CRM1 in a surface 
representation (see also Figure 4-2a). The cargo has been omitted. Hydrophilic regions are shown in blue, 
hydrophobic surface is depicted in gray. For orientation, Cys528 is colored yellow, while Ala541 is depicted in 
orange. Note the deep pockets, which can accommodate the Φ residues of NESs (see also Figure 4-2b).  
(c) RanBP1 binding to an export complex causes the hydrophobic cleft to close. Approximately the same view as 
in (a) is depicted (PDB-ID 3M1I, Koyama and Matsuura, 2010). 
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5.3 Future perspectives 

Deciphering the precise choreography of conformational changes that drive CRM1 cargo 

loading and unloading is probably one of the most exciting future perspectives of this work. 

Besides the invariant Pro438 in the CRM1 acidic loop (yeast numbering, Figure 5-2b), 19 

further residues are absolutely conserved from human to species as distant as Trichomonas 

vaginalis (see also Supplementary Figure 4-7). It is likely that most of these residues play 

key roles in export complex formation and dissociation. In addition, the C-terminus of CRM1 

had been suggested to stabilize the cytosolic form of CRM1 (Dong et al., 2009b; Dong et al., 

2009a; Cook and Conti, 2010), however, its role in cooperative export complex formation is 

somewhat controversial. The crystal structure of unliganded CRM1 and an understanding of 

how intramolecular interactions in CRM1 can stabilize either the nuclear or the cytoplasmic 

state of the exportin, will provide insight not only into mechanisms of nuclear export but also 

into general principles of allosteric regulation and conformational dynamics of proteins. 

The above-described RanGTP·CRM1·RanBP1 complex raises the question of how RanBP1 

can be both a disassembly factor of CRM1 export complexes and an NES-dependent CRM1 

cargo (Richards et al., 1996). 

Which features enable CRM1 to recognize hundreds of structurally unrelated cargoes? The 

structural basis for Snurportin and NES recognition provides part of the answer (see 

Chapters 3 and 4). Our observation that virtually the entire central "hole" of the CRM1 ring 

is occupied by RanGTP and the acidic loop (see Figure 5-1) strongly suggests that all CRM1 

cargoes dock onto the outer, convex surface of the exportin. Such binding topology would 

indeed put the least constraints onto the cargoes' export determinants and could thereby 

greatly expand the spectrum of cargoes. The outer CRM1 surface is large and at the same time 

very diverse in charge distribution. Any surface patch could serve as a cargo-binding site, 

provided that its shape and/or charge complementarity to the cargo is regulated by Ran. Such 

general CRM1-binding mode would not impose any size limitations onto the cargoes (see also 

Chapter 3) as opposed to the wrapping or sandwiching seen for Exp-t, Exp5 and CAS 

(Figure 5-1). Curiously, the cell indeed employs CRM1 for the export of "bulk goods" such 

as ribosomal subunits (Ho et al., 2000; Gadal et al., 2001; Moy and Silver, 2002; Thomas and 

Kutay, 2003). The lack of obligatory cargo-Ran contacts (see above) should further reduce the 

restraints on CRM1-dependent export signals. In fact, in the case of CRM1, Ran might even 

add to the exportin's versatility by directly contributing to cargo binding, though no such 

example has been encountered so far. Whether all CRM1 cargoes rely on binding to the 
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hydrophobic cleft is still unknown. Further assessment of the allowed variability of functional 

NES peptides, in particular the elucidation of the still ill-defined Rev-type NES consensus 

will help to clarify this fundamental question. 

Imp13 and Msn5p have been known as bidirectional transport receptors. The characterization 

of Exp4 as an import mediator (Chapter 2) adds yet a third member to this unusual class of 

Impβ-likes. The question of how these factors can act both in nuclear import and export is 

largely unresolved, and the structural description of their nuclear and cytosolic cargo 

complexes is a major future goal. Crystal structures of Imp13 bound to import cargo or Ran 

have been determined recently (Bono et al., 2010, Figure 5-1). Imp13 tightly encircles its 

import cargo (the Mago·Y14 complex). Although the Mago·Y14-binding sites on Imp13 do 

not overlap with the Ran-binding sites, recruitment of the ligands is mutually exclusive, 

because they would clash when binding simultaneously. This nicely explains as to how Imp13 

can perform unidirectional cargo import. The modes by which Imp13 and CRM1 interact with 

Ran are very similar and thus, their nuclear forms are virtually indistinguishable by their 

overall shapes (Figure 5-1). How Imp13 binds export cargoes remains to be determined. 

Bono et al., 2010 suggested that the import cargo-binding site of Imp13 might also recruit 

proteins destined for export, provided that they do not interfere with RanGTP binding. Such 

binding would probably involve direct contacts between Ran and the export cargo. However, 

given the architectural similarity of CRM1 and Imp13, it is tempting to speculate that also in 

the case of Imp13, Ran can allosterically promote export cargo binding to the outer face of the 

ring. Interestingly, nuclear Imp13 assumes a more closed conformation as compared to the 

cytosolic form. "Compaction" of the ring indeed coincides with considerable shape changes in 

the outer Imp13 surface (Figure 5-1). Taken together, future studies on Imp13, Exp4 and 

CRM1 will certainly reveal exciting surprises. 
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CHAPTER	  6 	  

Appendix	  

 

 

 

 

 

This chapter serves as an appendix to Chapter 4. The first part contains a 
description of how I optimized a synthetic E. coli culture medium for the cost-efficient 
large-scale perdeuteration of CRM1. This section also includes details on the isotope 
labeling of the PKI NES peptide. In the second part, I append a reprint of our 
structure-function study on the Abl C-terminal domain: 
 
Structural Basis for the Cytoskeletal Association of Bcr-Abl/c-Abl 
Oliver Hantschel, Silke Wiesner, Thomas Güttler, Cameron D. Mackereth, Lily L. 
Remsing Rix, Zsuzsanna Mikes, Jana Dehne, Dirk Görlich, Michael Sattler and Giulio 
Superti-Furga 
Molecular Cell, 2005, Volume 19, Pages 461-73. 

 

Additional data are presented at the end of this chapter. See Chapter 4 for further 
details. 
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6.1 Establishment of a cost-efficient E. coli culture medium for the 
perdeuteration of CRM1 

 

Virtually complete deuteration of proteins (> 95% D, also referred to as "perdeuteration") 

requires growth of bacteria in D2O-based defined or rich media that are practically devoid of 
1H and provide fully deuterated carbon and nitrogen sources. The most commonly employed 

defined bacterial culture media are derived from the classical M9 minimal medium 

(Sambrook et al., 1989). This medium had been originally conceived to control stationary 

phase cell densities for synchronization of bacterial cells (Nagata, 1963), and was later refined 

as a standard medium for physiological studies on enterobacteria (Neidhardt et al., 1974). 

Perdeuterating proteins is a challenging task because biological systems respond sensitively to 

high concentrations of D2O. H2O and D2O differ in their solvent properties since hydrogen 

bonds involving deuterium instead of hydrogen are generally stronger (see Katz, 1960). 

Proteins dissolved in D2O therefore tend to be more "rigid" than the equivalent hydrogenated 

forms, which often reduces the rates of enzymatic reactions (see Katz, 1960; Flaumenhaft et 

al., 1965). This phenomenon is commonly referred to as the "kinetic isotope effect". It is not 

possible to reliably predict the effects of perdeuteration on the stability or "rigidity" of a given 

protein. In any case, a change from H2O to D2O imposes a major challenge on the cell's 

metabolism. While a high degree of deuteration is toxic to animals and plants (mice and rats 

die when their body water approaches ≈  30% deuteration, see Katz, 1960), bacteria and 

unicellular green algae can be propagated in fully deuterated media, allowing highly efficient 
2H-labeling of biomolecules (Crespi et al., 1959). Bacterial growth in D2O is drastically 

reduced (by at least a factor of five) and normally requires prior adaptation of the cells to high 

levels of D2O – either via serial sub-cultures with increasing D2O concentrations or by direct 

accommodation over extended periods of time. 

With the classical M9 medium, however, this adaptation is often further complicated because 

the medium does not support optimal bacterial growth (even in an H2O-based setting). 

Bacterial cultures grown on classical M9 medium not only fail to reach high population 

densities but often also display decreased levels of protein overexpression. These problems 

have been partially overcome with the commercial advent of rich culture media - hydrolysates 

from chemolithoautotrophic bacteria or autotrophic algae grown on inorganic, isotopically 

labeled substrates (Crespi et al., 1959; http://www.silantes.com/). While these media indeed 

allow for more robust protein expression, the cultures do not reach the saturation densities 

achieved with yeast extract-based media such as 2YT or TB. Moreover, they are often costly, 
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especially when needed for large-scale expression of high-molecular weight proteins for 

NMR studies. 

The expression and purification procedure for CRM1 (described in Chapter 4) yields ≈ 16 

mg of pure protein from 1 liter of a culture grown in a fermenter that allowed for a saturation 

density of 14 OD600 in 2YT medium. With the unjustified optimistic assumption that 

expression level and protein solubility remain unchanged in a deuteration culture grown in a 

standard medium (see below, Table 6-1, maximum saturation density of ≈ 3 OD600), 18 liters 

of medium would be required to obtain 60 mg of perdeuterated CRM1 (which is the protein 

amount that was needed for our NMR study). The costs for the culture medium would amount 

to at least 24000 € (with D12-glucose as a carbon source) or 8000 € if deuterated glycerol is 

used instead (see Table 6-2b for the underlying pricing information). Obviously, D2O 

becomes a significant cost factor with these medium requirements. In the following, I will 

describe the establishment of a cost-efficient E. coli culture medium for the efficient and 

reliable deuteration of CRM1. The main focus will be on the reasonable exploitation of D2O 

and the deuterated carbon and nitrogen sources.  
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6.1.1 Formulation of a high-density E. coli culture medium 

Starting point for the optimization of the culture conditions was a defined medium adapted 

from the classical M9 recipe (Sambrook et al., 1989). Its composition is described in Table 
6-1. All optimization steps had been performed with 1H-based media unless stated otherwise. 

