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ABSTRACT: The structural flexibility of β-karyopherins is critical to mediate the interaction with transport
substrates, nucleoporins, and the GTPase Ran. In this paper, we provide structural evidence that the
molecular recognition of the transport adaptor snurportin by importin β follows the population selection
mechanism. We have captured two drastically different conformations of importin β bound to the snurportin
importin β binding domain trapped in the same crystallographic asymmetric unit. We propose the population
selection may be a general mechanism used by β-karyopherins to recognize transport substrates.

Transport factors of the importin β-superfamily (also known
as β-karyopherins) include at least 20 different known members
in humans (1). β-Karyopherins can function as both import and
export receptors, and their interaction with transport cargos is
either direct or mediated by adaptors. At the structural level,
β-karyopherins share a common helical architecture consisting of
18-21 repeated HEAT repeats (2). During transport, β-karyo-
pherins interact simultaneously with import and export cargos
and nucleoporins, in a process that is finely regulated by the small
GTPase Ran.

In the past 10 years, several β-karyopherin crystal structures
have been determined. Structures of human importin β1 and
yeast karyopherin β2 have been determined in complex with
specific import cargos (3-6) and RanGTP (7, 8). More recently,
the crystal structures of the export factors CRM1 (9, 10),
Cse1 (11,12),Xpot (13), andExportin-5 (14)were reported (2,15),
revealing the drastically distinct conformation adopted by these
factors in their cytoplasmic and nuclear state (2, 15-17). Overall,
β-karyopherins are flexible solenoids fluctuating between a relaxed
and highly strained tertiary structure as a result of cargo binding.
This structural switch can occur in at least two ways. In the case
of import factor karyopherin β2 (6, 8, 18) and export factor
Cse1 (11, 12), the structural rearrangements accompanying ligand
binding are the result of discrete hingemovements of entire domains
moving with respect to each other. This is also termed segmental
conformational heterogeneity (18). In contrast, export factorXpot
in the empty cytosolic state and in the nuclear ternary complex
with tRNA and Ran (13) shows differences in the conformation
of the protein that are the cumulative result of small changes dis-
tributed over the entire span of the solenoid.

The highly strained conformation of karyopherins bound to
their substrates raises the question of how an entropically disfavo-
red conformational state can be stably populated in solution to
allow efficient transport through the nuclear pore complex (NPC).
In the recognition of the importin β binding (IBB) domain by

importinβ, the charge complementarity between the acidic concave
surface of importin β and the highly positive IBB domain pro-
vides the energetic contribution to overcome the energetic cost of
distorting the unstrained empty importin β (19), thus forcing its
tertiary structure into a highly strained, cargo-bound conforma-
tion (2, 15). Thermodynamically, the strained conformation of
importin β bound to the IBB domain corresponds to a tertiary
structure inwhich backbone and side chain conformations donot
fall in local energy minima. In turn, the enthalpic gain caused by
surface complementarity outweighs the entropic cost of being
“strained”, making the overall free energy of binding negative.
Matsuura and Stewart described the strained conformation of
export factor Cse1p bound to Kap60p and RanGTP (11) as a
“spring-loaded” solenoid. In the case of the importin β bound to
the sIBB domain, it is difficult to determine solely on the basis of
the previous crystal structure if the spring-loaded conformation
of importin β is the product of a protein-protein induced fit (20)
or if the sIBB domain selects at equilibrium a highly strained
conformer of importin β, thereby leading to a dynamic popula-
tion shift, as suggested in the population selection model (21).

In this paper, we report a new crystal form of human importin
β bound to the snurportin IBB domain that contains two importin
β 3 sIBB domain (residues 25-65) complexes in the asymmetric
unit in drastically different conformations. This new structure
sheds light on the role of conformational selection in the recogni-
tion of IBB domains by importin β.

