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Abstract  

The carrier molecule importin-β/Kap95p mediates the import of protein cargoes into 

the nucleus, often in conjunction with the importin-α/Kap60p adapter. After 

formation in the cytoplasm, cargo:carrier complexes pass through nuclear pore 

complexes (NPCs) into the nucleus where they are dissociated by RanGTP binding to 

importin-β, which leads to release of the cargo protein. The importin-β:RanGTP 

complex is then recycled to the cytoplasm where it is dissociated and the nucleotide 

hydrolyzed. The asymmetric distribution of Ran nucleotide state across the nuclear 

envelope is crucial for determining the directionality of nuclear transport. In the 

nucleus, Ran is primarily in the GTP-bound state, whereas in the cytoplasm, Ran is 

primarily GDP-bound. Conformational changes within the Ran switch-I and -II loops 

are thought to modulate its affinity for importin-β. Here, we show that RanGDP and 

importin-β form a stable complex with a µM dissociation constant. This complex can 

be dissociated by importin-β binding partners such as importin-α. Surprisingly, the 

crystal structure of the Kap95p:RanGDP complex shows that Kap95p induces the 

switch-I and -II regions of RanGDP to adopt a conformation that resembles that of the 

GTP-bound form. The conformation of Ran in this complex has important 

implications for how energy might be stored in the different importin-β complexes 

involved in the nuclear protein import cycle. 

 
 

Key Words: nucleocytoplasmic transport / Ran / karyopherin / importin / protein 

structure  
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Introduction 

Nucleocytoplasmic protein transport and many functions associated with 

nuclear division (such as mitotic spindle assembly, centrosome dynamics, nuclear 

membrane formation and nuclear pore assembly) are all processes in which the Ras-

related GTPase Ran and the nuclear transport receptor importin-β (karyopherin-β; 

Kap95p in yeast) play crucial roles1,2,3,4,5. The RanGTP gradient across the nuclear 

envelope determines the directionality of nucleocytoplasmic transport1,2,3,4,5, whereas 

in mitotic spindle assembly, RanGTP mediates the release of assembly factors 

sequestered by importin-β near the chromosomes, where the concentration of 

RanGTP is highest6. The generation of these gradients relies on the ability of Ran to 

exist in two different conformational states, depending on whether it is bound to GDP 

or GTP, and the asymmetric distribution of the regulatory proteins (RanGEF and 

RanGAP) that determine this guanine nucleotide state. For example, the chromatin-

associated Ran guanidine exchange factor (RanGEF), RCC1, is located exclusively in 

the nucleus during interphase and maintains nuclear Ran in the GTP-bound state7. 

Conversely, the cytoplasmic localization of the GTP-ase activating protein, RanGAP, 

ensures that in this compartment, Ran is primarily in the GDP-bound form. Two key 

loops in Ran, termed by analogy with Ras the switch-I and switch-II loops, change 

conformation dramatically between the GDP- and GTP-bound states and are primarily 

responsible for modulating Ran's interactions with importin-β. In addition, a basic 

patch on Ran, which is important in maintaining the GDP-bound conformation 

through its interaction with Ran's acidic C-terminus8, also changes conformation 

depending on the state of the bound nucleotide. 
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The nuclear protein import cycle (reviewed in ref 9) is based on the importin-β 

binding its protein cargoes in the cytoplasm (often using the importin-α/Kap60p 

adapter) and then moving through nuclear pore complexes (NPCs) to the nucleus 

where RanGTP binding to importin-β dissociates the import complex, leading to 

release of the cargo. The importin-β:RanGTP complex is then recycled to the 

cytoplasm where it is dissociated and GTP hydrolyzed, ultimately providing the 

energy needed to power the cycle. The free importin-β is then able to bind a new 

cargo while NTF2 recycles RanGDP to the nucleus, where RCC1 regenerates the 

GTP-bound state. RanGAP-mediated RanGTP hydrolysis cannot be achieved while 

Ran is bound to importin-β, and so the importin-β:RanGTP complex must first be 

dissociated by the combined action of RanBP1 and the importin-α IBB (importin-β-

binding) domain10. Nup358 (RanBP2) has also recently been shown to coordinate 

importin-β recycling and reformation of import complexes11. It has been proposed 

that importin-β is a relatively flexible molecule and that Ran-mediated changes in its 

conformation are important for mediating the interactions that are involved in 

cargo:carrier complex assembly and disassembly5,12,13. It has also been proposed that 

the energy stored by distorting the importin-β into these different complexes could be 

important in facilitating their assembly dynamics13. 

