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Abstract
Specific and efficient recognition of import cargoes is essential to ensure nucleocytoplasmic
transport. To this end, the prototypical karyopherin importin β associates with import cargoes
directly or, more commonly, through import adaptors, such as importin α and snurportin. Adaptor
proteins bind the nuclear localization sequence (NLS) of import cargoes while recruiting importin
β via an N-terminal importin β binding (IBB) domain. The use of adaptors greatly expands and
amplifies the repertoire of cellular cargoes that importin β can efficiently import into the cell
nucleus and allows for fine regulation of nuclear import. Accordingly, the IBB-domain is a
dedicated NLS, unique to adaptor proteins that functions as a molecular liaison between importin
β and import cargoes. This review provides an overview of the molecular role played by the IBB-
domain in orchestrating nucleocytoplasmic transport. Recent work has determined that the IBB-
domain has specialized functions at every step of the import and export pathway. Unexpectedly,
this stretch of ∼40 amino acids plays an essential role in regulating processes such as formation of
the import complex, docking and translocation through the nuclear pore complex (NPC), release
of import cargoes into the cell nucleus and finally recycling of import adaptors and importin β into
the cytoplasm. Thus, the IBB-domain is a master regulator of nucleocytoplasmic transport, whose
complex molecular function is only recently beginning to emerge.
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1. Introduction
1.1 The IBB-domain is a specialized NLS found in transport adaptors

In 1984 Daniel Kalderon et al. reported the discovery of a molecular signal responsible for
the nuclear localization of the SV40 large T-antigen [1,2]. This sequence, hence named
nuclear localization sequence (NLS), was characterized by two biochemical signatures: a
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small size of ∼7 residues and a highly basic sequence, enriched in lysines and arginines.
These two criteria, together with the availability of entire genome sequences made possible
the identification of many other NLSs, with monopartite and bipartite organization of basic
amino acids as those found in SV40 large T-antigen [1,2] and nucleoplasmin [3],
respectively. Over the past twenty years, the universe of basic transport sequences has been
greatly expanded leading to the definition of classical and, more recently, non-classical
NLSs [4]. While classical NLSs are restricted to SV40 large T-antigen [1,2] and
nucleoplasmin [3] -like sequences that are imported by a heterodimer of importin β/α, non-
classical NLSs can be more complex in sequence, length and amino acid composition, as
well as may require recognition of the cargoes tertiary structure [5]. Of particular interest to
this review is the importin β binding (IBB) domain found in adaptor proteins importin α [6],
snurportin [7] and XRIPα [8]. The IBB-domain functions as a specialized NLS found only
in import adaptor proteins that specifically evolved to transport cargoes into the cell nucleus
together with importin β. Like classical NLSs, the IBB-domain is highly enriched in basic
amino acids and, when fused to an exogenous protein, confers Ran-dependent nuclear
accumulation. The IBB-domain possesses three defining characteristics, which sets it apart
from classical NLSs. First, it adopts a folded conformation in complex with the receptor
importin β, characterized by an N-terminal 310 helix connected by a short loop (5–7
residues) to a ∼30 residue long C-terminal straight α-helix [9,10]. The folded conformation
of IBB is very different from the structure of short classical NLSs bound to importin α, or
longer sequences such as the M9 [11,12] and PTHrP-NLS [13] in complex with importin β-
like receptors, which lack secondary structure elements and adopt an extended conformation
(Fig. 1). Second, all IBB-domains characterized thus far are located at the amino terminus of
adaptor proteins with the N-terminal 310 helix within 25 residues from the adaptor N-
terminus (Fig. 2A). Third, IBB-domains bind the import receptor importin β with nanomolar
affinity and this interaction is competed off by the small GTPase Ran, in a GTP bound
conformation. Taken together, these three defining properties render the IBB-domain both a
molecular tether between the import receptor and cargoes, as well as a powerful regulator of
nucleocytoplasmic transport. This review will touch upon several aspects of this important
network, with emphasis on the regulatory role of the IBB-domain in nuclear transport and
recycling of import factors to the cytoplasm.

1.2. Design Principles of Nucleocytoplasmic Transport
Transport across the nuclear envelope is an active, receptor-mediated process, which is
essential for normal cell function (reviewed in [14–21]). The Nuclear Pore Complex (NPC)
is the only gateway between the cytoplasm and the nucleus. It is a large proteinaceous
structure (∼60 MDa) that perforates the nuclear envelope and facilitates nucleocytoplasmic
transport (reviewed in [22–26]). The NPC has octagonal symmetry around the central
channel formed by eight spokes with the channel sitting perpendicular to the plane of the
nuclear envelope. For every spoke there is a filament that freely reaches 35nm into the
cytoplasm. On the nucleoplasmic side, eight fibrils emanating from each of the NPC spokes
merge together to form the nuclear basket. Overall, import and export complexes moving
between the cytoplasm and nucleoplasm must travel well over 100 nm through the NPC to
complete a round of translocation. In higher eukaryotes the NPC is composed of
approximately thirty proteins, termed nucleoporins (nups), which are found in multiple
copies. A subset of nups is highly enriched in Phenylalanine-Glycine repeats (FG-nups),
which account for ∼50% of the NPC mass [15]. FG-regions of nups adopt a natively
unfolded conformation that is thought to fill the pore and make it impermeable to cargoes
larger than ∼40kDa [27,28]. In contrast, smaller cargoes (M.W. < 40kDa), ions, and
metabolites can freely enter the cell nucleus by diffusion though the NPC.
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Proteins responsible for recognizing transport cargoes are part of a super family of transport
factors known as β-karyopherins (also termed importins or exportins), which share an N-
terminal RanGTP-binding domain [29,30]. There are 20 known β-karyopherins in humans
[31], and importin β is undoubtedly the best-characterized member of this family. In the
classical nuclear import pathway [32], cytoplasmic cargoes bearing a classical NLS are first
recognized by importin α, which associates with importin β via its N-terminal importin β
binding (IBB) domain. The ternary import complex importin β/ α/NLS translocates through
the NPC in a process that requires interaction of importin β with FG-nups [27,28,33,34]. As
a result of the active nature of nuclear transport, translocation of cargoes can occur against a
concentration gradient. The small GTPase Ran is the source of both energy and
directionality of transport. Ran exists in different nucleotide bound conformational states
across the nuclear envelope where nuclear Ran is predominately GTP-bound; the
cytoplasmic pool of Ran is mainly GDP-bound. This differential compartmentalization,
which is maintained in part by the sequestrating of RanGEF (Ran Guanine nucleotide
Exchange Factor, also known as RCC1) and RanGAP (GTPase-Activating Protein) into the
nucleus and cytoplasm, respectively [35,36], permits importins and exportins to load and
unload their cargoes in the appropriate compartment. Whereas RanGTP is responsible for
the dissociation of import complexes, it is required for the formation of export complexes
[37–39]. Upon entry into the nucleus importin β encounters RanGTP, which it binds to and
in turn releases the importin α/NLS complex. Dissociation of the NLS-bearing cargo from
importin α requires the IBB-domain.