 

Table 6-1: Composition of the E. coli culture medium that served as the starting point for the formulation 
of an optimized deuteration medium. 
(*) Instead of glucose, glycerol was chosen as a carbon source (2 g/l, 108.6 mM) since D8-glycerol is ≈ 10-fold 
less expensive than D12-glucose. See text for details. 
HD-M9 salts 
compound concentration (g/l) concentration (mM) 
Na2HPO4 13.06 92.1 
KH2PO4 6.53 47.9 
NaCl 0.50 8.6 
MgSO4 0.12 1.0 
CaCl2 0.03 0.3 
 
carbon and nitrogen source 
compound concentration (g/l) concentration (mM) 
NH4Cl 2.00 37.4 
Glucose* 2.00 11.1 
 
Trace elements   
149 µM EDTA, 30 µM FeCl3, 6 µM ZnCl2, 0.8 µM CuSO4, 1.6 µM H3BO3, 0.1 µM MnCl2, 0.4 µM 
CoCl2 
Other cofactors 
100 µg/ml Biotin. 100 µg/ml Thiamine  

 

The concentrations of carbon and nitrogen source are the most obvious determinants of the 

maximally possible cell density of a bacterial culture. Figure 6-1a shows that the final 

population density increased markedly when the glycerol concentration was doubled. 

Addition of extra ammonium chloride led to a saturation density more than twice as high than 

that achieved with the initial medium (Figure 6-1b). Co-titration of glycerol and ammonium 

chloride confirmed that neither the carbon source nor the nitrogen source were limiting under 

the culture conditions used (Figure 6-1c). Analysis of the culture supernatant of a stationary 

culture grown at 3% (w/v) glycerol and 3 g/l ammonium, however, revealed that the pH had 

dropped below 5 whereas the final pH under the starting conditions usually ranges between 

6.5 and 7.0 (see Figure 6-1d). This observation can be readily explained by the phosphate 

levels being insufficient to buffer the metabolic products of the cells. Indeed, increasing the 
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phosphate concentration stabilized the pH and also raised the saturation density of the culture 

(Figure 6-1d). 

 

Figure 6-1: Optimization of a defined E. coli culture medium for high-density growth. 
E. coli BL21 (DE3) was grown in an M9-derived medium (see Table 6-1) to an OD600 < 2.0. This starter culture 
was used to inoculate 5 ml of the indicated media (in 100 ml-Erlenmeyer flasks) to an OD600 of 0.02. These 
cultures were then grown at 37 °C for 15 hours. The final OD600 was recorded and plotted. "Start" refers to the 
medium described in Table 6-1. Error bars show the minimum and maximum OD600 readings from two 
independent experiments. The blue bars indicate the respective condition chosen for the subsequent optimization 
steps. 
(a) Titration of the glycerol concentration in the medium shown in Table 6-1. 2.0% (w/v) glycerol were selected 
for the subsequent optimization step. 
(b) The medium described in Table 6-1 (but with 2.0% (w/v) glycerol) was prepared without ammonium 
chloride. The NH4Cl concentration was varied as indicated. 2.0 g/l were sufficient to confer the maximum 
saturation density to the culture. 
(c) To test whether glycerol or ammonium chloride are limiting under the culture conditions used, their 
concentration was co-titrated over the indicated range. An increase of the glycerol and ammonium chloride 
concentrations beyond the levels established in (a) and (b) did not lead to higher saturation densities and very 
high concentrations even inhibited growth, probably because of ammonium toxicity. The indicated 
concentrations (blue) were chosen for the experiment shown in (d). 
(d) An increased phosphate concentration (molar ratio of phosphate compounds as specified in Table 6-1) not 
only allowed for clearly higher saturation densities but also stabilized the pH of the cultures (red, the minimum 
and maximum readings are shown). 
The MgSO4 concentration was not adjusted in these optimization experiments. However, Studier, 2005 reported 
that a change from 1 to 2 mM MgSO4 can increase the saturation density of a culture. 
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Trace metal addition is required for optimal growth of E. coli in defined media. When the 

medium is prepared with drinking water, the trace metal amounts present are probably 

sufficient to support growth to moderate or even high cell densities. However, as the D2O 

supply is virtually free of trace elements, we used double-distilled water for the optimization 

of the culture medium. The composition of our trace element solution (see Table 6-3) is 

similar to that described in Neidhardt et al., 1974, but there are four notable differences. (1) 

Some additional trace elements had been included (Ni, Se and W). (2) The relative 

concentrations of the trace elements were roughly adjusted to their abundance in E. coli 

(Rouf, 1964). (3) The Fe2+ concentration in our culture medium is 5 times higher. Studier, 

2005 reported iron to be decisive for robust bacterial growth and for protein overexpression. 

Including 100 µM FeCl3 was shown to partially compensate for the complete omission of a 

trace element solution. It should be noted that Fe2+ and Fe3+ performed equally well in our 

experiments (not shown). (4) Instead of EDTA (Table 6-1) we added NTA as a chelator to 

buffer the free metal ions. The final formulation of our trace element solution (see Table 6-3) 

is similar to what had been used for other synthetic media (e.g., Studier, 2005). 

 

6.1.2 Cost-efficiency 

Although a higher glycerol and ammonium concentration raises the saturation density of a 

bacterial culture (Figure 6-1a-c), the increase is not necessarily cost-efficient since the 

perdeuterated compounds are expensive. To take cost-efficiency into consideration, I adjusted 

the concentrations of carbon and nitrogen source based on the experiment shown in Table 
6-2. 

 

Table 6-2: (next page) Adaptation of carbon and nitrogen source to cost-efficient concentrations. 
To determine the most cost-efficient concentrations of carbon and nitrogen sources, E. coli BL21 (DE3) was 
grown in media containing the indicated concentrations of glycerol and ammonium chloride. The experiment 
was performed as described in Figure 6-1 with the notable difference that here, the cells had been transformed 
with the CRM1 expression plasmid (see main text for rationale). 1.0% (w/v) glycerol and 2.0 g/l NH4Cl (blue) 
were chosen for the subsequent experiments. 
(a) Saturation densities recorded. 
(b) The costs per 1000 OD600 equivalents were calculated based on the saturation densities reached (see panel a) 
and the following pricing information (June 2007): D2O 327.00 €/l (CU Chemie Uetikon AG), ND4Cl 16.90 €/g 
(Aldrich), D8-glycerol 50.00 €/g (Spectra Stable Isotopes). For comparison, the costs for D12-glucose would 
amount to 500.00 €/g (Spectra Stable Isotopes). 
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a final OD600 
[glycerol] % (w/v) 

 
0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 

1.00 2.14 4.36 4.56 4.86 5.18 5.54 6.16 5.46 
1.25 2.18 4.68 6.36 6.58 7.04 7.32 7.28 7.54 
1.50 2.22 4.72 6.30 7.22 7.14 7.96 7.96 8.32 
1.75 2.24 4.36 6.06 8.14 8.70 8.46 10.04 8.60 [N

H
4C

l] 
g/

l 

2.00 2.36 4.12 5.54 7.6 8.82 8.7 9.66 10.08 
 
b costs / 1000 OD600 (€) 

[glycerol] % (w/v) 
 

0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 
1.00 207.43 124.75 141.21 153.07 162.92 170.38 169.46 209.51 
1.25 205.56 117.12 101.91 113.70 120.47 129.53 143.97 152.27 
1.50 203.76 117.02 103.55 104.20 119.38 119.64 132.20 138.50 
1.75 203.83 127.65 108.35 92.95 98.46 113.07 105.24 134.49 [N

H
4C

l] 
g/

l 

2.00 195.25 136.12 119.28 100.11 97.60 110.44 109.81 115.16 
 

Even though the final medium is about twice as expensive as the intital setup (not shown), the 

cost-efficiency is clearly better, because the adjustment raised the saturation density by a 

factor of more than four (Table 6-2). The adaptation of the glycerol and ammonium 

concentrations as shown in Table 6-2 was not just pivotal for cost-efficiency but also for 

growth of E. coli transformed with the CRM1 expression plasmid (with AmpR as a selection 

marker). These cells grew only poorly on medium with carbon and nitrogen concentrations 

higher than those highlighted in Table 6-2, possibly because of a greater sensitivity of 

plasmid-transformed cells to high ammonium concentrations. The composition of the final 

"high-density (HD)-M9" medium is described in Table 6-3. Cultures grown in HD-M9 

reached cell densities equivalent to those achieved with rich media such as 2YT (Figure 6-2). 

Spiking the medium with 2% (v/v) Silantes E. coli-OD2 medium (a hydrolysate of 

chemolithoautotrophic bacteria) increased the robustness of bacterial growth (especially in the 

initial growth phase) but did not affect the final culture density. The supply of the medium 

with growth-promoting cofactors is a likely explanation of this effect. 
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Table 6-3: Composition of the optimized M9 medium ("high density (HD)-M9").  
The recipe for the 1H-based medium is shown in (a), the details for the equivalent deuteration medium are given 
in (b). Note that for the 2H-based medium, 1H-free chemicals were used (with the exception of the cofactors). 
Supplementation of the HD-M9 medium with 2% (v/v) Silantes E. coli-OD2 medium shortened the lag phase 
and increased the initial growth rate to some extent (see Figure 6-2). 