EXPERIMENTAL PROCEDURES

Protein Purification and Crystallization. Expression and
purificationof human importinβ (4, 22) andRIBB (residues 11-54),
sIBB (residues 1-65), and sIBB (residues 25-65) peptides were
previously described (22). Crystals of importinβbound to a chemi-
cally synthesized sIBB domain (residues 25-65) were obtained
using the hanging drop vapor diffusion method by mixing to-
gether 2 μL of a gel filtration-purified importin β 3 sIBB domain
(residues 25-65) complex at 15 mg/mL with 2 μL of 18% PEG
8000 and 50 mM sodium chloride (pH 6.5) at 293 K. Crystals
appeared within 3-5 days, were cryo-protected in 27.5% ethy-
lene glycol, and were frozen in liquid nitrogen.
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Data Collection, Structure Solution, and Refinement.
Diffraction data were collected at MacCHESS beamline A1 on
a Quantum-210 CCD detector and at beamline X6A at the
Brookhaven National Synchrotron Light Source (NSLS) on a
Quantum Q4 CCD detector. Data indexing, integration, and
scaling were conducted with HKL2000 (23). The structure of
importin β in a complex with the sIBB domain (residues 25-65)
was determined by molecular replacement using Phaser (24).
The best solution was obtained using two search models corres-
ponding to the previously determined importin β 3 sIBB domain
(residues 25-65) complex [Protein Data Bank (PDB) entry
2P8Q] (complex A) (22) and an N-terminal fragment of importin
β spanningHEATs 1-11 (complex B). An initialFo- Fc electron
density difference map calculated with phases obtained from the
partial phasingmodel allowed us to build the remainingC-terminal
HEATs 12-19 of complex B. In complex A, the electron density
for the entire sIBB domain (residues 25-65) is very clear andwas
included in the final atomic model. In contrast, in complex B,
only sIBB domain residues 39-64 were modeled, as no density is
seen for N-terminal residues 25-38. Model building was done
using COOT (25), and refinement of atomic coordinates was con-
ducted with phenix.refine from the PHENIX software suite (26),
using iterative cycles of positional refinement and groupedB-factor
refinement with individual HEAT repeats and sIBB domains
defined as individual TLS domains. The final model has anRfactor

of 26.35%and anRfree of 31.29%. Themodel has good geometry
(see Table 1), with 82.7% (1365) of the residues in the most
favored regions of the Ramachandran plot. Only 0.3% of the
residues in the structure, corresponding to importin β residues
Gly396, Lys710, andPro785 in complexAandGly396 andAsn702
in complex B, are in disallowed regions. All outliers fall in loops
connecting HEAT repeat helices and have positions of R-carbon
and carbonyl oxygen well-defined in the final 2Fo - Fc electron
density map. Refinement and data collection statistics are listed
in Table 1.
Structure Analysis. Interface surface area and solvation free

energy (ΔiG) calculations were performed using the PISA server
(27). All figures in the paper were prepared using Pymol (28).
Atomic coordinates and experimental structure factors have been
deposited in the Protein Data Bank (entry 3LWW).
Circular Dichroism. Circular dichroism (CD) spectra were

recorded using 20 μM RIBB or sIBB (residues 1-65) or sIBB
(residues 25-65) domains in 20 mM sodium phosphate buffer
and 10 mM NaCl (pH 7.4). Spectra were recorded at 20 �C
between 185 and 260 nm with a Jasco J-810 spectropolarimeter
using a data point increment of 0.5 nm. The signal:noise ratio was
increased bymeasurement of three scans per spectrum; spectrawere
averaged, and the buffer signal was subtracted. 2,2,2-Trifluoro-
ethanol (TFE) was added to concentrations of 30 and 50% (w/w).

RESULTS

A New Crystal Form of Importin β Bound to the Snur-
portin IBB Domain. We have determined a new crystal form
that contains two importin β 3 sIBB domain (residues 25-65)
complexes in the asymmetric unit in drastically different con-
formations (Figure 1A). The new crystal form belongs to a primi-
tive monoclinic space group with nearly identical unit cell axis
lengths of ∼101 Å (Table 1). The structure was determined by
molecular replacement, and despite the limited resolution of
diffraction data (∼3.15 Å), the quality of the resulting electron
density (Figure 1B) was sufficiently good tobuild a complete atomic
model of both importin β 3 sIBB domain complexes trapped in the