2. Diversification and evolution of IBB-domains
Most β-karyopherins bind directly to their cargoes in the absence of adaptors. In contrast,
importin β binds import cargoes primarily in complex with adaptor proteins. An IBB-
domain has been identified and functionally characterized in three proteins, all active as
nuclear import adaptors, namely importin α, snurportin and XRIPα. Since these adaptor
proteins cannot translocate through the NPC on their own, the IBB-domain is the critical
functional liaison between import adaptors and importin β that allows nuclear import to
occur. Separating the cargo binding domain (importin α, snurportin and XRIPα) from the
nucleoporin and Ran binding domain (importin β) allows for specialization and regulation of
import, a feature that has likely appeared during evolution of higher eukaryotes.

The first identified protein containing an IBB, importin α, is the general import adaptor of
cargoes bearing a classical NLS [40]. We will refer to this IBB-domain as αIBB (Fig. 1C,
and Fig. 2A). In yeast, there is only one gene encoding importin α, while 6 isoforms of
importin α exist in humans (Fig. 2A), which fall into three phylogenetically distinct groups,
the α1s, α2s and α3s [40]. Most likely, an ancestral animal importin α1(s) gave rise to the
animal α2s and α3s. As a result, the gene encoding importin α1 is found in all eukaryotes,
including animals, fungi and plants, while importin α2 and α3 genes are unique to metazoan
animals. This suggests that the functional diversification of importin α1 occurred throughout
evolution together with the evolution of multicellular animals, presumably to perform more
complex cell and tissue specific functions during development and differentiation [40].
Although importin α1 is usually considered the universal adaptor involved in nuclear import,
other importin α paralogs also share the ability to bind and import classical NLS cargoes
[41]. Interestingly, while the importin α family exhibits a broad degree of functional
redundancy, certain non-classical cargoes are very specific for certain animal isoforms. For
instance, importin α5 (also known as NPI-1 [42]) is involved in the nuclear import of
dimeric phosphorylated STAT1 [43], and influenza virus polymerase PB2 [44], or importin
α3 (Quip-1) mediates translocation of NF-κB p50/p65 heterodimer into the nucleus [45] .
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Importin α and importin β are likely evolutionarily related proteins [46,47], made up of
similar helical repeats, known as armadillo (ARM) and HEAT, respectively [48]. Both in
importin α and β, arrays of ARM and HEAT repeats stack together to generate a concave
and a convex surface, vital for the function of these import factors [49–52]. Importin α is
predominantly rigid due to the presence of 10 stacked ARM repeats, each formed by three α-
helices [40]. In contrast, β-karyopherins contain approximately 20 copies of HEAT repeats
[52], a two helices motif, which adopts a hairpin-like structure with the outer α-helix, helix
A, having a slightly bent conformation. Evolutionarily, it is possible that importin α arose
concurrently with importin β from an α-independent import receptor [47]. This agrees well
with the observation that HEAT repeats, found in both prokaryotes and eukaryotes, arose
before ARM repeats (found in eukaryotes only) [53,54]. Sequence alignment of all human
importin αs shows a variable degree of sequence conservation between the C-terminal
ARM-core and the N-terminal IBB-domain. While the ARM core presents a much greater
variability (sequence identity of ∼33%), the IBB-domain is much more conserved among
the different importin α isoforms (Fig. 2A–B). Finally, the IBB-domain of importin α1, and
likely all αIBBs, binds importin β with exceptionally high affinity (Kd ∼2 nM) and
dissociates from the receptor with slow a off-rate (for αIBB koff = 2.07e−4 ± 0.3e−4 s−1)
[10].

A second well-characterized IBB-domain is found in snurportin (referred herein as sIBB),
the import adaptor for ribosomal U snRNPs [7], a large class of ribonucleoproteins
complexes critical for RNA splicing (reviewed in [55]). Like importin α, snurportin has two
functional domains: an N-terminal IBB-domain spanning residues 1–65 and a large C-
terminal m3G cap binding domain [7]. Whereas there is no structural similarity between the
importin α and snurportin C-terminal domains, sIBB and αIBB are highly similar both in
amino acid sequence (Fig. 2A) and three-dimensional structure [10]. Interestingly, the sIBB-
domain is more complex than the αIBB and contains two distinct moieties [10]. Region 25–
65 of the sIBB-domain closely resembles the αIBB, with which it shares all basic residues
critical for importin β binding (Fig. 2A). The only noticeable difference between these two
regions is a three amino acid gap between residues 46–47 of sIBB (Fig. 2A). We will refer
to region 25–65 of the sIBB-domain as the αIBB-region of homology. Whereas different
isoforms of importin α have poor sequence conservation upstream of the IBB-domain,
residues 1–24 are well conserved in all snurportins [10]. This region contains a functional
Nuclear Export Sequence (NES) between residues 1–17 [56] and overall, the region
comprising residues 1–24 of sIBB shares 42% sequence identity and 79% similarity to a
region of Nup153 spanning residues 1011–1035 [10]. Although the functional significance
of this observation is unclear, it is interesting that the same region of Nup153 binds importin
β with high affinity, likely via interactions with FG-repeats [46]. Together, both
determinants in sIBB function synergistically to confer low nanomolar binding affinity for
importin β (Kd ∼2 nM) [10].