 

a HD-M9 medium (H2O) 

HD-M9 salts 
compound concentration (g/l) concentration (mM) 
Na2HPO4 13.06 92.1 
KH2PO4 6.53 47.9 
NaCl 0.50 8.6 
MgSO4 0.12 1.0 
CaCl2 0.03 0.3 
 
carbon and nitrogen source 
compound concentration (g/l) concentration (mM) 
NH4Cl 2.00 37.4 
Glycerol 10.00 108.6 
 
Trace elements   
150 µM NTA, 50 µM FeSO4, 10 µM ZnCl2, 5 µM CuSO4, 5 µM H3BO3, 5 µM MnCl2, 1 µM NiCl2, 1 
µM (NH4)6Mo7O24, 1 µM Na2SeO3, 1 µM Na2WO4, 0.5 µM CoSO4 
Other cofactors 
100 µg/ml Biotin. 100 µg/ml Thiamine  

 

b HD-M9 medium (D2O) 

HD-M9 salts 
compound concentration (g/l) concentration (mM) 
Na3PO4 10.07 61.4 
K3PO4 3.39 16.0 
D3PO4  - 62.6 
NaCl 0.50 8.6 
MgSO4 0.12 1.0 
CaCl2 0.03 0.3 
 
carbon and nitrogen source 
compound concentration (g/l) concentration (mM) 
ND4Cl 2.15 37.4 
D8-Glycerol 11.09 108.6 
 
Trace elements   
150 µM NTA, 50 µM FeSO4, 10 µM ZnCl2, 5 µM CuSO4, 5 µM H3BO3, 5 µM MnCl2, 1 µM NiCl2, 1 
µM (NH4)6Mo7O24, 1 µM Na2SeO3, 1 µM Na2WO4, 0.5 µM CoSO4 
Other cofactors 
100 µg/ml Biotin. 100 µg/ml Thiamine  
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Figure 6-2: Growth of E. coli BL21 (DE3) in the specified media at 37 °C.  
(a) Bacterial growth curves. Note that the HD-M9-based media (Table 6-3a) allow for saturation densities of 8-9 
OD600, which is common for rich media such as 2YT and 2-4 times higher than what can be reached with 
"traditional" M9 media (Table 6-1). "HD-M9+S" refers to HD-M9 medium spiked with 2% (v/v) Silantes E. 
coli-OD2 medium. See text for details. 
(b) Photograph shows the bacterial cultures from (a) at t=15h. The maximally achievable saturation densities 
(OD600) are indicated on top of the image. 

 

6.1.3 Choice of the E. coli strain for deuteration 

Large amounts of soluble CRM1 can be obtained by expressing the protein in E. coli BLR 

grown in 2YT medium at 16 °C (Monecke et al., 2009; Chapter 4). I therefore chose these 

conditions for a first CRM1 expression test with HD-M9 medium (Table 6-3a). In contrast to 

the routinely obtained results with 2YT broth, the expression levels were drastically reduced 

in the defined medium (Figure 6-3a). To determine whether this effect was simply related to 

the choice of the expression strain, I tested an E. coli K derivative (DH5α) and found that it 

indeed supported good expression of soluble CRM1 in both 2YT and HD-M9 medium 

(Figure 6-3b). This suggested that DH5α would also be the best choice for the perdeuteration 

of CRM1. Unexpectedly, however, the expression test with the D2O-based HD-M9 medium 

(Table 6-3b) revealed that the expression patterns under deuteration conditions opposed those 

observed under H2O: while DH5α showed clear CRM1 expression (with a solubility of just 

≈50%) only at an elevated IPTG concentration, expression levels and solubility turned out to 

be robustly high with E. coli BLR (compare Figure 6-3d and c). There is no obvious 
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explanation for this notable observation. Taken together, this shows that the expression strain 

for perdeuteration should be carefully chosen based on pre-trials. For the deuteration of the 

exportin, described in the following section, I chose E. coli BLR. 
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Figure 6-3: (previous page) Choice of the E. coli strain for perdeuteration of CRM1. 
The performance of a given E. coli strain in D2O cannot be extrapolated from the outcome of experiments 
conducted with H2O-based media. The panels show the result of a CRM1 expression and solubility test with the 
E. coli strains BLR and DH5α grown in the specified media (see Figure 6-2). Cultures were inoculated to an 
OD600 of 0.08 and grown to a density of ≈ 0.4 at 37 °C before cooling to 16 °C. At an OD600 of ≈ 0.5, expression 
was induced with the indicated concentration of IPTG. Prior to induction, the D2O cultures were split in two to 
test two different IPTG levels. The cells were harvested when they reached the stationary growth phase and 
resuspended to equal densities in 50 mM Tris/HCl pH 7.5, 500 mM NaCl, 2 mM Mg(OAc)2, 1 mM EDTA, 5 
mM DTT and lysed by sonication in the presence of lysozyme (). The lysates were then cleared by 
ultracentrifugation and the samples analyzed by SDS-PAGE followed by Coomassie staining. His10-zz-tagged 
CRM1 is maked with "∗". See text for further explanation. E. coli BLR grew to the high HD-M9 culture 
densities reported in Figure 6-2 (both for H2O and D2O), while DH5α only reached optical densities of ≈ 6 
(H2O) or ≈ 2 (D2O). This suggests that the optima for the culture media are strain-specific. 

 

6.2 Perdeuteration of CRM1 

For deuteration of CRM1, E. coli BLR was transformed with the CRM1 expression plasmid 

and grown at 37 °C in 2YT medium for about 6 hours. 1 ml of this culture (OD600 ≈ 0.8) was 

then centrifuged and the pellet resuspended directly in 20 ml of Silantes E. coli-OD2 D 

medium (> 98% D). After over-night incubation at 37 °C, this starter culture reached the 

expected OD600 of ≈ 2. Four liters of HD-M9 medium (Table 6-3b, pre-warmed to 37 °C, 

supplemented with Silantes E. coli-OD2 D medium to 2% (v/v), one liter in each of four 

baffled five-liter Erlenmeyer flasks) were inoculated to a start-OD600 of ≈ 0.1. A smaller 

inoculum is not recommended because it would extend the lag phase (not shown). The culture 

grew to an OD600 of ≈ 0.5 within 10 hours, showing that the procedure followed can be used 

to bypass any time-consuming adaptation to D2O. The cultures were then cooled to about 20 

°C on ice and the cultivation was continued at 16 °C. Two hours after the temperature shift, 

CRM1 expression was induced with 50 µM IPTG. The expression plasmid was selected for 

with 100 µg/ml ampicillin. The AmpR gene (encoding β-lactamase) is not a preferred 

resistance marker, especially in slowly growing cultures for perdeuteration. Since β-lactamase 

is secreted into the culture medium, the antibiotic is rapidly inactivated at higher cell densities 

(with a half-life of less than an hour). This increases the danger of reduced expression levels 

since even the slightest growth advantage of cells lacking the plasmid would give rise to loss 

of the plasmid from the culture. Attempts to express CRM1 from a construct conferring 

kanamycin resistance failed because the protein appeared to be toxic under these conditions. 

To minimize the risk of plasmid loss in the course of expression, the cultures were 

supplemented with 100 µg/ml ampicillin once or twice a day. 
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Figure 6-4: Perdeuteration of CRM1.  
Four liters of 2H-based HD-M9 medium (Table 6-3b) supplemented with 2% (v/v) Silantes E. coli-OD2 D 
medium yielded 60 mg of pure CRM1 (15 mg/liter culture). For comparison, the yield from 1 liter of a 2YT-
based fermenter culture is just slightly higher (16 mg). 
(a) Growth of the E. coli BLR CRM1 expression culture. Although the culture grew slowly, growth was 
logarithmic up to day 7. 
(b) At indicated time points, samples were removed from the expression culture and analyzed by SDS-PAGE 
followed by Coomassie staining. Note that CRM1 was not degraded over the course of its expression and that 
most of the protein was soluble in 50 mM Tris/HCl pH 7.5, 500 mM NaCl, 2 mM Mg(OAc)2, 1 mM EDTA, 5 
mM DTT (right, see also Figure 6-3). 
(c) The panel shows the purity of the final preparation. Note that there is no significant degradation of the 
protein. 

 

The culture followed a typical bacterial growth curve, indicative of ordered cell division 

(Figure 6-4a). The observed slower growth is expected for a D2O-based defined culture at 

low temperature. The cell density increased logarithmically up to day 7. At day 9, the culture 

reached the stationary phase. Figure 6-4b displays the expression of CRM1 during the course 

of induction. There is no indication for degradation of CRM1 over time (see also Figure 6-3c 

and Figure 6-4c). The expression was stopped as soon as the cells reached the stationary 

!"

#"
$"

%!
&""
&'"
&!"
'""

'""

&!"
&'"

()*+,(&&""
%!

$"
#"

!"

-"

."

'!

'"

&!

&"

-"

."
'!

'"

&!
/01

(
2

34
31
5

56
78
9

:1
3;<
8

;:9=>3;4:*?!"*µ(*@ABCD

E;:
15!"#$%&$'(!)*+'%(

F
0
#"
"

" & ' . - ! # $ % G
"

&

'

.

-

!

#

$

,-
%.
+/
$*
)-
01

2-
%+
1'
($
13
2-
14
4'
%(

H;7&"IJJI()*+,(&∗

∗

(
2

"K
!

&K
"

'K
"

!K
"

&"
K"

/01 µL*MN438;:

56$7,$%&$2)-1$2-%+1'(8$9'+1-4$%&$132-144'%($*)9+)-1
"

:

*



CHAPTER 6  Appendix 

116 

phase. CRM1 was purified as described in Chapter 4. Impressively, the relative protein yield 

of the deuteration cultures was nearly as high as that of a fermenter-based CRM1 culture (see 

Figure 6-4a). Mass-spectrometrical analysis confirmed 2H incorporation into CRM1 to close 

to 100% (not shown). I did not notice any solubility differences between perdeuterated and 

unlabeled CRM1 during the purification. 

 

6.3 Conclusions 

This work presents the establishment of a highly cost-efficient and robust procedure for the 

perdeuteration of CRM1. The total costs for 60 mg of very pure protein (Figure 6-4c) amount 

to ≈ 3500 € (instead of at least 8000 or 24000 € needed with conventional deuteration 

protocols, see above). The yield of the CRM1 deuteration culture was unexpectedly high, 

obviously because expression levels under perdeuteration conditions had even been superior 

over those achieved with 2YT medium (Figure 6-3 and data not shown). It should be 

mentioned that the observed expression levels could be reproduced in two independent 

experiments. However, cost-efficiency is not the only advantage of our optimized setup. (1) 

No time-consuming adaptation to D2O was required even though the growth conditions (16 

°C for induction) had been far from optimal for E. coli. And (2) the use of anhydrous and 1H-

free chemicals completely eliminated the need for the laborious (multi-round) 

recrystallization and drying of hydrogenated chemicals (Meilleur et al., 2009). The procedure 

should be readily applicable to the perdeuteration of proteins other than CRM1. Below, I 

describe the use of the HD-M9 medium for a complex labeling scheme of the PKI Φ0Leu 

NES peptide. The protocol will prove valuable not only for NMR spectroscopy but any 

application relying on highly deuterated proteins (such as neutron scattering and neutron 

diffraction) or robust growth in defined media (e.g. metabolic labeling with 

selenomethionine).  
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6.4 Isotope labeling of the PKI Φ0Leu NES peptide 

In this section I will briefly summarize the expression of PKI Φ0Leu NES peptides of various 

isotope labeling schemes. The expression was performed with a plasmid that confers 

kanamycin resistance. For 15N labeling, an AmpR plasmid was used, but the culture was 

repeatedly replenished with ampicillin to minimize the risk of plasmid loss (see above). 