crystallographic asymmetric unit (Figure 1A). In the first com-
plex (complex A), importin β is bound to an entire sIBB domain
(residues 25-65) in a closed conformation that is nearly identical
to the high-resolution structure previously reported (rmsd of 1.32 Å)
(22). Unexpectedly, the second complex in the asymmetric unit
(complex B) presents an even more strained conformation of
importin β with N- and C-termini interacting with each other.
Superimposition of the two importin β 3 sIBB domain complexes
in the asymmetric unit best describes the extraordinary structural
plasticity of this protein (Figure 2). Importin β can be considered
to be formed by two arches, spanning N- and C-terminal HEAT
repeats 1-11 and 12-19, respectively. Whereas the two com-
plexes in the asymmetric unit have superimposable C-termini, the
N-terminal arches exhibit dramatic differences. In complex A,
N- andC-termini are∼88 Å from each other, while in complex B,
this distance is only∼73 Å (Figure 2). In addition, theN-terminal
domain of complex B is rotated ∼10� relative to the N-terminal
domain of complex A. Overall, the rmsd for R-carbons between
importin β 3 sIBB domain complexesA andB is∼2.65 Å (∼2.60 Å
if the sIBB domain is omitted). The structure of importin β in
complex B represents the most strained conformation of this
transport receptor visualized crystallographically to date.
Comparison with Previous Structures of Importin βBound

to the sIBBDomain.Wepreviously reported the high-resolution
structure of importin β bound to the sIBB domain (residues
25-65) determined to ∼2.35 Å resolution (PDB entry 2P8Q)
(Figure 3A) (22). This structure presents a strained conforma-
tion of importin β very similar to that seen in complex with the
IBB domain of importin R (rmsd for R-carbons of 0.96 Å) (4).
A lower-resolution structure of the importin β 3 sIBB domain

Table 1: Crystallographic Data Collection and Refinement Statistics

PDB entry 3LWW

Data Collection

wavelength (Å) 0.918

space group P1211

unit cell dimensions (Å) a=101.65, b=101.73, c=101.96

unit cell angles (deg) R=γ=90, β=110.88

resolution range (Å) 15-3.15

B value from Wilson plot (Å2) 73.90

total no. of observations 63234

no. of unique observations 32721

completeness (%) 99.2 (69.0)a

Rsym
b (%) 12.5 (53.5)a

ÆIæ/Æσ(I)æ 16.3 (1.2)a

Refinement

no. of reflections (15-3.15 Å) 59672

Rwork/Rfree
c (%) 26.35/31.29

no. of water molecules 0

B value of model (Å2) 88.17

rmsdd from ideal bond lengths (Å) 0.003

rmsdd from ideal bond angles (deg) 0.716

Ramachandran plot (%) (residues)

core region 82.7 (1365)

allowed region 15.9 (262)

generously allowed region 1.1 (18)

disallowed region 0.3 (5)

aThe numbers in parentheses refer to the statistics for the outer resolu-
tion shell (3.26-3.15 Å). bRsym=

P
i,h|I(i,h) - ÆI(h)æ|/

P
i,h|I(i,h)|, where I(i,h)

and ÆI(h)æ are the ith and mean measurements of intensity of reflection h,
respectively. cThe Rfree value was calculated using 5% of the data. dRoot-
mean-square deviation.
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(residues 25-65) complexwas also determined (PDB entry 2Q5D)
after a short (∼30 min) dehydration in highly concentrated solu-
tions of PEG 8000. This crystal form reveals two importin β com-
plexes in the same asymmetric unit, in slightly different con-
formations (rmsd of ∼2.14 Å) (Figure 3B) (22). In one complex

(complex mA), importin β adopts a closed conformation nearly
identical to the high-resolution structure of the importin β 3 sIBB
domain complex (rmsd of ∼1.2 Å) (Figure 3A,B) (22). In the
second complex in the asymmetric unit (complex mB), importin
β is distinctly open, with C-terminalHEAT repeats 12-19 swung
up to 20 Å from the corresponding position in the closed con-
formation. The open tertiary structure of importin β in complex
mB resembles that of Kap95p, the yeast homologue of importin
β, in complex withRanGTP (7). The rmsd forR-carbons between
importin β in mA and mB is ∼2.05 Å.