 

In addition to the importin-β:RanGTP interaction, a number of studies have 

also detected an interaction between RanGDP and importin-β in vitro5,14,15,16, and also 

a stable importin-β:RanGDP:RanBP1 complex in vivo17. Here, we show that RanGDP 

does indeed form a stable complex with Kap95p, which has a µM dissociation 

constant. Surprisingly, binding to Kap95p induces RanGDP to adopt a conformation 
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resembling the GTP-bound state, with the exception of the basic patch comprising 

residues Ala133-Leu144, which instead adopts the relatively disordered conformation 

generally seen in RanGDP structures18. This observation has important implications 

for the way in which energy might be stored in the different importin-β complexes 

that participate in the nuclear protein import cycle. 

 

Results and Discussion 

 

Structure of the Kap95p:RanGDP complex 

Crystals suitable for high-resolution structural analysis were obtained using a 

combination of yeast Kap95p and human RanGDP. Importin-β and Kap95p function 

analogously in nuclear transport and are highly conserved structurally, especially in 

their Ran-binding regions5,12,19,20,21,22,23. Human and yeast Ran show a high degree of 

sequence identity, especially in the switch-I, switch-II and basic patch regions (Fig. 

1a). Moreover, human RanGDP has comparable affinity for mouse importin-β (2 µM, 

Fig. 1b) and yeast Kap95p (1.5 µM, Fig. 1c). Therefore, the complexes formed 

between both importin-β and Kap95p and RanGDP are directly comparable. 

 

Equimolar quantities of RanGDP and Kap95p were mixed and the resultant 

complex purified by size-exclusion chromatography. This material was then used to 

generate orthorhombic P212121 symmetry crystals by vapour diffusion. These crystals 

diffracted to 2.5 Å resolution in house and had lattice constants of a = 110.9 Å, b = 

127.8 Å, c = 171.8 Å with two copies of the Kap95p:RanGDP complex in the 

asymmetric unit. A preliminary structural model was obtained using molecular 

replacement with Kap95p (PDB ID 2BPT24) and RanGDP (PDB ID 1BYU18) as 
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search models. Electron density maps indicated that the helicoidal pitch of Kap95p 

had altered and so the positions of the HEAT repeats in the model were adjusted in 

iterative cycles of rigid body refinement and rebuilding. The maps also indicated that 

the switch-I and switch-II loops of Ran had taken up essentially the same 

conformation as seen in RanGTP when bound to either importin-β23 or Kap95p5. 

After iterative cycles of refinement, rebuilding, imposing non-crystallographic 

symmetry (NCS), adding waters, and employing TLS refinement, the model had an 

R-factor of 18.8% (Rfree = 23.2%). The presence of GDP was confirmed by both 

HPLC and electron density in both annealed omit maps and anomalous maps (Fig 2; 

see the Materials and Methods section). 

 

The Ran switch-I and -II loops take up a GTP-bound like conformation in the 

Kap95p:RanGDP complex 

The most striking feature of the structure of RanGDP bound to Kap95p (Fig. 

3a) was that the conformations of the switch-I and -II loops were similar to those 

observed in RanGTP complexed to either importin-β23, Kap95p5 or Cse125. Indeed, 

compared to free RanGDP18, the switch-I loop of Ran (residues Thr32 to Val45) 

shifted by up to 18 Å (Fig. 3b); Cα RMSD compared to RanGTP in complex with 

Kap95p is 0.31 Å (Fig. 3c). Thus, the structure of the Kap95p:RanGDP complex 

suggests that binding to Kap95p induces the switch-I loop to adopt a GTP-bound 

conformation. The contacts between the switch-I loop of RanGDP and HEAT repeat 

14 are similar to those observed in the Kap95p:RanGTP complex (Fig. 3d) and 

probably important in stabilizing this conformation.  
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 The switch-II region of RanGDP (residues Thr66 to Tyr79) was also shifted in 

the complex with Kap95p so that it also mimicked the conformation seen in RanGTP 

(Cα RMSD of 0.34 Å; Fig. 3c). When in the GDP-bound conformation, the switch-II 

region of Ran was predicted to sterically hinder binding to importin-β23. In contrast to 

switch-I, conformational changes to switch-II have been reported previously for other 