 

6.4.1 [15N]-PKI Φ0Leu NES 

15N labeling of the NES peptide had been performed with 1.8 liters of the "conventional" M9-

based medium described in Table 6-1, using glycerol as a carbon source and 15NH4Cl for 

nitrogen supply. E. coli BLR was grown at 37 °C to an OD600 of ≈ 0.6 and the expression of 

the His10-zz-tagged peptide induced with 500 µM IPTG for 3.5 h (i.e. until the culture reached 

the stationary growth phase, OD600 = 2.2). The peptide was purified as described in described 

in Chapter 4. The final yield was ≈ 7.5 mg. 

 

6.4.2 [D,13C,15N]-PKI Φ0Leu NES 

For triple-labeling of the NES peptide, we employed the Silantes E. coli CDN (D (>95%), 13C, 
15N) medium. E. coli BLR was transformed with the expression plasmid and plated on a 

selective [2H]-plate for adaptation to the isotopes. The resulting colonies were washed off the 

plate and used to inoculate the medium (1 liter) to an OD600 of 0.02. The culture was grown at 

37 °C to an OD600 of ≈ 1.0 and the expression was induced with 1 mM IPTG until the 

stationary growth phase was reached (OD600 = 2.1). The peptide was purified as described in 

Chapter 4. The final yield was ≈ 4.5 mg. 

 

6.4.3 [∂ -1H-Ile/Leu], [D,13C,15N]-PKI Φ0Leu NES (∂-methyl-specific 
protonation at Leu and Ile) 

Labeling with this isotope pattern required the use of a fully defined medium, because amino 

acid precursors for Ile and Leu had to be added (Figure 6-5; Gardner and Kay, 1997; Goto et 

al., 1999). 
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Figure 6-5: Isotope-labeled amino acid precursors used in this study. 
The resulting amino acid labeling scheme (growth in D2O-based medium) is shown. 

 

The medium used was essentially identical to that described in Table 6-1 (D2O-based). 
15ND4Cl was taken as a nitrogen source and 13C, D12-glucose served for carbon supply. E. coli 

BLR was transformed with the expression plasmid and plated on a selective [D]-plate for 

adaptation to the isotope. The resulting colonies were washed off the plate and used to 

inoculate the medium (1 liter) to an OD600 of 0.3. When the culture reached the mid-log 

growth phase (OD600 = 0.8), 50 mg/l 2-keto, 3-D2, 13C-butyric acid (Figure 6-5a) and 85 mg/l 
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2-keto, 3-methyl, 3-D, 13C-butyric acid (Figure 6-5b) were added. One hour later (OD600 = 

0.88), expression was induced with 1 mM IPTG for 3 hours (final OD600 = 2.0). A longer 

induction time is not recommended as it might result in inhomogeneity ("scrambling") of the 

labeling pattern. The peptide was purified as described in Chapter 4. The final yield was 1.5 

mg. 

As the use of precursors limits the time frame for induction to only a few hours, 

overexpression of the protein should be preferably started at a high culture density but also in 

mid-log phase of the expression culture, i.e. when the generation time of E. coli is shortest. 

However, with "traditional" M9 media, the culture density at mid-log phase is typically low. 

Moreover, short generation times are not achieved when nutrients in the medium are limiting. 

Therefore, the HD-M9 medium should be best suited to generate isotope labeling schemes 

that involve the use of expensive precursors. In the following section, I describe the 

application of the HD-M9 medium to isotope labeling entailing amino acid precursors. 

 

6.4.4 [∂1-1H, ∂2-12C-Leu], [1H,12C,14N-Ala], [D,13C,15N]-PKI Φ0Leu NES (∂-
methyl-specific labeling of Leu, protonated Ala) 

The starter culture for this expression setup was prepared essentially as described for the 

deuteration of CRM1. To determine the best time point for the induction of NES expression, I 

recorded a growth curve in HD-M9 medium containing D8-glycerol as a carbon source and 
15ND4Cl for nitrogen supply. Whereas for the deuteration of CRM1 no adaptation to the 

medium was required, this culture entered the logarithmic growth phase only after ≈ 4 days at 

37 °C. It remains to be tested if supplementing the HD-M9 medium with Silantes medium is 

decisive for more rapid adaptation. The longer adaptation time might also be a result of the 

different isotope composition (15N instead of 14N) or the antibiotic employed (kanamycin 

instead of ampicillin). Once the culture had entered the logarithmic phase, it proceeded into 

stationary phase within only ≈ 12 hours, reaching a saturation density of 9.8 (OD600). 

The final 1-liter culture was inoculated from the logarithmically growing test setup (start-

OD600 = 0.1). The expression culture entered the logarithmic growth phase without any delay. 

At OD600 = 4.2, 300 mg of the leucine precursor (Figure 6-5c, Tugarinov et al., 2006) and 500 

mg alanine were added to the medium. One hour later (OD600 = 4.7), expression of the NES 

peptide was induced with 1 mM IPTG for 3 hours (final OD600 = 6.4). This short induction 

time was sufficient to reach the maximum expression level (not shown). The purification of 
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the peptide was performed as described (Chapter 4). Notably, the yield was ≈ 10 times higher 

than that for the [∂ -1H-Ile/Leu], [D,13C,15N]-PKI Φ0Leu NES (19 mg vs. 1.5 mg, see above). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

6.5 The previously postulated c-Abl NES is non-functional in the context 
of the Abl C-terminal domain 

 

6.5.1 Reprint of Hantschel et al., 2005 

Supplemental data are available online:  
http://www.cell.com/molecular-cell/retrieve/pii/S1097276505014334 

Additional data are presented after this section. 
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Structural Basis for the Cytoskeletal
Association of Bcr-Abl/c-Abl

Oliver Hantschel,1,2,5 Silke Wiesner,3,5,7 activity compared to the kinase activity of c-Abl, which
is effectively autoinhibited by different intramolecularThomas Güttler,4,6 Cameron D. Mackereth,3,6

Lily L. Remsing Rix,1,2,6 Zsuzsanna Mikes,2 interactions (Raitano et al., 1997; Hantschel and Su-
perti-Furga, 2004). Inhibition of the tyrosine kinaseJana Dehne,2 Dirk Görlich,4 Michael Sattler,3,*

and Giulio Superti-Furga1,2,* activity of Bcr-Abl by the small-molecule inhibitor Imati-
nib/Gleevec has become a paradigm for modern tar-1Center for Molecular Medicine of the Austrian

Academy of Sciences geted cancer therapy, but emerging cases of drug re-
sistance create a demand for additional therapeuticLazarettgasse 19/3

1090 Vienna intervention strategies (Druker, 2004; Sawyers, 2004).
Bcr-Abl is predominantly localized to the cytoplasm ofAustria

2Developmental Biology Programme cells, where it activates different signal transduction
pathways, leading to cell proliferation (McWhirter and3Structural and Computational Biology Programme

European Molecular Biology Laboratory Wang, 1991, 1993; Steelman et al., 2004). However, re-
localization to the nucleus can be achieved by eitherMeyerhofstrasse 1

69117 Heidelberg combination of pharmacological treatment or geno-
toxic stress resulting in alteration of its growth-promot-Germany

4ZMBH ing properties (Dierov et al., 2004; Vigneri and Wang,
2001). The cellular form c-Abl localizes to varying de-University of Heidelberg

Im Neuenheimer Feld 282 grees to both the cytoplasm and the nucleus depend-
ing on tissue type and environmental cues and is69120 Heidelberg

Germany thought to shuttle between these two compartments
(Van Etten et al., 1989; Wetzler et al., 1993; Renshaw et
al., 1988; Taagepera et al., 1998).

Bcr-Abl spans more than 2000 amino acid residuesSummary
and comprises a complex array of multiple protein-pro-
tein interaction and signaling domains, including a cen-The Bcr-Abl tyrosine kinase causes different forms of
trally located SH3-SH2-tyrosine kinase domain moduleleukemia in humans. Depending on its position within
(Figure 1A). The proposed localization determinants arethe cell, Bcr-Abl differentially affects cellular growth.
all found in the C-terminal last exon region that is com-However, no structural and molecular details for the
mon to both Bcr-Abl and c-Abl. These include threeanticipated localization determinants are available.
nuclear localization signals (NLSs) (Wen et al., 1996), aWe present the NMR structure of the F-actin binding
leucine-rich NES (Taagepera et al., 1998), and an FABDdomain (FABD) of Bcr-Abl and its cellular counterpart
(McWhirter and Wang, 1993; Van Etten et al., 1994) (Fig-c-Abl. The FABD forms a compact left-handed four-
ure 1A). Although major insight into the regulatoryhelix bundle in solution. We show that the nuclear ex-
mechanisms of c-Abl autoinhibition could be providedport signal (NES) previously reported in this region is
by solving the structure of the SH3-SH2-kinase domainpart of the hydrophobic core and nonfunctional in the
fragment, still only about one-third of Bcr-Abl’s proteinintact protein. In contrast, we could identify the criti-
structure is known to date (Hantschel and Superti-Furga,cal residues of helix !III that are responsible for
2004; Harrison, 2003; Nagar et al., 2003; Hantschel et al.,F-actin binding and cytoskeletal association. We pro-
2003). To explore the molecular basis of Bcr-Abl/c-Ablpose that these interactions represent a major deter-
localization, we solved the structure of the FABD andminant for both Bcr-Abl and c-Abl localization.
studied its molecular function. Our data provide struc-
tural insights into a localization determinant of Bcr-Abl/

Introduction c-Abl.