The third and last known IBB-domain was identified in XRIPα (referred herein as xIBB) [8]
(Fig. 2A and B), the specific adaptor protein of replication protein A (RPA), a protein
involved in DNA metabolism (reviewed in [57]). It is not clear why this replication factor
uses a specialized import adaptor rather than importin α, to gain access to the cell nucleus.
XRIPα presents three domains, an N-terminal IBB domain, a central acidic region, and a C-
terminal Zn-finger motif [8]. A trimeric complex of importin β/XRIPα/RPA could be
immunoprecipitated from Xenopus egg extracts using an affinity-purified anti-XRIPα
antibody, suggesting a high affinity interaction of the adaptor/cargo complex for importin β
[8]. The specificity of importin β and XRIPα for RPA was also confirmed by nuclear import
assays in digitonin permeabilized cells, where RPA is efficiently imported in the nucleus by
XRIPα and importin β in a Ran- and energy-dependent manner [8]. Although the structure
of the xIBB-domain is not known, attentive analysis of the XRIPα N-terminal domain meets
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all the criteria of an IBB. It is confined to the N-terminal 50 residues of the protein, and
contains basic conserved residues both in the N-terminal 310 helix and C-terminal IBB-α-
helix (Fig. 2A). Finally, xIBB binds importin β in a RanGTP-regulated manner, which is
essential to ensure nuclear import of RPA [8].

3. Role of the IBB-domain in import complex assembly
3.1. Autoinhibition of NLS-cargo binding

The cytoplasm is the site of recognition and interaction of NLS-containing cargoes with
adaptors. Since the IBB-domain of adaptor proteins is also an efficient NLS, a regulatory
mechanism must be in place to ensure importin β imports only cargo-loaded adaptors and
thus prevent futile import of empty importin β/α heterodimers. Key to this regulatory
mechanism in importin α, is the IBB-domain. In 1999 Bostjan Kobe demonstrated
crystallographically that the IBB-domain of mammalian importin α1 occupies a large part of
the NLS binding grove in the absence of NLS cargo, effectively acting as an internal NLS
[58]. This autoinhibition acts as a regulatory switch for NLS binding. When importin α is
not bound to an NLS-cargo, its IBB is not exposed to importin β, thereby preventing
wasteful import of empty adaptor [58]. Likewise, autoinhibition functions to reduce the
affinity of importin α for NLS when importin β is not available. A construct of importin α
that lacks the IBB-domain binds a classical NLS-peptide with approximately 10 nM affinity
whereas the full-length importin α affinity is only in the micromolar range [59], suggesting
that the IBB-domain inhibits the binding of NLS-cargo. This intramolecular interaction is
stabilized by a network of basic contacts that resemble the binding mode of a classical NLS
to importin α (Fig. 3A). In the latter, the basic side chains of an NLS occupy a shallow
groove within the ARM repeats 1–4 of importin α. Five points of contact between NLS and
importin α (usually referred as positions P1-P5, Fig. 3B) have been identified from the
analysis of several importin α/NLS complexes [60–65]. Together, structural and mutational
data have demonstrated the crucial role played by the NLS basic lysine at the P2 site, which
contacts the Trp/Asn pair between importin α1 ARM repeats 3 and 4 [58], [62,66] (Fig. 3B).
Consistent with the idea of an intramolecular NLS, the IBB-domain contains several basic
amino acids that mimic the side chains found at position P1-P4 of classical NLSs. For
instance, mutation of the IBB basic patch 49KRR51 to 49AAA51 dramatically diminishes
IBB’s autoinhibitory capability and increases the binding affinity of NLS peptides to
importin α [67]. Further mutational analysis revealed that K49 in the IBB is the most critical
residue in the autoinhibitory sequence, equivalent to the critical P2 site seen for classical
NLSs [67] (Fig. 3B). This site is so specific for lysine, that replacing this position in the IBB
to arginine results in a noticeable drop in the binding affinity for importin α [67]. IBB-
residues 50RRNV53 downstream of the critical K49 bind at the P3-P6 sites of importin α.
Like in classical NLSs, these residues are less conserved among importin α isoforms (Fig.
2A) and may be dispensable for binding and autoinhibition. Another interesting structural
observation is that the main autoinhibitory amino acids are not the same residues responsible
for binding to importin β, which are found upstream of the autoinhibitory moiety in the IBB
[68]. Therefore it is possible that importin β can “peel off” the IBB from its autoinhibitory
state by binding to the exposed residues not directly contacting importin α. Because the
αIBB binds to the NLS binding groove of importin α with micromolar affinity [58,69], and
importin β with nanomolar affinity [10], it is unlikely that once bound to importin β, the IBB
would dissociate to re-occupy the NLS binding pocket. Therefore, formation of the trimeric
import complex (importin β/α/NLS-cargo) is likely to occur cooperatively in the cytoplasm
(Fig. 3C), when both NLS-cargo and importin β are simultaneously present to
synergistically compete off the α IBB-domain for binding to the P2 site. The switch in αIBB
from the autoinhibitory mode to an importin β-competent mode signals that the trimeric
import complex is assembled and ready for transport.
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Interestingly, the αIBB residues involved in autoinhibition as well as the Trp/Asn that form
the main NLS binding pocket are conserved across all importin α isoforms (Fig. 2A).
However, the IBB-mediated autoinhibition of cargo binding is not a general feature of all
NLSs. For instance, STAT1, a non-classical phosphorylation-dependent import cargo that
uses the isoform importin α5, binds full length and ΔIBB-importin α5 with equal affinity
[70]. This suggests the IBB-domain of importin α5 does not compete intramolecularly with
activated STAT1. Thus, the autoinhibitory role of αIBB is likely specific to the recognition
of classical NLS by importin α and cannot be generalized to all cargoes imported through
importin αs. Additionally, autoinhibitory residues critically important in αIBB are not found
in the sIBB-domain (Fig. 2A). Even at a 100 molar excess, the sIBB is unable to compete
off the m3G cap from the C-terminal region of snurportin [71]. The cap-binding domain of
snurportin recognizes only the 5’-2,2,7-terminal trimethylguanosine cap structure rather than
the mono-methylated cap [71]. Because the hypermethylation of the cap only occurs when
the RNA/core proteins are completely and properly assembled, the overall specificity of the
snurportin cap-binding domain for its cargo, as opposed to the sIBB-domain, is thought to
function as a checkpoint to ensure proper import of functional U-snRNPs.