Ran-bound complexes. For example, the structure of RanGppNHp in complex with 

importin-β residues 1-462 23, showed that the switch-II loop formed an extended 

pseudo-helix structure, which was not observed when RanGppNHp was bound to Ran 

binding domain 1 of Nup358 (RanBP2)26. This suggested that different binding 

partners could influence the conformation of switch-II. Indeed, the structure of 

Kap95p:RanGDP suggests that Kap95p is able to modulate the conformation of the 

switch-I and -II loops of Ran to resemble that of the GTP-bound form. Therefore, the 

conformation taken up by the switch-II loop appears to be determined to a large extent 

by the binding partner. In the case of Ras, the switch-I and -II loops are thought to be 

essentially disordered in the free molecule in solution, but then adapt to the 

conformation of their binding partners in complexes. 

 

In addition to the changes in conformation seen with the switch-I and -II 

loops, residues Ala133 to Leu144 of Ran (usually referred to as the basic patch) also 

adopted a different conformation to than seen in RanGDP. However, in contrast to the 

switch–I and –II loops, this region did not adopt a conformation similar to that of Ran 

in the GTP-bound form (Fig. 3c) and a conformational shift of up to 8 Å was 

observed compared to the Kap95p:RanGTP complex. This conformational change 

was accompanied with a significant loss of contacts to the loop in HEAT repeat 7 of 
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Kap95p (Fig. 3c and d) and formation of a large accessible channel exposing the 

linker between HEAT repeats 7 and 8.  

 

Although the path followed by the Kap95p helicoid between HEAT repeats 15 

and 19 was different between the GDP- and GTP-bound structures, in each structure 

there were also differences in helicoidal paths followed by the two Kap95p molecules 

in the asymmetric unit. Kap95p is thought to be a flexible molecule (reviewed in ref 

27), and so the conformational differences between the two Kap95p chains in each 

asymmetric unit can probably be accounted for by crystal packing forces alone. 

 

Implications for nuclear transport 

The current model for recycling of the importin-β:RanGTP complex involves 

the action of cytoplasmically-localized RanGAP and RanBP1 to promote GTP 

hydrolysis10,17,28,29,30,31. RanBP1, in concert with importin-α, dissociates Ran from 

importin-β, allowing RanGAP to activate the GTPase activity of Ran. GTP hydrolysis 

is not efficient when Ran is bound to importin-β14,32,33; the RanGDP:importin-β 

complex is therefore unlikely to represent an intermediate that occurs after GTP 

hydrolysis while Ran is bound to importin-β. In the light of their relative affinities 

(Fig. 1b), the cytoplasmic concentrations of importin-β (3 µM)34 and RanGDP (1.3 - 

1.5 µM)35,36 would allow the two molecules to rebind after Ran-bound GTP is 

hydrolysed, unless sequestered by high-affinity ligands (such as importin-α and 

NTF2). Significantly, importin-β:RanGDP interaction has been detected within 

importin-β:RanGDP:RanBP1 ternary complexes both in vivo and in vitro10,17,31. 

RanBP1 has been shown to stabilize the interaction of RanGDP with importin-β  and 

thereby promote both the docking and translocation steps of nuclear import37,38. A 



10 

stable complex involving RanGDP, importin-β, Nup358 (RanBP2), importin-α and 

classical NLS-containing cargo has also been demonstrated in vitro 39, and a model, 

proposed where RanGTP:importin-β complex docks onto RBH domains (domains 

homologous to RBP1) of Nup358, GTP hydrolysis is triggered by importin-α:NLS 

binding, and a stable five-protein complex mentioned above is formed. Our data are 

consistent with the formation of such complexes. Indeed, one interaction critical for 

the formation of the RanGDP:importin-β:RanBP1 complex identified in previous 

work involves a short acidic sequence in importin-β resembling the C-terminal 

sequence of Ran37. Upon binding to RanGDP, this acidic sequence of importin-β 

exposes the acidic tail of Ran to facilitate RanBP1 binding, leading to the cooperative 

formation of a trimeric RanGDP:RanBP1:importin-β complex. The C-terminal acidic 

tail of Ran is disordered in the RanGDP:importin-β crystals, and so available for 

RanBP1 (and presumably HBR domains) binding. We therefore propose that an 

important consequence of RanGDP:importin-β binding is to make the C-terminal tail 

of Ran available for binding other Ran-binding proteins involved in the regulation of 

nucleo-cytoplasmic transport. 