Expression of Bcr-Abl, the oncogenic counterpart of Results and Discussion
the tyrosine kinase c-Abl and the outcome of the Phila-
delphia chromosome translocation (t[9;22]), is the basis NMR Structure of the FABD
for all cases of chronic myelogenous leukemia (CML) We determined the three-dimensional (3D) solution
and a subset of acute lymphocytic leukemia (ALL) structure of the FABD (corresponding to residues 1026–
(Wong and Witte, 2004). The predominant distinguish- 1149 of human c-Abl spliceform 1b) by heteronuclear
ing feature of Bcr-Abl is its high level of tyrosine kinase NMR spectroscopy (Figures 1B and 1C and Table 1).

This domain also includes the previously proposed NES
*Correspondence: gsuperti@cemm.oeaw.ac.at (G.S.-F.); sattler@ (residues 1109–1118) (Taagepera et al., 1998).
embl.de (M.S.). The ordered region of the FABD, which encompasses
5 These authors contributed equally to this work. residues 1047–1149, is a monomer in solution and folds6 These authors contributed equally to this work.

as a compact bundle of four antiparallel α helices,7 Present address: Structural Biology and Biochemistry, Hospital for
which are arranged in a left-handed topology (FiguresSick Children, 555 University Avenue, Toronto, Ontario, M5G 1X8,

Canada. 1B and 1C). A predominantly aliphatic core formed by
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Figure 1. Structure of the Bcr-Abl/c-Abl FABD

(A) Domain architecture of the Bcr-Abl fusion protein (top). Bottom, multiple sequence alignments of Abl FABDs highlighting partial (gray),
high (white letters on gray background), and complete (white letters on black background) residue conservation. Sequences of Abl in Homo
sapiens, Mus musculus, Xenopus laevis, Anopheles gambiae, Drosophila melanogaster, Caenorhabditis elegans, and of the Abl paralogue
Arg (ABL2) in Homo sapiens are shown. Residue numbers and secondary structure elements (boxes) are shown on top. The NES and
introduced mutations together with results from the F-actin cosedimentation assay are shown on the bottom. Residue numbers correspond
to human c-Abl 1b numbering. Abbreviations: CC, coiled-coil domain; SH3, Src-homology 3 domain; SH2, Src-homology 2 domain; NLS,
nuclear localization signal; and NES, nuclear export signal.
(B) Stereoview of the ensemble of the ten lowest-energy NMR structures. The backbone trace is shown in gray, whereas secondary structure
elements are shown in blue and labeled by residue numbers. Unstructured, N-terminal residues (1026–1039) are omitted for clarity.
(C) Ribbon representation of the lowest energy structure. Secondary structure elements are labeled and shown in blue. The side chains of
residues defining the previously proposed NES are shown in yellow.
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Table 1. Structural Statistics of the Ten Lowest Energy Structures of the Bcr-Abl/c-Abl FABD

Number of Structural Restraints

All 2693
Sequential (|i − j| = 1) 497
Medium range (2 % |i − j| % 4) 460
Long range (|i − j| > 4) 369
Intraresidual 1265
Unambiguous 2591
Ambiguous 0
Hydrogen bonds 102
Dihedral angles 71 f, 71 ψ, 14 χ1
1HN-15N residual dipolar couplings 64

Rmsd from Experimental Restraintsa <SA>b <SA>water-refined

All distance restraints [Å] 0.027 ± 0.002 0.037 ± 0.002
Unambiguous NOEs [Å] 0.027 ± 0.002 0.037 ± 0.002
Hydrogen bonds [Å] 0.024 ± 0.002 0.025 ± 0.003
Dihedral angles [°] 0.510 ± 0.101 0.518 ± 0.101
RDC Q factorc 0.046 ± 0.003 0.058 ± 0.004

Rmsd from Idealized Covalent Geometry

Bond lengths [Å] (2.9 ± 0.2) × 10−3 (4.9 ± 0.2) × 10−3

Bond angles [°] 0.468 ± 0.014 0.655 ± 0.017
Improper dihedral angles [°] 0.415 ± 0.028 1.668 ± 0.102

Coordinate Precisiond [Å]

Secondary structure elements (N, Cα, C#) 0.33 ± 0.06 0.42 ± 0.08
Secondary structure elements (all heavy atoms) 0.94 ± 0.10 1.03 ± 0.11
Residues 1043–1149 (N, Cα, C#) 1.73 ± 0.45 1.83 ± 0.85
Residues 1043–1149 (all heavy atoms) 2.04 ± 0.35 2.15 ± 0.67

Ramachandran Plote [%]

Most favored regions (secondary structure elements) 99.7 ± 0.7 99.8 ± 0.5
Additionally allowed regions (secondary structure elements) 0.3 ± 0.7 0.2 ± 0.5
Most favored regions (residues 1043–1149) 77.6 ± 2.5 80.3 ± 2.3
Additionally allowed region (residues 1043–1149) 22.4 ± 2.5 19.7 ± 2.3
a In any of the final <SA> structures, no distance restraint was violated by more than 0.4 Å, no dihedral angle restraint was violated by more
than 5°, and no residual dipolar coupling restraint was violated by more than 2.5 Hz.
b <SA> refers to the ensemble of the ten structures with the lowest energy.
c Reference: Cornilescu et al., 1998.
d Coordinate precision is given as the pair-wise Cartesian coordinate rmsd of the ten lowest-energy structures.
e Excluding glycine and proline residues.

Val1051, Leu1058 (in helix αI), Val1075, Leu1082, Cys1086 teins of which some bind F-actin directly or indirectly:
(αII), Phe1102, Ala1105, Leu1109, Leu1113 (αIII), the vinculin head and tail domain (with DALI Z scores
Leu1136, Val1140, Ile1143, and Val1147 (αIV) stabilizes [Z] of 9.9 and 8.2, respectively), the dimerization and
this fold. The high degree of conservation of these resi- adhesion modulating domain of α-catenin (Z scores of
dues suggests a similar fold for the FABDs of all c-Abl 9.3 and 9.5, respectively), the vinculin binding domain
orthologs as well as the c-Abl paralogue Arg (ABL2) of talin (Z = 7.9), and the focal adhesion targeting do-
(Figure 1A). The α helices are connected by long loops main of focal adhesion kinase (Z = 7.5) (Figure 2). Se-
that are poorly conserved in length and sequence. 15N quence homology of these four-helix bundles is limited
relaxation data shows that the αIII-αIV loop displays only to their helical amphipathicity and could not be
high internal mobility and that the 20 N-terminal resi- revealed by simple sequence comparison. Although
dues of the expression construct are unstructured (Fig- many proteins include four-helix bundles, the similarity
ure S1 available in the Supplemental Data with this arti- in the interhelical geometry and the unusual left-handed
cle online). topology between these domains and the Bcr-Abl/

c-Abl FABD is intriguing and, besides F-actin binding
(see below), may suggest a role in protein complex as-Structural Homologs of the FABD
sembly that is currently not understood in molecularThe structure of the Bcr-Abl/c-Abl FABD is clearly dis-
detail (Fillingham et al., 2005). The helix bundle archi-tinct from calponin-homology domains that were re-
tecture is emerging as a common interaction module incently proposed for the Arg equivalent of the FABD but
a number of proteins involved in cytoskeletal regulationthat bind F-actin only in a tandem configuration (Galkin
(Hayashi et al., 2002), pointing at a possible function ofet al., 2005). Although the Bcr-Abl/c-Abl FABD has
Bcr-Abl/c-Abl in the multiprotein complexes anchoringno significant sequence similarity to other established
actin filaments. Indeed, cytoplasmic c-Abl colocalizesF-actin binding domains, the 3D structure exhibits

strong homology to domains of other cytoskeletal pro- with many cytoskeletal structures and effectors, thereby
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Figure 2. Structural Homologs of the Bcr-Abl/c-Abl FABD

Despite complete absence of sequence similarity, the Bcr-Abl/c-Abl FABD is structurally homologous to domains present in cell adhesion
proteins. In all panels, the Bcr-Abl/c-Abl FABD is shown in gray, whereas the vinculin tail domain is displayed in green (left, PDB-entry 1QKR),
the vinculin binding domain of talin in blue (middle, PDB-entry 1SJ7), and the focal adhesion targeting domain of focal adhesion kinase in
red (right, PDB-entry 1K40).

integrating multiple signals to coordinate F-actin dy- tional in the original domain context, then the FABD
should also specifically interact with CRM1. However,namics (Woodring et al., 2003). Previous studies have

shown that F-actin binding inhibits c-Abl kinase activity CRM1 bound only inefficiently (Figure 3A, lane 3), and
crucially, this weak binding was not further reduced by(Woodring et al., 2001). The mechanism by which this

occurs is currently unclear but may involve intramolec- the L1116A mutation (Figure 3A, lane 5). This indicates
that the NES is not accessible to CRM1 and that theular interactions between the FABD and other regions

of the protein, e.g., the kinase domain. Further struc- FABD binds CRM1 only nonspecifically.
Furthermore, immobilized CRM1 specifically bound ature-function analysis of the FABD should be instru-

mental in elucidating this regulatory function. green fluorescent protein (GFP)-NES fusion, but not the
untagged recombinant FABD, thus excluding the possi-
bility that tagging of the domain or a protein present inThe NES Is Buried and Nonfunctional

Residues comprising the proposed NES (residues 1109– the HeLa cell extract had compromised export complex
formation (Figure 3B).1118) (Taagepera et al., 1998) are located on the αIII helix

and the αIII-αIV loop (Figure 1C). Whereas Ile1118 is To test for nuclear export of the FABD, we performed
experiments with HeLa cell nuclei in Xenopus laevissolvent accessible, Leu1116 is only partially exposed.