3.2. The importin β bound conformation of IBB-domain
The extent of importin α, snurportin and XRIPα interaction with importin β is limited to the
IBB domain. Although the IBB-domain is small compared to importin β (∼40 versus 876
residues), binding of the IBB-domain has vast structural and functional effects on importin
β. In solution, unliganded importin β is highly flexible and adopts an elongated
conformation [72,73], highly susceptible to proteolysis [74]. In complex with the IBB-
domain, the protein undergoes dramatic conformational changes and folds into a compact,
nearly globular structure, with a diameter of only 85 Å [9,10]. The structure of importin β
bound to αIBB and sIBB was determined crystallographically in several crystal forms (Fig.
4A–C) [9,10,75]. These structures revealed that electrostatic interactions make up the
majority of contacts between IBBs and importin β. As previously pointed out, importin β
contains arrays of HEAT repeats, which generate an internal acidic surface consisting of B-
helices and an outer, rather hydrophobic surface formed by A-helices. The IBB-domain,
which is composed of almost 40% basic residues and is highly positively charged at
physiological pH, occupies two thirds of the internal binding surface of importin β (HEATs
7–19). The αIBB C-terminal α-helix is intimately associated with importin β HEAT repeats
12–19. The αIBB α-helix is 41 Å in length and is partially amphipathic, with its six acidic
residues positioned on the opposite face of the surface that contacts importin β. Electrostatic
contacts dominate the interaction of importin β with αIBB α-helix, with a total of 13 salt
bridges, mainly involving highly conserved aspartate and glutamate residues of importin β
and basic IBB-side chains [9]. Overall, it was hypothesized that importin β exerts a
protective function with respect to the IBB-domain and other basic substrates that are highly
susceptible to proteolytic degradation and aggregate easily with cytoplasmic polyanions,
such as RNA. This property is shared by other β-karyopherins that may act as intracellular
chaperones for exposed basic domains, just as heat shock proteins function as chaperones
for exposed hydrophobic patches [76].

The importin β/sIBB complex has also been solved crystallographically both with full-length
importin β and a construct of importin β lacking the first 127 amino acids [10,77]. In the
structure of full-length importin β bound to sIBB (res. 25–65) is very similar to that of
importin β/αIBB complex (Fig. 4A–C) [10]. sIBB adopts a similar fold as αIBB, with an N-
terminal 310 helix, followed by a loop, and terminated with the long C-terminal α-helix.
There are three main differences between the two IBBs. First, the C-terminal α-helix of the
sIBB is 6 Å shorter than the αIBB α-helix (Fig. 4D), due to the three amino acid gap in sIBB
(as compared to αIBB) between residues 46–47 (Fig. 2A). As a result, structural
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superimposition of sIBB and αIBB reveals that the polybasic stretch 43Arg-Arg-Arg-Arg 46

conserved in both IBBs is shifted down in sIBB, as compared to the αIBB (27Arg-Arg-Arg-
Arg 31), and only two of the four arginines contact importin β directly. Second, although the
tertiary structure of importin β bound to either αIBB or sIBB is essentially identical, the
sIBB tilts 5 degrees toward the concave surface of importin β compared to the αIBB-domain
[10]. And thirdly, the linker region between the sIBB N-terminal moiety and its C-terminal
α-helix is much longer than in αIBB [10].

The α- and sIBB-bound conformation of importin β seen crystallographically provides an
atomic view of the strained conformation of importin β, which is likely adopted when the
import complex crosses the NPC. This structural state differs greatly from the elongated and
flexible solenoid-like structure of unliganded importin β seen in solution by small angle X-
ray scattering (SAXS) [72,73]. Likewise, while the unliganded importin β is highly
susceptible to proteolysis, the IBB-bound conformation is extraordinarily resistant to
protease digestion [74]. Therefore, the IBB-domain is a specific modulator of importin β
structure and flexibility. Thermodynamically, the highly strained conformation of importin β
bound to IBB-domains [49,52] can be thought of as a tertiary structure where backbone and
side chain conformations do not fall in local energy minima. The charge complementarity
between the acidic concave surface of importin β and the highly positive IBB-domain
provides the energetic contribution to overcome the energetic cost of distorting importin β
structure. The enthalpic gain owed to surface complementarity outweighs the entropic cost
of being ‘strained’, and makes the overall free energy of binding negative. In analogy with
the structure of the export factor Cse1p bound to Kap60p and RanGTP [78], the strained
conformation of importin β bound to IBB-domains can be described as a “spring-loaded”
solenoid, which although trapped in a closed conformation has propensity to release the
cargo and return to a “ground level” conformation. This function requires the small GTPase
Ran.

3.3. Models for the recognition of IBB-domains by importin β
Efficient and specific recognition of cargoes and adaptor/cargo complexes is essential to
ensure nucleocytoplasmic transport. Two models have been proposed to describe how β-
karyopherins recognize their cargoes [79–81] and could be used to interpret the molecular
recognition of IBB-domains by importin β. According to the induced fit hypothesis,
importin β changes its structure upon binding to the IBB-domain to adopt a conformation
that is more complementary to the IBB-domain. This induced recognition results in a large
energy release, thereby locking importin β structure in a strained conformation that is
sufficiently stable to be populated in solution. In contrast, according to the population
selection model [75,79–81], importin β exists in solution as an ensemble of conformers that
freely inter-exchange at equilibrium, due to the low free energy of interconversion. A ligand
like the IBB-domain would interact with one or more importin β “conformers”, thus shifting
the equilibrium of the entire population. Although the induced fit model has been widely
accepted for many decades, recent experimental evidences support the population selection
model. This model is energetically less costly than the classical induced fit. Since structural
conformers of a flexible molecule like importin β can freely interconvert in solution, the
activation barrier for binding to an IBB-domain is usually smaller than that predicted by the
induced fit model. In the latter, large conformational rearrangements necessary to drive the
importin β/IBB complex to a final state would require large activation energies.
Conformational selection has been shown to play an important role in enzyme catalysis [82]
and protein association reactions involving binding to small molecule ligands, other
proteins, DNA and RNA [79].