The available data suggest that a complex series of binding reactions occurs 

between the components of the nuclear import machinery in the cytoplasm, in which 

the importin-β:RanGDP interaction - within complexes containing RanBP1 or HBR 

domains - may play a role of increasing the specificity of new cargo binding. 

Although RanGDP:importin-β binding may seem counter-productive, the weak 

binding of RanGDP to importin-β may prevent the binding of molecules that would 

otherwise interact non-specifically and be targeted to the nucleus, thereby enhancing 

the specificity in the transport cycle.  In this context, it is notable that the basic patch 



11 

of RanGTP interacts with HEAT repeat 7 of importin-β, while RanGDP does not 

(Fig. 3d). HEAT repeat 7 is important for binding importin-α and other cargo, and the 

improved access in the RanGDP complex may play a role in specifically facilitating 

importin-β:cargo interaction.  

 

Energy stored in the Kap95p:Ran complexes 

The structure of the Kap95p:RanGDP complex gives important insights into 

the mechanism of import complex assembly in the cytoplasm and disassembly in the 

nucleus. The structure of the Kap95p:RanGTP complex indicated that the interactions 

between Kap95p and the switch-I and -II loops of Ran were sufficient to alter the 

conformation of Kap95p into one in which it was unable to interact effectively with 

the IBB domain. This interaction was thought to be further stabilized by the 

interactions between the γ-phosphate of GTP and the switch-I loop (most notably with 

Tyr39, Thr42 and Gly68) and also by the interaction between the acidic loop of 

HEAT repeat 8 and a basic cluster centred on residue 140 on Ran.  However, this last 

interaction appeared to make a relatively small contribution to the stability of the 

complex because, when these basic residues were mutated to Ala, the affinity of the 

mutant Ran for importin-β was reduced by only 2-4 times8. Consequently, the 

conformational change in the basic patch region between GDP-and GTP-bound Ran 

complexed with Kap95p cannot account for the 10,000-fold change in Kd observed 

between the different nucleotide states. 

 

In the different complexes formed by Kap95p/importin-β in the nuclear 

protein import pathway, and by other karyopherins involved in other nuclear 

trafficking pathways, there is thought to be a critical balance between chemical 
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energy liberated by the interaction interface and the energy stored by distorting the 

karyopherin5,25,27. This stored energy has previous been thought to contain 

components derived from distorting the structure of the karyopherin (associated with 

stretching H-bonds, for example) and loss of conformational entropy when forming a 

more rigid structure.  

 

 Because of the strained conformation that the Kap95p:RanGTP complex has 

been proposed to possess, it is somewhat remarkable to find that the conformations of 

both Ran and Kap95p in the Kap95p:RanGDP complex resemble so closely their 

conformation in the Kap95p:RanGTP complex24. This similarity indicates that, even 

in the absence of bound GTP, the interactions between Ran and Kap95p are sufficient 

to generate this conformation, albeit the weaker affinity of RanGDP (2 µM) compared 

with RanGTP (100 pM,32). The reduced affinity of RanGDP is apparent in the ease 

with which the Ran can be displaced from importin-β by the importin-α IBB domain 

or by a cargo protein that interacts directly with importin-β (transcription factor 

SRY). Both molecules promote the displacement of RanGDP, but not RanGTP (Fig. 

4) from Kap95p. These results are consistent with the relative affinities of the 

different importin-β-binding proteins and also with the function of Ran in the nuclear 

protein import cycle. RanGTP has a higher affinity for importin-β than both the IBB 

domain of importin-α and NLS-containing cargo, which in turn bind more strongly to 

importin-β than RanGDP (RanGTP, 0.1 nM; importin-α/cargo binding 1-100 nM; 

RanGDP, 1-2 µM21,32,40).  This gradation of affinities enables nuclear RanGTP to 

disassemble the nuclear protein import complex in the nucleus while enabling the 

formation of the same complex in the cytoplasm where Ran is in the GDP-bound 

state. 
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Summary 

 In conclusion, the structure of the Kap95p:RanGDP complex gives new 

insights into the disassembly and recycling of the Kap95p, which has important 

implications for the regulation of the nuclear transport cycle and for the selectivity 

with which cargoes are recognized. We demonstrate that Kap95p binds RanGDP with 

µM affinity and unexpectedly, the crystal structure of the complex formed shows that 

the binding of Kap95p induces RanGDP to adopt a conformation resembling the 

GTP-bound state. In agreement with the structural data, the addition of Kap95p 

binding partners (such as SRY or the importin-α IBB domain) promotes 

Kap95p:RanGDP complex disassembly. Our data provide new insights into how 

energy might be stored in the different import-β complexes involved in the nuclear 

transport cycle. 
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Materials and Methods 