Comparison of the new crystal form with those deposited
in PDB entries 2P8Q and 2Q5D is useful to fully appreciate
the spectrum of conformational rearrangements in importin
β triggered upon sIBB domain binding. The less strained con-
formation of importin β in complex A is very similar (rmsd of
∼1.32 Å) to the high-resolution structure of the importin β 3 sIBB
domain complex (PDB entry 2P8Q) and to importin β in complex
mA of PDB entry 2Q5D (rmsd of∼1.35 Å) (Figure 3A-C) (22).
In contrast, more dramatic structural differences exist bet-
ween importin β in complex B and the high-resolution structure

FIGURE 1: Conformational plasticity of importin β bound to the sIBB
domain. (A) Asymmetric unit content with two importin β 3 sIBB
domain complexes in different conformations shown as coils. Impor-
tin β is colored red and blue and the sIBB domain yellow and
orange. (B) Representative 2Fo - Fc electron density computed at
3.15 Å resolution and contoured 1.5σ above background. This
figure was generated with Pymol (28).

FIGURE 2: Superimposed beads-on-string view of the two complexes
in the asymmetric unit. The two importin β structures are colored
blue and red, while the sIBB domains are colored yellow and orange.
The maximum distance between importin β N-termini in complexes
A and B is ∼15 Å.

FIGURE 3: Comparison of the new crystal formwith previously deter-
mined structures of the importin β 3 sIBB domain (residues 25-65)
complex: (A) 2.35 Å structure (PDB entry 2P8Q) with one importin
β 3 sIBB domain (residues 25-65) complex in the asymmetric unit,
(B) 3.2 Å structure (PDB entry 2Q5D) with two importin β 3 sIBB
domain (residues 25-65) complexes (indicated as mA-mB) in the
same asymmetric unit, and (C) 3.15 Å structure presented in this
paper (PDB entry 3LWW) with complexes A and B in the same
asymmetric unit. All structures in panels A-C are aligned using
importin β in complex A as a reference that is colored red.
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(rmsd of ∼3.0 Å) or importin β in complex mB (22) (rmsd of
∼2.4 Å) (Figure 3A-C). Likewise, the asymmetric unit content
of the new crystal form taken as a “whole” (complexesA andB) is
vastly different from complexesmAandmBpreviously described
(rmsd of ∼4.6 Å) (Figure 3B,C). Crystallographically, structure
factor amplitudes for the new 3.15 Å crystal form scale to the
previous 3.2 Å structure (PDB entry 2Q5D) (22) with anRfactor of
>50%, strengthening the idea that these two structures are
intrinsically different. Thus, the new crystal form of importin
β bound to the sIBB domain (residues 25-65) is distinct from
previously determined structures of the importin β 3 sIBB domain
complex and expands the spectrum of importin β conformers
observed crystallographically.
Intramolecular Contacts Stabilize the ClosedConforma-

tion of Importin β in ComplexB.As the pHused to obtain this
new crystal form was close to physiological (∼6.5), we were
curious to determine the forces stabilizing importin β in the two
conformations seen in the asymmetric unit. Using PISA (27), we
carefully analyzed intermolecular binding interfaces between
importin β and the sIBB domain, as well as intramolecular con-
tacts within importin β forms in the asymmetric unit. Interest-
ingly, we found that importin β in complex B forms an extended
network of intramolecular contacts between N-terminal HEATs
3-7 and C-terminal HEATs 16-19. Most notably, two intra-
molecular salt bridges are found between the Oδ2 atom of impor-
tin βAsp71 and the amine nitrogen (Nz) atom of Lys710 and the
Oε2 atom of Glu299 and the terminal group of Arg852. These
contacts, together with a hydrogen bond between the Oδ2 atom
of Asp71 and the amine nitrogen (Nz) atom of Lys710, appear
to greatly stabilize the closed conformation of importin β in
complex B. As a result of the highly strained conformation of the
importin β backbone in complex B, the N-terminal sIBB domain
moiety between residues 25 and 38 fails to be stabilized by the
acidic surface of the protein and is not seen in the electron density.
Instead, in complex A, this region of the sIBB domain is excep-
tionally well-defined and makes contacts with residues exposed
on the surface of importin β among HEATs 7-12 (Figure 2).
Consequently, the calculated interface area between the sIBB
domain and importin β is larger in complex A (1993.9 Å2) than in
complex B (1162.7 Å2), where one-third of the sIBB domain is
not visible. This results in solvation free energies (ΔiG) upon
formation of the importin β 3 sIBB domain complex of-10.5 and
-4.1 kcal/mol for complexes A and B, respectively. Thus, on the
basis of the higher negative value ofΔiG caused by intermolecular
contacts, one would predict complex A to be more populated at
equilibrium, as compared to the highly strained complex B. In
our structure, however, the extensive network of intramolecular
contacts within the N- and C-termini of importin β in complex
B compensates for the reduced binding surface areawith the sIBB
domain, making complexes A and B sufficiently populated at
equilibrium to be crystallized. We conclude that the highly
strained conformation of importin β can be stabilized by the
enthalpic energy of binding resulting from inter- or intramole-
cular contacts. Consequently, the intrinsic structural plasticity of
importin β, more than the absolute number of contacts with the
IBB domain, is the key to generating the electrostatic comple-
mentarity required to outweigh the energetic cost of being strained.
Structure of the sIBBDomain inSolution. Importin β bound