Two new crystal forms of importin β bound to the sIBB-domain (Fig. 4B and C) have
recently provided clues to distinguish between the induced fit and population selection
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models [75]. In the first crystal form two importin β/sIBB (res. 25–65) complexes (complex
A and B, respectively) were trapped in the asymmetric unit in drastically different
conformations. In complex A (Fig. 4B), importin β is bound to the sIBB-domain (res. 25–
65) in a closed conformation that is nearly identical to the high resolution structure of the
importin β/sIBB complex previously described (r.m.s.d. 1.32Å) (Fig. 4A) [10].
Unexpectedly, in complex B in the same asymmetric unit (Fig. 4B), importin β presents an
ultrastrained conformation with N- and C-termini interacting with each other via an
extensive network of intramolecular contacts. The structure of importin β in complex B is so
strained that the distance between the protein N- and C-termini is only ∼73Å, as compared
to ∼88Å in complex A (Fig. 4B). As a result of the highly strained conformation of importin
β backbone in complex B, the electron density corresponding to sIBB residues 25–38 is not
observed. The extensive network of intramolecular contacts within N- and C termini of
importin β in complex B compensates for the reduced binding surface with the sIBB-
domain, making complex A and B sufficiently populated at equilibrium to be crystallized. In
a second crystal form, an opposite scenario was observed [10]. While one importin β/sIBB
complex is identical to complex A, the other importin β in the asymmetric unit adopts a
highly unstrained conformation (complex C), with N- and C-termini spaced ∼99Å away
from each other (Fig. 4C). Overall, these independently determined crystallographic
structures of the importin β/sIBB complex provide three structural snapshots of importin β
conformers bound to sIBB (Fig. 4A–C). If the importin β/sIBB complex was the final
product of an “induced fit recognition” like in the classical Fischer "lock and key" analogy,
only one stably populated complex in the same crystal lattice would be expected. Instead,
the presence of two drastically different populations of importin β/sIBB trapped in the same
crystallographic asymmetric unit supports the population selection model. Accordingly, it
has been hypothesized that in solution importin β exists as an ensemble of different
conformers characterized by a different curvature and relative position of the N- and C-
termini (Fig. 4E). Selection of a given population by the sIBB-domain is hypothesized to
shift the equilibrium among these conformers to formation of a tight complex that becomes
sufficiently populated in solution to be crystallized [75] (Fig. 4F). Two molecular
determinants have been hypothesized to influence the selection of importin β conformers:
first, the enthalpic complementarity between acidic importin β and the basic sIBB-domain,
which provides the energy necessary to strain the importin β solenoid structure. As shown
crystallographically [10, 75], this can be achieved either by extensive intermolecular
contacts between importin β and sIBB, or by extensive intramolecular contacts between
importin β N- 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. It was
demonstrated using circular dichroism spectroscopy that the sIBB-domain, and not its
counterpart αIBB, adopts a helical structure in solution [69, 75]. This folded structure could
serve 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.

4. Role of IBB in translocation of the import complex through the NPC
Import complexes moving through the NPC interact with FG-repeats of nucleoporins (Fig.
5). Although the exact molecular mechanism of passage through the NPC remains unknown,
several models for translocation of large macromolecules above the diffusion limit (MW
>40kDa) have been proposed (reviewed in [14–20]). While the import complex moves
through the NPC, importin β is the only component of the import complex responsible for
binding to nucleoporins and has been shown to have a stochastic movement in the NPC
channel [83]. Paradoxically, the import cargo does not ‘see’ the NPC, although its size and
shape can certainly influence the energetics and kinetics of transport [84]. The crystal
structure of importin β bound to an FxFG fragment of a nucleoporin revealed that FG-
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repeats bind the convex surface of importin β, on the opposite surface as adaptor and Ran
[33]. This compartmentalization of binding surfaces allows importin β to interact
simultaneously with import cargoes while trafficking through the pore. Given the pivotal
role of IBB-domains in modulating importin β structure and plasticity, it is not surprising
that the IBB-domain is also involved in cross-talk with FG-nups. Interestingly, recent work
[85] has defined a new function of the IBB-domain in modulating the movement of import
complexes through the NPC. It is well documented that nuclear import of the importin β/α/
NLS-cargo complex requires energy for translocation [86–88]. In permeabilized cells, the
classical import complex is conveniently recapitulated by importin β bound to a chimera of
αIBB-fused to GFP. In a nuclear import assay in digitonin permeabilized HeLa cells [89],
the importin β/αIBB-GFP complex localizes at the nuclear envelope (NE) when GTP is
depleted from the cells [27]. This represents a stalled import complex that is bound to the
NPC. However, under identical conditions, an import complex consisting of importin β and
a chimera of sIBB-fused to GFP (sIBB-GFP) is able to translocate efficiently into the
nucleus with significantly reduced energy requirement [85,90]. Lott et al. determined that
the different karyophilic properties of sIBB in permeabilized cells, as compared to αIBB are
caused by the reduced affinity of importin β bound to sIBB for the central channel
nucleoporin Nup62 [85] (Fig. 5). Whereas importin β bound to αIBB has nanomolar affinity
for Nup62, when complexed with sIBB, the affinity for this nucleoporin drops to ∼1.5 µM
[27]. Further analysis revealed that differences in the IBB amino acid sequences and the
length of the IBB C-terminal α-helix are the two main determinants in sIBB regulating
importin β avidity for Nup62. A three amino acid insertion in sIBB C-terminal α-helix that
extends the helix to mimic that of the αIBB, restores importin β high affinity binding for
Nup62. Furthermore, electron microscopic (EM) analysis of import reactions in Xenopus
oocytes microinjected with import complexes coupled to colloidal gold revealed that the
persistence of the importin β/sIBB import complex at the NPC is dramatically different to
that of the importin β/αIBB complex. When bound to sIBB, importin β is seen at the
cytoplasmic and nuclear sides of the NPC, but is completely absent from the central channel.
This is not the case for the importin β/αIBB import complex, which is evenly distributed
among the cytoplasmic fibrils, central channel, and nuclear basket [85]. Together this data
supports the idea that the nature of the IBB-domain can modulate the importin β pathway
through the NPC by altering the affinity of importin β for FG-nucleoporins. In agreement
with this data, Rollenhagen et al. also showed that sIBB causes importin β to have
preferential binding of certain nucleoporins as compared to the αIBB-import complex [91].
Nuclear import of U1 snRNPs requires the presence of the cytoplasmic Nup214 in order to
translocate through the NPC. However, when binding to this nucleoporin was specifically
blocked with antibodies, nuclear import of U1 snRNPs was inhibited, while the classical
import pathway still persisted. The differences between importin α and snurportin-mediated
import was also seen on the nuclear side of the NPC, where the importin β/αIBB import
complex remains associated with the nuclear basket longer than the importin β/sIBB
complex [91].