 

Protein purification 

Glutathione-S-transferase (GST) fusion proteins of full-length human Ran 

(GI:4092054) (GST-Ran) and S. cerevisiae Kap95p (GI:6323379) (GST-Kap95p) 

were expressed in E. coli strain BL21(DE3)pLysS and purified individually by 

glutathione affinity chromatography. Fusion tags were cleaved using thrombin and 

separated by size exclusion chromatography. Fractions containing the purified 

recombinant protein were passed once more through glutathione Sepharose beads to 

remove residual traces of GST and uncleaved protein. Ran was incubated with a 10-

fold excess of GDP, purified by size exclusion chromatography, and combined with 

an equimolar concentration of Kap95p. The resulting Kap95p:RanGDP complex was 

further purified by size exclusion chromatography, concentrated to 18 mg/ml, and 

stored in 20 mM Tris (pH 7.4), 50 mM NaCl, at -80 oC. GST-importin-β was purified 

as described in ref 41. 

 

Crystallisation, diffraction data collection, and structural analysis 

Crystals of the Kap95p:RanGDP complex were grown by the hanging drop 

vapour diffusion method using 2 µl of protein solution (2 mg/ml in 20 mM Tris (pH 

7.4), 50 mM NaCl), with an equal volume of reservoir solution containing 17% PEG 

4000, 0.1 M MES (pH 6.1), 10 mM MgCl2, 125 mM NaCl, 12% MPD, and 5 mg/ml 

GDP. After 2 days at 17 °C, large rod-shaped crystals (100 x 100 x 700 µm) appeared. 

For data collection, the crystals were transiently soaked in the reservoir solution, and 

flash-cooled at 100 K in a nitrogen stream (Cryocool, Cryo Industries, New 

Hampshire, USA). Diffraction data were collected from a single crystal on an 
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RaxisIV++ image plate detector using CuKα radiation produced from a Rigaku FR-E 

rotating anode generator (Rigaku/MSC, Texas, USA). Raw data were auto-indexed, 

integrated and scaled using the HKL2000 package42 (data collection statistics are 

summarized in Table 1). 

 

Crystals of the Kap95p:RanGDP complex displayed P212121 symmetry, with 

unit cell dimensions a = 110.9 Å, b = 127.8 Å, c = 171.8 Å. The asymmetric unit 

contained two Kap95p:RanGDP complexes. Initial phases were obtained by 

molecular replacement using structures of Kap95p (PDB ID 2BPT24) and RanGDP 

(PDB ID 1BYU18) as search models with the program Phaser 43. The switch-I and -II 

regions of Ran and the GDP nucleotide were omitted from the search model to reduce 

model bias and prevent clashes within the model. Local rebuilding using Coot44, 

refinement with Refmac45, (imposing non-crystallographic symmetry based on 

individual HEAT repeats combined with TLS refinement) gave a final structure with 

an R-factor of 18.9% (Rfree of 23.2%) and good stereochemistry (Table 1). After 

iterative cycles of refinement and rebuilding, the model showed significant difference 

density between the β-phosphorus of the GDP and the switch-I loop that remained in 

an annealed omit map (Fig. 2b). Because the nucleotide bound to Ran following 

bacterial expression and purification was shown by HPLC (Fig. 2a) to be GDP (GTP 

was not detected at any stage of the preparation), it was thought unlikely that this 

density could represent the γ-phosphate of GTP.  Moreover, the centre of mass of the 

additional density was located 1.75 Å from the closest GDP oxygen, whereas the γ-

phosphate of GTP is located at 1.55 Å.  We therefore initially modelled the additional 

density as either inorganic phosphate (corresponding to bound GDP.Pi) or as a 

hydrated Mg ion.  Models with GDP.Pi and GDP with hydrated Mg all refined to 
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essentially the same values after imposing non-crystallographic symmetry (NCS), 

adding waters, and employing TLS refinement (all had R-factors of 18.9% and Rfree 

values of 23.2%) and so it was not possible to distinguish between them on the basis 

of the structural data alone, although all of these models were superior to including 

only GDP (R-factor = 19.0%; Rfree = 23.5%). However, because of the high 

redundancy of the diffraction data, it was possible to detect a weak anomalous 

scattering signal that showed clear peaks over the α- and β-phosphates of the GDP.  