to the RIBB domain was also captured crystallographically in
slightly different conformations (4). However, in this case, diffe-
rent conformers of the importin β 3 RIBB domain complex crys-
tallized as individual species containing only one conformation of

importin β in the crystal lattice. Likewise, the sIBB domain was
recently found to modulate importin β affinity for nucleoporins,
suggesting that despite the high degree of sequence similarity,
RIBB and sIBB domains have distinctly different functional pro-
perties (29). To understand how the sIBB domain affects impor-
tin β plasticity, we investigated if the structure of this short domain
in solution is different from that seen in the crystal structure.
Circular dichroism (CD) spectra of the sIBB domain (residues
1-65) recorded at pH 7.4 displayed two double minima in the
ellipticity at 222 and 208 nm, suggesting this domain is partially
helical in solution (Figure 4A). Notably, adding 30 or 50%
trifluoroethanol (TFE) increased the magnitude of the R-helical
signal 2-fold, to yield a final helical content roughly equivalent to
that of the sIBB domain structure seen in complex A. A similar
propensity to adopt a helical conformation was previously obser-
ved for the RIBB domain (30), which, however, is completely
unstructured in the absence of TFE (Figure 4B) and becomes
folded upon binding to importin β (4). In the crystal structure of
CRM1 bound to snurportin, the 11 N-terminal residues of
snurportin fold into an R-helix, which functions as the nuclear
export signal (NES) (9, 10). To rule out the possibility that the
sIBB domain (residues 1-65) displays helical content due to the
NES helix, we repeated the CD analysis using a smaller sIBB
domain spanning residues 25-65, which showed helical content
identical to that of the sIBB domain (residues 1-65) (Figure 4A).
Thus, the helical structure of sIBB seen in solution by CD resides

FIGURE 4: Folding of sIBB domains in solution. Circular dichroism
analysis of (A) the sIBBdomain (residues 1-65or 25-65) and (B) the
RIBB domain (residues 11-54) at pH 7.4. The sIBB domain is
partially helical in solution, while the RIBB domain adopts a com-
pletely random coil conformation. In both panels A and B, addition
of trifluoroethanol (TFE) to a final concentration of 30 or 50%
rapidly induced helix formation.
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in its C-terminus, likely between residues 40 and 65, as shown in
the structure of snurportin bound to CRM1 (10). These data
further support the idea of an intrinsic structural difference
between the sIBB and RIBB domains, which is directly dictated
by the different primary sequence and propensity to adopt helical
structure in solution.