Both Leu1109 and Leu1113 are buried in the hydrophobic egg extract depleted of endogenous nuclear transport
receptors (Ribbeck and Gorlich, 2002). The nucleo-core of the domain. All three leucines (Leu1109, Leu1113,

and Leu1116) are involved in an extensive network of cytoplasmic distribution of added recombinant GFP-
FABD and GFP-NES was monitored by confocal micro-hydrophobic interactions with Leu1136 (αIV) and with

Leu1076, Gly1079, and Leu1082 (αII). scopy after initial equilibration by diffusion. Upon CRM1
addition, we observed rapid export of GFP-NES, butThe fact that most residues of the previously pro-

posed NES (residues 1109–1118) are not solvent ex- not of GFP-FABD (Figure 3C). No export occurred when
exportin 6 or buffer were added instead of CRM1 (Fig-posed raised questions about its physiological rele-

vance. We first investigated whether the isolated NES ure 3C). In agreement with these results, we did not
detect export of GFP-FABD or 35S-methionine-labeledpeptide can form an export complex with the nuclear

export receptor CRM1 (exportin 1). The immobilized full-length c-Abl upon microinjection into the nuclei of
frog oocytes (data not shown). Finally, treatment ofpeptide efficiently recruited CRM1 from a HeLa cell ex-

tract, provided RanGTP had been added to mimic a HeLa or COS cells with the specific CRM1 inhibitor lep-
tomycin B (LMB) did not lead to nuclear accumulationnuclear environment (Figure 3A, lane 7). Leu1116 is

essential for NES function of the isolated peptide of either endogenous or overexpressed c-Abl (Figure 4
and data not shown). Overall, our results indicate that(Taagepera et al., 1998), and indeed, the L1116A muta-

tion abolishes CRM1 binding (Figure 3A, lane 9). Thus, residues 1109–1118 of Bcr-Abl/c-Abl do not constitute
a functional NES in the context of the folded FABD.residues 1109–1118 behave like a leucine-rich NES

when presented in isolation. If this NES were also func- Furthermore, as judged from 15N relaxation studies,
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the NES does not exhibit internal mobility (Figure S1). to the wt protein (Table 2). Mutation of Arg1097, Lys1099,
Phe1100, and Glu1104/Lys1108 impaired F-actin bind-Together with the functional data above, this suggests

that the NES may not become exposed by a flipping or ing strongest (Table 2 and Figures 1A, 6A, and 6B). Im-
portantly, mutation of residues within the previouslyunfolding mechanism. However, we cannot completely

exclude the possibility that under conditions different proposed NES (Leu1116, Arg1114, and Glu1115) led to
an intermediate reduction in F-actin binding (Table 2).than the ones tested here, mechanisms may exist that

trigger unfolding of the FABD and a release of another Independently, NMR titration experiments with 15N-
labeled FABD and F-actin showed a general line-broad-functionality, such as the hidden NES motif.
ening effect depending on the F-actin concentration
consistent with the formation of a high-molecular weightFABD-Dependent Cytoplasmic Localization Pattern
complex (Figure S4). Although for some domains struc-To analyze the precise role of the FABD in the cellular
turally related to the FABD a potential to undergo dra-localization of Bcr-Abl and c-Abl, we performed exten-
matic conformational changes upon ligand binding hassive structure-based mutagenesis, careful to minimize
been observed, we have not observed any major chem-general structure perturbation and maximize specific
ical shift changes in our NMR titrations that might indi-functional effects. We introduced a set of 21 mutants
cate such a behavior for the Bcr-Abl/c-Abl FABD.covering 39 solvent-exposed residues (Figure 1A and

Color coding of the surface of the FABD accordingTable 2) into full-length p210 Bcr-Abl and human c-Abl
to the contribution of the residues to F-actin binding1b to perform confocal immunofluorescence micro-
revealed a cluster of residues along helix αIII, includingscopy with transiently transfected COS cells. Under the
the previously proposed NES, as well as adjacent por-settings used, the low levels of endogenous c-Abl
tions of helix αII and helix αIV (Figure 6B). Indepen-could hardly be detected (data not shown).
dently, analysis of evolutionary conservation among AblWild-type (wt) Bcr-Abl colocalized with actin fila-
FABDs showed that, in contrast to most of the solvent-ments, whereas the FABD-deletion mutant failed to do
exposed residues, residues in the N-terminal half of αIIIso. Instead, the mutant displayed a diffused localization
are highly conserved (Figure 6C). The fact that the onlythroughout the cytoplasm with additional punctuated
highly conserved region of the domain coincides withstaining, which had previously been observed with
the F-actin binding epitope suggests that F-actin bind-other deletion mutants encompassing the same region
ing is the key conserved function among the various(McWhirter and Wang, 1993) (Figure 5A and data not
Abl FABDs.shown). Localization patterns of the different Bcr-Abl

To visualize how the evolutionarily conserved helixFABD point mutants fell between that of the wt protein
αIII could possibly interact with F-actin, we generatedand that of the FABD-deletion mutant (Table 2). Three
models of the Bcr-Abl/c-Abl FABD-actin complex withmutations, R1097E, K1099E, and F1100E, showed the
the program HADDOCK (Dominguez et al., 2003) usingBcr-Abl localization phenotype most similar to the
an ensemble of seven NMR structures of the Abl FABDFABD-deletion mutant (F1100E shown in Figure 5A).
and actin coordinates from four different actin com-The punctuate staining seemed to depend on kinase
plexes. Although the residues in actin involved in bind-activity, as cells treated with the kinase inhibitor Imati-
ing the FABD could not be determined experimentally,nib/Gleevec did not show this phenotype (Figure S2).
crystal structures of actin complexes reveal a hydro-Differences in actin colocalization between wt and
phobic cleft between actin subdomains 1 and 3 (Figuremutant proteins of c-Abl were less evident but still
S5A) as the primary interaction site for F-actin bindingreadily detectable (Figure 5B). Mutants that showed the
proteins (Dominguez, 2004; Aguda et al., 2005). By su-strongest defect in association with actin filaments
perimposing structures of four actin complexes, 19 res-were the same for both Bcr-Abl and c-Abl. Interestingly,
idues in and surrounding this hydrophobic cleft weresome of these c-Abl FABD mutants showed a partial or
chosen to generate docking restraints. Indeed, the con-strong nuclear localization (Table 2 and Figure 5B), such
served helix αIII could be docked reliably onto a hy-as F1100E and the L1116A mutation of the previously
drophobic cleft in the actin structure. It is worth notingproposed NES.
that this binding mode would be compatible with the
simultaneous actin-actin interactions within F-actin asThe F-Actin Binding Site
predicted in the Holmes model (Holmes et al., 1990)To establish the precise molecular nature of the FABD-
(Figure S5).dependent localization properties of Bcr-Abl/c-Abl de-

scribed above, we performed a quantitative analysis of
the ability of the recombinant FABD wt and mutants to Molecular Basis for the NES Phenotype

Leucine-rich NESs consist of a stretch of regularlybind purified F-actin in vitro. All FABD proteins were
expressed as GST-fusions, purified to homogeneity, spaced hydrophobic residues, an abundant sequence

motif, and an intrinsic feature of amphipathic helices.and tested in an F-actin cosedimentation assay (Figure
S3A). Structural integrity was assessed by using gel Previous studies have led to the widely acknowledged

view that c-Abl and Bcr-Abl possess a functional NESfiltration chromatography, NMR, and far-ultraviolet cir-
cular dichroism spectroscopy (for selected mutants, at the C terminus (Taagepera et al., 1998; Wang, 2000;

Henderson and Eleftheriou, 2000; Zhu and Wang, 2004).see Figures S3B-S3D and data not shown). Although
GST-FABD wt was enriched in the pellet in the presence Several key experiments that led to this perception,

however, were performed with the NES as a peptideof F-actin, only a minor proportion was found in the
pellet fraction in the absence of F-actin (Figure 6A, top). or with constructs that inadvertently affected the FABD

structural integrity. Unfolding of the FABD had two con-This suggests specific binding to F-actin in vitro. The
FABD mutants were tested accordingly and compared sequences. On one hand, normally buried elements of
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Figure 3. The Folded FABD Does Not Bind to CRM1 and Is Not Exported from the Nucleus

(A) FABD, NES1109–1118, and the respective L1116A mutants were immobilized on a Sepharose resin in equimolar amounts and allowed to
bind exportins from a HeLa cell extract. RanGTP was used to mimic a nuclear environment. Starting material and bound fractions were
analyzed by SDS-PAGE and immunoblotting. Exportin 5 (Exp5) and exportin 6 (Exp6) are included as specificity controls. Load in the bound
fractions corresponds to 60 times the starting material.
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the hydrophobic core became solvent accessible and FABD as well as oligomerization contribute to offset
any nuclear localization force acting on the protein.thereby established a functional, but nevertheless non-

physiological CRM1 binding site. On the other hand, Moreover, recent evidence suggests that nuclear im-
port of c-Abl can be inhibited by phosphorylation of athe disrupted domain could no longer bind F-actin. In

all these cases, subcellular localization is affected in threonine residue (Yoshida et al., 2005). This mecha-
nism might also account for inhibition of nuclear entryconsequence. As we have shown above, the classic

Abl “NES−” mutation L1116A causes impaired F-actin of Bcr-Abl.
Irrespective of what precise subcellular distributionbinding, thereby leading to nuclear accumulation indi-

rectly. This case is consistent with the general notion may result from actin binding deficiency of Bcr-Abl un-
der different conditions, there appear to be importantthat mutation of linear motifs of proteins in the absence

of 3D structural information can be difficult to interpret functional consequences. It has been reported that de-
letions disrupting FABD integrity impaired both the(Puntervoll et al., 2003). As shown for the nonsense-

mediated mRNA decay factor UPF3b (Kadlec et al., transforming potential of Bcr-Abl in rat fibroblasts as
well as oncogenicity in transgenic mice (McWhirter and2004), we predict that once structural information be-

comes available, several other NESs that have been Wang, 1993; Heisterkamp et al., 2000). Because we
could confine the critical elements of association withproposed based only on the amino acid sequence will

also be revealed to be just nonfunctional, buried hy- the actin cytoskeleton to the N-terminal half of the helix
αIII on Bcr-Abl, it might be possible to interfere withdrophobic core residues.
this interaction pharmacologically, thus modulating the
biological activity of Bcr-Abl. Such intervention may beConclusion
complementary to targeting of the ATP binding or sub-Taken together, our data strongly suggest that an equi-
strate binding pocket.librium between nuclear import and FABD-dependent

cytoplasmic retention determines the subcellular distri-
Experimental Procedures

bution of c-Abl. In support of this, caspase cleavage of
c-Abl causes removal of the FABD and leads to nuclear Bacterial Expression Constructs
localization and contributes to the induction of apopto- A pETM30 vector (modified pET24d [Novagen] provides an N-hexa-