These data therefore suggest that the additional density was a hydrated Mg ion 

because, under these conditions, the anomalous scattering due to magnesium is very 

weak. The final model contained 2 Ran molecules (residues 6-179 (molecule A) and 

9-177 (molecule C)), 2 Kap95p molecules (residues 1-861 for both molecules B and 

D), 2 GDP molecules, 4 Mg ions and 354 waters. Although Ran residues 1-5 and 180-

216 were not discernable from the electron density, their presence was confirmed by 

mass spectrometry.  

 

Kap95p:Ran complex disassembly by importin-α and SRY 

Disassembly of the Kap95p:Ran complex by importin-α and a peptide corresponding 

to the high-affinity binding region of SRY (residues 120-138)21 was performed as 

follows. In each reaction, 50 µl of the complex (18 mg/ml) was combined with either 

5 mM GDP or 5 mM GTP, and where appropriate, a 2-fold molar excess of importin-

α or SRY, in a final buffer containing 20 mM Tris pH 7.4, 125 mM NaCl, and 2 mM 

MgCl2. The reaction mixture was incubated for 30 min at 4ºC and separated by size 

exclusion chromatography (S75 column; GE Healthcare) using the same buffer. 

Fractions corresponding to elution profiles of the Kap95p:Ran complex and free Ran 



17 

were analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE). 

 

Binding affinities of importin-β and Kap95p for RanGDP 

Twelve µg of GST-importin-β or GST-Kap95p was added to 100 µL of glutathione-

agarose beads pre-washed in 20 mM HEPES, 150 mM NaCl (pH 7.4). The beads 

were washed to remove any unbound importins, and then incubated with 1.8 ml of 

RanGDP (0.1-25 µM) equilibrated with wash buffer containing additional 2 mM 

DTT, 1.6 µM GDP and 0.8 mM MgCl2. The samples were incubated at 25ºC for 30 

min, washed to remove unbound RanGDP and analyzed by SDS-PAGE. Band 

intensities were quantified using a LI-COR Odyssey infrared imaging system and 

processed by subtracting the value from a negative control (containing no GST-

importin). Data points and curve-fitting parameters were calculated using SigmaPlot 

and the equation y = (Bmax.x) / (Kd + x), were x is the concentration of importin-β 

and y the fraction of importin-β bound to Ran.  

 

Nucleotide state determination 

The nucleotide-bound state of Ran and stoichiometry of association was determined 

by isocratic high performance liquid chromatography (HPLC) on a C18 reversed-

phase column (Jupiter, Phenomenex) under ion pair conditions in 100 mM potassium 

phosphate (pH 7.0), 10 mM tetrabutyl ammoniumbromide and 4% (v/v) 

acetonitrile46,47. 
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Figure Legends 

Figure 1 RanGDP binds to human importin-β and yeast Kap95p with comparable 

affinities. 

(a) Sequence alignment of human (GI: 4092054) and yeast (GI: 6324759) Ran 

(performed by program BlastP 48) shows they are highly conserved. Switch-I, -II and 

the basic patch regions are underlined. (b) Human importin-β and (c) yeast Kap95p 

bind to human RanGDP (hRan) with similar affinities. Importin-β and Kap95p were 

immobilized on a solid-support matrix and incubated with increasing concentrations 

of RanGDP. Data were fitted to the function y = (Bmax.x) / (Kd + x), where x is the 

concentration of RanGDP, and Kd represents the concentration of RanGDP yielding 

half-maximal binding. The measured Kd values are 2 and 1.5 µM for mouse 

importin:RanGDP and yeast importin:RanGDP, respectively. 

 

Figure 2 Nucleotide-bound state of Ran.  

(a) Identification of nucleotide bound to Ran by reverse phase HPLC confirmed the 

presence of GDP. The stoichiometry of bound nucleotide was assessed by titrating 

GDP and GTP standards (1.1, 0.58, 0.29, 0.14 nmol). This revealed that 0.71 nmol 

GDP bound to 0.86 nmol Ran, which is consistent with 1:1 stoichiometry; GTP was 

not detected. (b) Annealed omit Fo-Fc map near the nucleotide bound to Ran (chain A) 

contoured at 2.5 σ (pink) together with the Fo-Fc map contoured at 5.0 σ (top inset, 

and anomalous map (bottom, contoured at 3.5 σ) with a GDP molecule and 

magnesium ion superimposed. Figures displaying structures were produced using 

Pymol (DeLano Scientific LLC) and CCP4mg 49. 