The differential energy requirement of different import complexes during translocation may
reflect a fundamental aspect of the NPC biology. For instance, it is possible that through its
interaction with a given IBB, importin β binding affinity for the NPC can be modulated not
only at the central channel, but also at the cytoplasmic filaments and possibly even at the
nuclear basket. However, if the IBB-domain controls importin β avidity for the NPC, it is
unclear how this may affect the kinetics of import complex movement through the NPC.
Unfortunately, the current models proposed for translocation of cargoes through the NPC do
not allow predicting for whether a reduced affinity of the import complex for FG-nups
would translate as faster or slower movement through the NPC. In summary, the IBB-
domain is a key regulator of importin β flexibility, which functionally results in a differential
affinity of the import complex for FG-nucleoporins.
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5. The IBB is important for recycling of adaptor proteins and importin β to
the cytoplasm
5.1. Role of IBB-domain in recycling of importin α

Upon entry into the nucleus, the import complex encounters RanGTP, which binds importin
β with higher affinity compared to adaptor proteins [92]. As seen in the crystal structure of
Kap95p (the yeast homologue of importin β) bound to RanGTP, the small GTPase makes
contacts with two regions of importin β [93], located between HEAT repeats 1–4 and 12–15
[93]. Given the extended nature of this binding interaction and the high affinity of importin
β for the IBB-domain, Lee et al. hypothesized that RanGTP dissociates the importin β/IBB
complex in a series of steps, which change the overall helicoidal pitch of importin β.
Superimposition of the structure of Kap95p in complex with RanGTP to importin β bound to
αIBB reveals a 20 Å displacement in the C-terminus of Kap95p, directly caused by RanGTP
binding [93]. Thus, RanGTP and αIBB occupy partially overlapping binding sites on
importin β [94] and RanGTP may act allosterically on importin β to trigger a conformational
change that renders the protein incapable of binding to importin α [93].

Once importin β is released from the trimeric complex, the NLS-bearing cargo needs to
dissociate from importin α to be released in the cell nucleus. This likely occurs through a
series of defined binding events, involving the IBB-domain, nucleoporins, the export factor
CAS, and RanGTP (Fig. 6). Spontaneous dissociation of the NLS/importin α complex is too
slow to account for the rapid import rates observed [69,95]. Recent work has suggested that
the NPC may act as a catalyst to facilitate dissociation of import complexes. Nup50, an FG-
nucleoporin localized to the nuclear basket of the NPC [96], has been shown to increase the
rate of import complex disassembly [97] by directly binding to importin α The crystal
structure of ΔIBB-importin α bound to a fragment of Nup50 spanning residues 1–109
revealed two distinct nup binding sites on importin α [95]. The first, and the higher affinity,
is located on the outer surface of the importin α ARM repeats 9 and 10, which binds residues
24–46 of Nup50. Alanine mutations of the basic region on Nup50 completely abolished
binding to importin α, suggesting electrostatic interactions are essential to stabilize this
region of contact [98]. Binding of Nup50 to the C-terminus of importin α positions Nup50
residues 1–15 near the NLS binding groove of importin α. This second site of interaction has
a weaker affinity compared to the first region, but with a high local concentration set up by
the initial binding step, it is likely sufficiently strong to actively compete off the NLS from
importin α [95] (Fig. 6). Other nucleoporins might share this role and overlap in this
function [96]. For instance, it was found that another nuclear basket nucleoporin, Nup153,
could also accelerate disassembly of the classical nuclear import complex in vitro [97].
Thus, the view of the NPC as a catalyst that increases the rate of import complex
disassembly is gaining quick support in the literature [95,97,99].

At this point in the import pathway Nup50 is bound to an NLS-free importin α quite
strongly, however if Nup50 remained tightly bound to importin α it would slow down the
overall rate of nuclear import by not allowing for efficient recycling of the adaptor. The
process of removing Nup50 from importin α involves both the CAS/RanGTP export
complex and the IBB-domain (Fig. 6). The autoinhibitory signal of the IBB is necessary, as
importin α lacking the IBB-domain is unable to cycle through multiple transport events [68],
but not sufficient for importin α reshuttling to the cytoplasm. Efficient displacement from
the NPC requires the concomitant presence of the export receptor CAS bound to RanGTP.
The trimeric export complex formed by importin α/CAS/RanGTP is highly specific and
forms cooperatively in the cell nucleus [100–102]. CAS belongs to the importin β
superfamily of transport receptors and like other export factors requires RanGTP for
complex formation. The importin α/CAS/RanGTP export complex requires all three binding
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partners to form and is specific for NLS-free importin α [100–102]. This is essential to avoid
the wasteful return of import cargoes to the cytoplasm before proper unloading in the
nucleus.

Attentive examination of the importin α/CAS/RanGTP structure [78] reveals that the IBB-
domain is the critical regulatory signal controlling assembly of a productive export complex.
In the trimeric complex, Cse1p (the yeast homologue of CAS) wraps around RanGTP and
the C-terminus of Kap60p (yeast homologue of importin α) (Fig. 7A). Cse1p folds into a
superhelix of 20 stacked HEAT repeats, with a long loop in HEAT 19 that folds back onto
itself to contact both RanGTP and Kap60p. The structure of RanGTP in the trimeric
complex is almost identical to that seen in the import complex bound to Kap95p [93]
(r.m.s.d. 0.4 Å) as does the ARM repeats in Kap60p with the autoinhibited importin α
structure (r.m.s.d. 1.4 Å) [78]. This suggests that there is no allosteric affects of Csep1 on
Kap60p to change its conformation. Instead, it is the αIBB-domain that folds back to signal
dissociation of Nup50. The αIBB is locked into its export-competent conformation by four
discrete binding regions located throughout its length (Fig. 7B and C) [78]. The first region
spans amino acids 12–18 of IBB and interacts with Cse1p HEAT repeats 2–4. The second
region-comprises IBB residues 33–36 and folds back to bind to the minor NLS binding site.
The third region (amino acids 40–45) reaches up to bind the outer surface of Cse1p between
HEAT repeats 5–7. Finally, residues 54–58 of the IBB loop back down to interact with the
major NLS binding site. Thus, the αIBB-domain alternate binding between CAS and the
NLS binding groove signals to CAS that a cargo-free importin α is ready to be recycled into
the cytoplasm.