His-GST-tag, followed by a TEV-protease cleavage site) was usedsis (Barilá et al., 2003).
for NMR-sample preparation and F-actin cosedimentation assays.The c-Abl and Bcr-Abl proteins share most of their
For binding and nuclear export assays, two derivatives of the pQEsequences, and indeed, evidence that many of the in-
vectors (Qiagen) were used, one providing an N-decaHis-zz-TEV-

tramolecular regulatory mechanisms that inhibit c-Abl tag and the other an N-decaHis-EGFP-tag. The coding region of
kinase activity are also operational in Bcr-Abl has the F-actin binding domain (residues 1026–1149, human c-Abl
emerged recently (Azam et al., 2003; Smith et al., 2003; spliceform 1b numbering) of human Bcr-Abl/c-Abl was cloned into

the vectors described above by using standard molecular cloningHantschel and Superti-Furga, 2004). The Bcr moiety,
techniques.unique to Bcr-Abl, contributes a coiled-coil oligomer-

ization function that results in proximity-induced trans-
Protein Expression and Purificationphosphorylation of the activation loop and consequent
For NMR studies, uniformly 15N- and 15N,13C-labeled hexaHis-GST-high levels of kinase activity (McWhirter et al., 1993; FABD was expressed as described (Wiesner et al., 2005).

Zhang et al., 2001). We also propose here that the sub- All other proteins were expressed in E. coli BLR and purified on
cellular localization of these two proteins is subject to Ni-NTA-agarose. Untagged FABD was generated by TEV-protease

cleavage of decaHis-zz-FABD, and removal of the tag was via Ni-the same basic mechanisms. But why is mutation of
NTA-agarose. Expression and purification of zz-CRM1-His, His-the FABD of Bcr-Abl, in contrast to c-Abl, not sufficient
CRM1, His-Ran(Q69L)GTP, PKIα-NES-mRFP-His, and His-Exp6 hasto cause relocalization of the protein from the actin cy-
been described previously (Stuven et al., 2003).toskeleton to the nucleus? In our hands, treatment with

the kinase inhibitor Imatinib/Gleevec, although chang-
Structure Determination

ing the pattern of cytoplasmic staining, did not lead to NMR spectra were recorded at 295 K on Bruker DRX 500, 600,
nuclear localization of FABD-deficient forms of Bcr-Abl, and 900 spectrometers, processed with the NMRPipe/NMRDraw

package, and analyzed with XEASY. 15N relaxation data were ana-thus excluding a predominant role of kinase activity
lyzed by using NMRView. 1H, 13C, and 15N chemical shifts werein cytoplasmic retention (Figure S2). However, prelimi-
assigned by standard triple-resonance experiments as describednary experiments with forms of Bcr-Abl mutated in the
(Wiesner et al., 2005).coiled-coil domain, in addition to a disrupting mutation

Proton-proton distance restraints were derived from 3D 15N- and
in the FABD domain, showed a weak but reproducible 13C-edited NOE experiments. Dihedral angle restraints for the
nuclear staining (data not shown). This suggests that backbone angles f were determined from quantitative 3J(HN,Hα)-

correlation experiments (Kubinowa et al., 1994), whereas additionalinteraction of Bcr-Abl with the cytoskeleton through the

(B) CRM1 was immobilized as above, and recombinant FABD, GFP-NES1109–1118, and GFP-NES L1116A were allowed to bind to CRM1 in the
absence or presence of RanGTP. Analysis of starting material and bound fractions was by SDS-PAGE and Coomassie staining. Load in the
bound fractions corresponds to 40 times the starting material.
(C) HeLa cell nuclei were incubated in a Xenopus laevis egg extract, which had been depleted of endogenous nuclear transport receptors.
GFP-FABD or GFP-NES was added and allowed to enter the nuclei (“start”). The NES of the inhibitor of protein kinase A fused to red
fluorescent protein (PKIαNES-RFP) was used as an internal positive control. The samples were then split and either CRM1, exportin 6, or
buffer added. 20 min later, the distribution of the fluorescent proteins was imaged by confocal laser scanning microscopy. DNA staining with
DAPI highlights nuclei.
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Figure 4. LMB Treatment Does Not Increase Nuclear Levels of c-Abl

Endogenous c-Abl-expressing HeLa and COS cells were treated with 5 ng/mL and/or 20 ng/mL LMB for 4 hr. Cells were fixed and immuno-
stained with anti-Abl antibody (Abl). Nuclei (DNA) were stained with DRAQ5.

f and ψ restraints were derived from TALOS (Cornilescu et al., ary chemical shifts, H/D amide exchange rates, and NOE patterns.
For structure calculation, the experimentally determined restraints1999). 3J(N,Cγ) coupling constants were measured by using spin-

echo difference experiments to restrain the side-chain angle χ1 to were applied in a mixed torsion, and Cartesian angle dynamics
simulated annealing protocol by using CNS (Brunger et al., 1998)180° ± 40° and 0° ± 90°, respectively (Hu and Bax, 1997). 1H,15N-

residual dipolar couplings were measured in ether/alcohol liquid and ARIA 1.2 (Nilges and O’Donoghue, 1998). Structures were cal-
culated in eight iterations producing 20 structures in each of thecrystalline phase (Ruckert and Otting, 2000) by using a 2D spin-

state-selective coherence transfer HSQC experiment (Lerche et al., first seven iterations and 50 structures in the final iteration. The
quality of the ten lowest energy structures was analyzed by using1999). Axial and rhombic components of the alignment tensor were

−8.5 Hz and −3.6 Hz, respectively. Hydrogen bond restraints were the programs CNS and PROCHECK-NMR (Laskowski et al., 1996).
Table 1 summarizes the structural statistics for the ensemble of theapplied as indicated by 3J(HN,Hα) constants, 13Cα and 13Cβ second-
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Table 2. Mapping of the F-Actin Binding Site of the FABD

F-Action Binding Localization

GST-FABDa Bcr-Ablb c-Ablc

Structural Cytoplasm-
Location Mutation In Vitro Binding Actin Colocalization Nucleus Actin Colocalization

wt 1.00 wt C A
!FABD − p C/N a

αI K1048E 0.61 wt C a
αI D1053K/E1056K 1.05 wt C A
αI R1064A/E1067R 0.92 wt C A
L I-II E1067A/Q1068A/M1069A 1.20 wt C A
αII E1077K/K1080E 0.85 wt C/N a
αII N1081A/Y1083A 0.59 wt C A
αII D1091A 1.03 wt Not tested Not tested
L II-III Q1094A/Q1095A/M1096A 1.21 Not tested C A
L II-III R1097E 0.41 p C/N a
αIII K1099E 0.51 p C a
αIII F1100E 0.41 p N a
αIII R1103E 0.70 p C a
αIII E1104K/K1108E 0.55 p C/N A
αIII E1110K 1.17 i C/N a
αIII R1114E/E1115R 0.91 wt C A
αIII L1116A 0.73 wt N A
L III-IV !P1120-P1127 1.17 wt C A
αIV D1132A/K1135A 0.66 wt C A
αIV K1141A/E1142A 0.76 wt C/N A
αIV D1145A 1.00 wt C/N a
a GST-FABD: relative values for F-actin binding in cosedimentation assays.
b Bcr-Abl: wt, F-actin colocalization; i, intermediate; and p, punctuate staining (reduced binding).
c c-Abl: C, cytoplasmic; C/N, intermediate localization; N, nuclear; A, F-actin colocalization; and a, reduced F-actin colocalization.

ten lowest energy structures. Figures of 3D structures and molecu- conformations as shown in Figure S5 with a pair-wise backbone
rmsd of 1.8 ± 0.8 Å, whereas the orientation of the FABD was in-lar surface representations were prepared by using PyMol (De-

Lano, 2002). verted with respect to the orientation shown in Figure S5 in the
remaining two models.

NMR Titration and 15N Relaxation Studies
For NMR titrations, 1H,15N-HSQC experiments were recorded on a Binding Assays

For the binding experiment of Figure 3A, zz-tagged FABD, NES,500 MHz spectrometer fitted with a cryoprobe. 15N-labeled FABD
was dissolved in 5 mM Tris-HCl (pH 8.0), 50 mM KCl, 0.2 mM CaCl2, and the respective L1116A mutants were immobilized on IgG-

Sepharose. The beads were incubated with HeLa cell extract in the1 mM ATP, 0.5 mM DTT, and 10% 2H2O at an initial protein concen-
tration of 30 "M. The sample was titrated at 295 K with freshly presence of an energy-regenerating system (Kutay et al., 1997) and

30 "M cytochalasin B. A nuclear environment was mimicked bypolymerized F-actin (Cytoskeleton, Inc.) prepared in the same
buffer as described above, toward a final sample containing 1.2 addition of GTPase-deficient Ran mutant (Ran[Q69L]GTP) (Klebe et

al., 1995). Unbound material was removed, and the beads weremolar equivalents F-actin (based on the monomeric actin concen-
tration) equal to 15 "M and 18 "M of FABD and F-actin, respec- washed with 10 ml of binding buffer. Bound proteins were eluted

with SDS-sample buffer and analyzed by SDS-PAGE followed bytively. Backbone amide 15N relaxation parameters were acquired as
described (Wiesner et al., 2005). Western blotting. Antibodies against CRM1, Exp5, and Exp6 have

been described previously (Mingot et al., 2004; Stuven et al., 2003).
For Figure 3B, recombinant FABD (3 "M), GFP-NES1109–1118, orProtein-Protein Docking Simulations