 

Figure 3 Structure of Kap95p:RanGDP complex.  
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(a) Two views of the Kap95p:RanGDP structure, related by a 90° rotation around the 

x-axis. Kap95p is shown in cyan, Ran is shown in pink, and the basic patch region is 

highlighted in red. (b) Superposition of free RanGDP (PDB ID 1BYU 18) and 

RanGDP in complex with Kap95p. Switch regions are highlighted in light blue 

(switch-I), magenta (switch-II), and pink (basic patch) for free RanGDP, and in blue 

(switch-I), purple (switch-II), and red (basic patch) for RanGDP in complex with 

Kap95p. (c) Superposition of RanGDP and RanGTP (PDB ID 2BKU 5) in complex 

with Kap95p; RanGDP switch regions are blue (switch-I), purple (switch-II), and red 

(basic patch); RanGTP switch regions are light blue (switch-I), magenta (switch-II), 

and pink (basic patch). (d) Structural comparison of Kap95p:RanGTP5, 

Kap95p:RanGDP, and HEAT repeats 1-11 of importin-β in complex with PTHrP50. 

The schematic diagrams summarize the conformational differences. The 

conformational shift in the basic patch region of Ran exposes a part of Kap95p HEAT 

repeat 7 that is important for binding NLS-containing importin-β cargoes including 

PTHrP50, SREBP-251, and importin-α12. It is unlikely that the observed structural 

differences between Kap95p:RanGTP and Kap95p:RanGDP are the result of crystal 

packing, because they both possessed an equivalent arrangement of the protein 

molecules. 

 

Figure 4 Dissociation of the Kap95p:RanGDP complex by nuclear import cargoes. 

Both Kap95p:RanGDP and Kap95p:RanGTP complexes were incubated in the 

presence or absence of either importin-α (A), or the NLS-containing importin-β cargo 

SRY (B), and the reaction products separated by size exclusion chromatography. Note 

that the column used does not separate importin-α, Kap95p or Kap95p:Ran complex, 

but separates free Ran from the other species. Fractions corresponding to the elution 
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profile of the complex (lane A) and Ran alone (lane B) were analyzed by SDS-PAGE. 

The SRY peptide was too small to be visualised by SD-PAGE. 
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Table 1. Crystallographic statistics 

 
Data collection 

Resolution range (Å) 29-2.5 (2.59 - 2.50) a 

Total reflections 1,245,205 (119,851) a 

Unique observations 85,035 (8,427) a 

Completeness (%) 99.9 (98.8) a 

Redundancy (%) 14.6 (14.2) a 

Rmerge (%) b 10.5 (58.5) a 

Average I/σ(I) 12.2 (3.5) a 

Refinement 

Resolution (Å) 29-2.5 (2.59 - 2.50) a  

Reflections 80,662 (5,912) a  

Rcryst/Rfree (%) c,d 18.9 / 23.2 

Number of non-hydrogen atoms:    

Coordinate error (Å) 0.25 

Average B-factor (Å2) 51.14 

Bond length rmsd (Å) 0.012 

Bond angle rmsd (°) 1.3 

Ramachandran plot e (%) 

most favoured regions 94.0 

allowed regions 5.5 

generously allowed regions 0.4 

disallowed regions 0.1 f 
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a Numbers in parenthesis are for the highest resolution shell. 

b Rmerge = ∑ hkl(∑i(|I hkl,i-<I hkl >|))/∑hkl,i <I hkl>, where I hkl,i is the intensity of an 

individual measurement of the reflection with Miller indices h, k and l, and <Ihkl> is 

the mean intensity of that reflection. Calculated for I > -3σ(I). 

c Rcryst = ∑ hkl(||Fobshkl|-|Fcalchkl||)/|Fobshkl|, where |Fobshkl| and |Fcalchkl| are the 

observed and calculated structure factor amplitudes. 

d Rfree is equivalent to Rcryst but calculated with reflections (5 %) omitted from the 

refinement process. 

e Calculated with the program PROCHECK 52.  

f Glu671 was a Ramachandrian outlier in both Kap95p chains but the conformation 

was supported by clear electron density. 
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