5.2. Region 1–17 of snurportin IBB-domain contains a functional Nuclear Export Sequence
(NES)

Like importin α, snurportin is also constantly recycled back to the cytoplasm to replenish the
pool of adaptors required for snRNP nuclear import. Recycling of snurportin is carried out
by the export factor CRM1 [103] bound to RanGTP. CRM1 binds cooperatively to
snurportin and RanGTP, with a Kd of complex formation of 4–5 nM [103], which is ∼5,000
times stronger than affinity for the prototypical leucine-rich NES [103]. The structural basis
for high affinity binding of CRM1 to snurportin was recently unveiled by the crystal
structure of the trimeric CRM1/snurportin/RanGTP complex (Fig. 8A) [104] and of an
assembly intermediate consisting of CRM1 and snurportin only [56]. As shown in Fig. 8B,
the N-terminal moiety of sIBB (res 1–17) contains an NES partially responsible for the
interaction between snurportin and CRM1. sIBB amino acids 1–17 bind to a hydrophobic
groove on CRM1 with the first N-terminal 10 amino acids folding into an α helix [56,104]
(Fig. 8B and D). The hydrophobic cleft on CRM1 is formed between the A helices from
HEAT repeats 11 and 12. The width of the groove is ∼3Å wider compared to the average
inter-HEAT repeat cleft, likely to accommodate the snurportin NES [56]. This binding site is
essential in the overall snurportin/CRM1 complex formation as shown by multiple
mutagenesis studies [56,103,104]. A salt bridge between CRM1 residues K534 and E575 caps
the groove, which causes the remainder of the snurportin N-terminus to kink upwards
[56,104]. The NES is likely not bound to importin β during nuclear import but exposed for
binding to CRM1. It is unclear whether the transfer of sIBB from importin β to CRM1
happens before, or concurrently with RanGTP binding to importin β.

The remainder of the sIBB (residues 17–65) folds back to make extensive contact with the
m3G-cap binding site of snurportin burying over 2800Å2 of surface area (Fig. 8C and D)
[56, 104]. When comparing this export structure to that of free snurportin bound to the m3G
cap [71], steric clashes occur between the m3G cap and several amino acids of the sIBB
NES [104]. Three IBB residues, S20, T21, and A22 contact the m3G cap binding surface in a
region that overlaps that of cargo binding. Therefore, although there has been no direct
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evidence that the sIBB can compete off cargo as is the case with importin α autoinhibitory
state, the sIBB may still play a regulatory function in export complex formation to ensure
that only cargo-free snurportin is recycled back to the cytoplasm.

5.3. Role of the IBB-domain in recycling of importin β back to the cytoplasm
RanGTP binds importin β with subnanomolar affinity [94], which helps to quickly
disassemble the import complex. However, the stability of the importin β/RanGTP complex
is so high that in the absence of a regulatory mechanism, GTP hydrolysis would be inhibited
by importin β upon returning to the cytoplasm, thereby blocking nucleocytoplasmic
transport. Therefore additional factors must aid in the dissociation of the importin β/RanGTP
complex upon cytoplasmic entry. These factors are RanBP1 and RanGAP, which are
cytoplasmic Ran binding proteins that activate Ran intrinsic GTPase activity, as well as the
IBB-domain [29,105]. In higher eukaryotes there are two pools of RanGAP. One is soluble
and cytoplasmic, while the other is associated to the cytoplasmic nucleoporin, Nup358
[106,107] (Fig. 6). In this way, RanGAP is positioned to interact with exiting RanGTP-
containing complexes to expedite complex disassembly. In vitro, dissociation of the
importin β/RanGTP complex by RanBP1 is inefficient [29,105]. Only when αIBB is added
to this trimeric complex is importin β released and GTP hydrolysis occurs. Bischoff and
Gorlich determined that addition of importin α increases the dissociation of the importin β/
RanGTP/RanBP1 complex by 700-fold [29]. In vivo, the dissociation of importin β/RanGTP
is probably a multistep process, where GTP hydrolysis occurs after the IBB releases
importin β. This is corroborated by the observation that the importin α-dependent
dissociation of importin β from Ran does not require GTP hydrolysis [105].

Snurportin on the other hand probably has a different mode of export complex disassembly.
As seen in the structure of snurportin bound to CRM1, a main portion of the sIBB-domain is
exposed to the solvent [56,104] (Fig. 8C and D). sIBB amino acids 52–57 form a prominent
loop between helices 2 and 3, which corresponds to the C-terminal α-helix in the importin β
bound sIBB structure [10]. When snurportin is recycled into the cytoplasm the loop is
completely exposed to solvent, thereby allowing for binding to importin β. This binding
event is thought to induce the sIBB loop to become helical, which, in the process of
straightening it out, would dissociate snurportin from CRM1. Therefore snurportin itself
would not change conformations, but rather the simple straightening of the sIBB kinked
loop into a continuous α-helix would function as the switch between CRM1 and importin β
binding. Thus the plastic structure of sIBB-domain mediates the competition between
CRM1 and importin β for binding to snurportin.