Structural models of the Bcr-Abl/c-Abl FABD-actin complex were GFP-NES L1116A (both 1 "M) were allowed to bind to immobilized
human CRM1 in the presence or absence of Ran(Q69L)GTP. Boundgenerated with the program HADDOCK by using standard proto-

cols and parameters (Dominguez et al., 2003). A set of 20 ambigu- proteins were eluted with 50 mM Tris (pH 7.5), 1.5 M MgCl2, isopro-
panol precipitated, separated by SDS-PAGE, and analyzed by Coo-ous interaction restraints (AIRs) was defined for the Bcr-Abl/c-Abl

FABD based on the results of the F-actin cosedimentation assays. massie staining.
Although we could not experimentally determine the actin residues
involved in binding the FABD, analysis of crystal structures of actin In Vitro Nuclear Export

Xenopus leavis egg extract and HeLa cell nuclei were prepared ascomplexes reveals a hydrophobic cleft between actin subdomains
1 and 3 as the primary interaction site for F-actin binding proteins described (Stuven et al., 2003). Nuclei were mixed with egg extract

depleted of nuclear transport receptors and replenished with Ran,(Dominguez, 2004; Aguda et al., 2005). Residues in and surround-
ing this hydrophobic cleft were chosen for docking from a superpo- NTF2, and an energy-regenerating system (Ribbeck and Gorlich,

2002). GFP-FABD (residues 1039–1149), GFP-NES1109–1118, andsition of known structures of actin complexes. This resulted in 19
AIRs for the actin monomer. An ensemble of seven NMR structures mRFP-PKIαNES were used at 2 "M. Exportins were added after 20

min of nucleocytoplasmic equilibration at 1 "M.of the Bcr-Abl/c-Abl FABD and actin coordinates from four actin
complexes (PDB-entries: 1EQY, 1SQK, 1QZ5, and 1KXP) were used
as input structures for initial rigid-body docking. From the resulting Mammalian Expression Constructs

p210 Bcr-Abl was kindly provided by Martin Ruthardt (Johann Wolf-500 energy-minimized structures, 50 were chosen based on AIR
restraint energy and subjected to semiflexible simulated annealing gang Goethe-University, Frankfurt, Germany). pSGT vector and

pSGT-Abl constructs were previously described (Barilá and Su-followed by a final refinement in explicit water. Among the final
water-refined ten lowest energy structures, eight models adopted perti-Furga, 1998). The !FABD mutation was performed as pre-
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Figure 6. Mutational Analysis of the Bcr-Abl/c-Abl F-Actin Binding Domain

(A) F-actin cosedimentation assay: the indicated proteins were incubated for 30 min and spun at 135,000 × g. 10% of the total reaction before
centrifugation (T) and equal amounts of the supernatant (S) and pellet (P) were resolved by SDS-PAGE, stained with Coomassie, and quantified
by using the LI-COR Odyssey system.
(B) Ribbon and surface representation of the FABD highlighting effects of individual mutations on F-actin binding activity (see Table 2).
Residues are colored with a linear gradient from red to white to green (red, 60% relative inhibition; green, 20% relative enhanced binding
activity). All other residues are shown in white.
(C) Surface representation of the FABD highlighting sequence conservation. High to low sequence conservation is colored from blue to white,
respectively. In all panels, the FABD is shown in the same orientation.

viously described (Woodring et al., 2001). All mutations were ob- ter 24–48 hr of incubation, cells were washed with PBS and fixed
with 3% para-formaldehyde. Cells were permeabilized with 0.5%tained by using the QuikChange Site-Directed Mutagenesis Kit

(Stratagene). All mutations were confirmed by sequencing. Triton X-100 and blocked with 2.5% normal goat serum (Jackson
ImmunoResearch). To visualize Bcr-Abl/c-Abl, primary (rabbit anti-
Abl, K12; Santa Cruz) and secondary (anti-rabbit AlexaFluor488;Immunofluorescence

COS cells were transfected with either pSG-p210, pSGT-Abl, or mu- Molecular Probes) antibodies were diluted in blocking solution and
incubated with the cells at room temperature. F-actin and nucleitants thereof by using PolyFect Transfection Reagent (Qiagen). Af-

Figure 5. Localization of Bcr-Abl/c-Abl FABD Mutant Proteins

COS cells were transiently transfected with the indicated (A) Bcr-Abl or (B) c-Abl expression constructs. Cells were fixed and immunostained
with anti-Abl antibody (Abl). F-actin (Actin) and nuclei (DNA) were stained with rhodamine-conjugated phalloidin and DRAQ5, respectively.
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were stained with rhodamine-conjugated phalloidin (Molecular angle restraints from searching a database for protein chemical
shifts and sequence homology. J. Biomol. NMR 13, 289–302.Probes) and DRAQ5 (Biostatus Limited), respectively. Treatment

with STI571/Gleevec was done for 4 hr at 20 !M. Images were DeLano, W.L. (2002). The PyMOL Molecular Graphics System. http://
obtained on a Zeiss LSM510 confocal microscope by using a 40×/ pymol.sourceforge.net.
1.3 Plan Neofluar objective.

Dierov, J., Dierova, R., and Carroll, M. (2004). BCR/ABL translo-
cates to the nucleus and disrupts an ATR-dependent intra-S phase

F-Actin Cosedimentation Assays checkpoint. Cancer Cell 5, 275–285.
GST-FABD fusion proteins were expressed in pETM30 and purified

Dominguez, C., Boelens, R., and Bonvin, A.M.J.J. (2003). HAD-as described (Wiesner et al., 2005) with the exception that the TEV
DOCK: a protein-protein docking approach based on biochemicalcleavage step was omitted. The fusion proteins were concentrated
or biophysical information. J. Am. Chem. Soc. 125, 1731–1737.(15–25 mg/ml). Rabbit muscle actin (Cytoskeleton Inc.) was poly-
Dominguez, R. (2004). Actin-binding proteins--a unifying hypothe-merized according to the manufacturer’s instructions. Centrifuga-
sis. Trends Biochem. Sci. 29, 572–578.tions were performed in a Beckman TLS-55 rotor at 135,000 × g.

GST-FABD proteins were incubated with equimolar amounts of Druker, B.J. (2004). Imatinib as a paradigm of targeted therapies.
F-actin in a final volume of 50 !l. 5 !l of the reaction mixture was Adv. Cancer Res. 91, 1–30.
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6.5.2 Additional data to Hantschel et al., 2005 

The following experiment was performed to further test if full-length c-Abl is a CRM1 

substrate. We used BHK (baby hamster kidney) cells stably expressing eIF2β-GFP – a known 

substrate of CRM1 (Bohnsack et al., 2002). We transfected cells with an expression construct 

for c-Abl, treated them with the CRM1 inhibitor leptomycin B (LMB) and recorded the 

nucleocytoplasmic distribution of eIF2β-GFP and c-Abl by microscopy of GFP-fluorescence 

or indirect immunofluorescence, respectively. As seen with mock-treated cells, both c-Abl 

and eIF2β-GFP are predominantly cytoplasmic (Figure 6-6). Treatment with LMB for one 

hour did not change the nucleocytoplasmic distribution of c-Abl, whereas the CRM1 cargo 

eIF2β-GFP clearly shifted to the nucleus. Even extended incubation with LMB did not lead to 

prominent nuclear accumulation of c-Abl and only a faint nuclear signal was evident after 24 

hours. This faint nuclear signal, however, is likely to represent a secondary effect of LMB and 

is possibly due to the general cytotoxicity of LMB after such prolonged incubation times. 

LMB selectively inactivates CRM1 but the consequences of this inactivation are ultimately 

lethal (Nishi et al., 1994) and thus pleiotropic (discussed in Mingot et al., 2004). The 

morphological changes of cells treated with LMB for 24 hours exemplify such pleiotropic 

effect. 

These results are in perfect agreement with the our findings that: (1) the previously postulated 

leucine-rich nuclear export signal is buried in the hydrophobic core of the F-actin binding 

domain (FABD), (2) this region does not display mobility in solution, excluding flipping or 

unfolding that would expose hydrophobic residues (Figure S1 online), (3) the FABD does not 

bind to CRM1 (Figure 3A, B), (4) CRM1 does not export the FABD from the nucleus 

(Figure 3C and data not shown). In summary, we found no evidence for CRM1-mediated 

nuclear export of c-Abl. 
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Figure 6-6: Block of CRM1 does not increase nuclear levels of c-Abl. 
Baby Hamster Kindney (BHK) cells stably expressing eIF2β-GFP were transfected with a c-Abl expression 
construct and incubated with leptomycin B (LMB, 5 ng/ml) for the time indicated. Mock refers to cells treated 
with ethanol only. Nucleocytoplasmic distribution was analyzed by laser scanning confocal microscopy. 
Arrowheads mark transfected cells. 

 

6.5.3 Additional methods 

BHK cells stably transduced with an eIF2β-GFP construct (Bohnsack et al., 2002) were 

transfected with pSGT-Abl using FuGENE6 reagent (Roche). 10h post-transfection, eIF2β-

GFP expression was induced with 50 ng/ml doxycycline. After incubation for 12 more hours, 

cells were treated with 5 ng/ml LMB or ethanol only (the solvent of LMB) for 1h. For a 

subset of cells, LMB treatment was continued to 24 h total. Cells were washed with PBS and 

fixed with 3% paraformaldehyde (PFA) for 5 min at 37 °C. PFA was quenched with 50 mM 

NH4Cl. The cells were then permeabilized with 0.5% Triton-X100 for 5 min and blocked with 

2.5% normal goat serum. To visualize c-Abl, primary (rabbit anti-Abl, K12; Santa Cruz) and 

secondary (anti-rabbit AlexaFluor647; Molecular Probes) antibodies were diluted in blocking 

solution and incubated with the cells at room temperature. Nuclei were stained with DAPI. 

We ensured that the immunostaining protocol allowed for antibody penetration of the nucleus 

(data not shown). 
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