DISCUSSION

Efficient and specific recognition of transport cargos is essen-
tial to ensuring nucleocytoplasmic transport. Although importin
β can also bind certain cargos directly (3), most import substrates
are bound indirectly via adaptor proteins such as importin R and
snurportin. In both cases, importin β recognizes only a short
N-terminal region of the adaptor, known as the IBB domain.
Although several structures of importin β bound to IBB domains
have been determined crystallographically (4, 22), it remains
unclear how the IBB domain is specifically recognized by importin
β in the cytoplasm to initiate a round of nuclear import. Two
models have been proposed to describe how β-karyopherins
recognize their substrates (20, 21, 31) and could be used to
interpret the recognition of IBB domains by importin β. Accord-
ing to the induced fit hypothesis, importin β changes its structure
upon binding to the sIBB domain to adopt a conformation that
is more complementary to the IBB domain (e.g., the strained
solenoid). This in turn results in a large release of energy that
locks the structure of importin β in a stably populated strained
conformation. Thermodynamically, this conformation is not the
native state, which is defined as the structure with the lowest
energy. In contrast, according to the population selection model
(20, 21, 31), importin β exists in solution as an ensemble of
conformers, freely interexchanging at equilibrium, because of the
low free energy of interconversion. A ligand such as the sIBB
domain might interact with one or more importin β “conformers”
in solution, thus shifting the equilibrium of the entire population
to that specific conformer (Figure 5A). In this study, we have
identified two populations of importin β bound to two slightly
distinct sIBB domains, trapped in the same crystallographic
asymmetric unit. If the importin β 3 sIBB domain complex was
the final product of an “induced fit recognition” (e.g., the “lock
and key”), we would expect to see only one stably populated
complex in the same crystal lattice. Alternatively, we may expect
different crystal forms with importin β adopting slightly distinct
conformations as a result of crystal contact interference, crystal-
lization agents, or a nonphysiological pH. Instead, the presence
of two drastically different populations of importin β 3 sIBB
domain complexes trapped in the same crystallographic asym-
metric unit lends support to the population selection model. We
propose that in solution importin β exists as an ensemble of
different conformers (Figure 5A). Selection of a given population
by the sIBB domain shifts the equilibrium to formation of a tight
complex that becomes sufficiently populated in solution to be
crystallized (Figure 5B).

Two molecular determinants appear to influence the selection
of importin β conformers. First is the enthalpic complementarity
between importin β and the sIBB domain, which provides the
energy necessary to strain the importin β solenoid structure. As
shown, this can be achieved either by extensive intermolecular
contacts between importin β and the sIBB domain or by a redu-
ced intermolecular component compensated by extensive intra-
molecular contacts between importin βN- and C-termini. Second,
the IBB domain secondary structure, or simply its propensity to
fold in solution, governs the mode of recognition by importin β.

As demonstrated by CD spectroscopy, the sIBB domain, and not
its counterpart, the RIBB domain, adopts a helical structure in
solution, likely between C-terminal residues 40 and 65. We pro-
pose this folded structure functions as a template to select importin
β conformers, thereby shifting the equilibrium of the importin
β population to a defined number of conformers that yield high
enthalpic complementarity bound to the sIBB domain. Thus far,
three different crystal forms of the importin β 3 sIBB domain
complex have been determined crystallographically, providing
atomic information about three structurally distinct conformers
of importin β (Figure 3): (i) the strained conformation of importin
β seen in the high-resolution structure (PDB entry 2P8Q) as well
as in complexes mA and A of PDB entries 2Q5D (22) and
3LWW, respectively; (ii) the unstrained conformation of impor-
tin β in complex mB of PDB entry 2Q5D (22); and (iii) the
ultrastrained importin β seen in complex B of PDB entry 3LWW
(this paper). This scenario is completely different from the
recognition of the RIBB domain (4, 30, 32), which is completely
unfolded in solution and adopts a helical structure only upon
binding to importin β. Despite the high degree of similarity
between the primary sequences of the R- and sIBB domains and
their comparable binding affinity for importin β (29), the two
peptides have different propensities to fold in solution, which
results in a distinct ability to select importin β conformers in
solution. Although slightly different conformations of importin
β were previously observed in discrete crystal forms (4), two
populations of importin β bound to the RIBB domain were never
found in the same crystal form. It is interesting to speculate that
the folding upon binding of RIBB is also accompanied by a
concomitant selection of one importinβ conformer that yields the
greatest binding complementarity, in a scenario that closely resem-
bles an induced fit.

In conclusion, the structural work presented in this paper
expands the repertoire of importin β conformers determined
crystallographically in complex with the sIBB domain. The
plasticity seen in our new crystal form argues against the induced
fit model and supports the idea of a dynamic selection of strained
conformations of importin β by the sIBB domain. Future studies

FIGURE 5: Population selection model proposed for recognition of
the sIBB domain by importin β. (A) Putative conformers of importin
β are shown as beads-on-string views to emphasize the different
degrees of intramolecular opening. (B) Two importin β conformers
with different structures are stabilized by the sIBB domain and hence
trapped in the same crystal lattice.
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will have to determine whether population selection is a general
feature of β-karyopherins recognizing folded substrates such as
the sIBB domain while induced fit is the prevalent recognition
mode for cargos that fold upon binding, such as the IBB domain
of importin R.
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