6. Conclusions and perspectives
In the last 10 years there has been an explosion of new cargoes identified that bind directly
to importin β. Of those, several were reported to have overlapping binding sites with the
IBB-domain, while others showed new binding sites on importin β. Notably, several viral
proteins were identified in the first group. For instance, Rev, a protein essential for human
immunodeficiency virus type 1 (HIV-1) replication [108], was found to bind importin β via
a poly-basic region spanning residues 35–50, which is also involved in RNA binding
[109,110]. In the nucleus, Rev binds to and oligomerizes in complex with viral RNA to form
an export complex, which exits the nucleus in a CRM1-dependent manner [108]. The critical
function played by Rev in the nucleus suggests its nuclear import is presumably highly
efficient and optimized. Similarly to Rev, HIV-1 Tat [109] and human T-cell leukemia virus
type 1 (HTLV-1) Rex protein [111] also possess strong nuclear import sequences. All three
of these viral proteins are basic in nature (with isoelectric points all over 12), bind
specifically to importin β in vitro and are efficiently imported in permeabilized cells by
importin β in the absence of importin α, in a Ran-dependent manner [109,112,113]. It was
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recently shown that Rev’s non-classical NLS falls on a long α-helix [114], suggesting the
actual import sequence may be part of a folded and presumably IBB-like import domain.
Therefore, it is possible that in addition to cellular factors, certain viral proteins may have
also developed IBB-like domains to efficiently enter the cell nucleus of infected cells. But
Rev, Tat and Rex are only a small example of the many non-classical signals recently
identified. Many more IBB-like sequences are likely yet to be identified both in cellular and
viral proteins. Genome-wide bioinformatic prediction, together with experimental functional
validation will be required to expand the list of IBB-domains. The question that remains to
be answered, however, is why such a complex degree of diversification exists in the
universe of nuclear localization sequences. Why have a non-classical, IBB-like import
sequence in addition to classical NLSs? One possible answer to this question may come
from the observation made by Timney et al. that the main limiting factor in nuclear import is
the poor ability of karyopherins and NLS-cargoes to find each other in the cytoplasm [115].
Competition for binding to the right NLS in a background of overwhelming nonspecific
interactions likely affects the efficiency of the import pathway more than the interaction of
karyopherins with obvious partners such as the NPC and Ran. Since NLS-sequences that
bind directly to importin β are usually longer and more complex than classical NLSs, it is
plausible that certain viral proteins or ancient essential factors such as cyclin B1 [116] or
ribosomal proteins [117] may have developed importin β-binding properties to avoid the
“crowdedness” of the classical importin α-dependent import pathway. However, by doing
so, they effectively contributed to increasing the redundancy of nuclear import, which in
turn increased the cytoplasmic background of nonspecific interactions. Likewise, the high
concentration of importin β present in the cytoplasm (∼2µM examined by Jakel et al. [76]),
and the fewer number of cargoes binding directly to importin β may also represent the
evolutionary advantage playing in favor of IBB-like importin β-binding NLS import
sequences. In conclusion, the universe of non-classical NLSs is quickly growing. The
challenge now is to understand the kinetic differences governing the nuclear import of
classical, non-classical and IBB-like import sequences and how this may affect the
efficiency and energetic requirement for movement through the NPC.
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Fig. 1. Diversification of NLSs three-dimensional structure and amino acid sequence
All structures are taken from the crystallographic complexes of the NLS bound to their
respective receptor/adaptor. In the amino acid sequence, basic amino acids are colored in
blue. (A) Classical monopartite and bipartite NLS found in SV40 T-large antigen (pdb
1EJL) and nucleoplasmin (pdb 1EJY) (top and bottom, respectively) that bind importin α.
(B) Extended non-classical NLSs recognized directly by β-karyopherins. In the left panel is
the PTHrP-NLS (res. 67–94) (pdb 1M5N) that binds importin β N-terminal HEAT repeats
1–11 [13]. In the right panel is the M9-NLS of hnRNP A1, which binds transportin (pdb
2H4M) [12]. (C) Ribbon diagram of importin α IBB-domain (pdb 1QGK). This ∼40 amino
acid domain contains an N-terminal 310 helix connected by a loop of variable length to a
long C-terminal α-helix.
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Fig. 2. Evolution and conservation of IBB-domains in adaptor proteins
(A) Sequence alignment of IBB-domains found in six human isoforms of importin α (αl, α3,
α4, α5, α6, α7), human snurportin (SNP1), and human XRIPα. A schematic representation of
the IBB-secondary structure is drawn above the sequence alignment. In the alignment,
highly conserved basic residues are colored in red. The underlined sequences refer to the
IBB-domains that were crystallized in complex with importin β, namely importin αl IBB-
domain (res. 11–54) [9] and snurportin IBB-domain (res. 25–65) [10]. Notice that the N-
terminal extension comprising the NES [56] is conserved only in sIBB, and in other
snurportin homologues [10], but not in αIBBs and xXRIPα. (B) Phylogenetic tree of human
IBB-domain sequences shown in panel (A). In the tree, the branch lengths are proportional
to the predicted evolutionary time between sequences. Three subfamilies of IBBs (shaded in
green, blue and yellow) are identified. Both sequence alignment and phylogenetic tree were
generated using the program ClustalW [118].
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Fig. 3. The autoinhibited conformation of importin α IBB-domain
(A) Surface representation of the mammalian importin α (in green) with the αIBB-domain
(in magenta) in an autoinhibited conformation (pdb 1IAL). The residues that connect the
autoinhibitory IBB-sequence with the ARM repeat core, as well as those amino acids N-
terminal of the bound peptide were not seen in the crystal structure and therefore are
modeled as a magenta dashed line. The structure of the SV40 NLS (in black) is also docked
to importin α. The NLS and the IBB occupy the same position on importin α. (B) Blowup
view of the binding site for NLS (top) and IBB (bottom) in importin α. Key interactions
between the NLS/IBB and importin α at sites P1-P6 are shown. Importin α Trp and Asn
residues contacting basic NLS/IBB side chains are shown as green sticks. (C) Cartoon
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schematic depicting how the IBB functions to regulate formation of the trimeric import
complex of importin β/α/NLS when all three factors are present.
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Fig. 4. Structure and recognition of IBB-domains by importin β
Structural views of importin β bound to the sIBB (res 25–65) in three distinct crystal forms.
(A) 2.35Å resolution structure (pdb 2P8Q) of importin β bound to sIBB (res. 25–65)
containing one complex in the asymmetric unit. This structure represents the strained
conformation of the protein. (B) 3.15Å resolution structure (pdb 3LWW) with two importin
β/sIBB complexes (indicated as A–B) in the same asymmetric unit. Complex A is identical
to the high resolution structure in panel (A). In contrast, complex B presents an ultra-
strained conformation of importin β (C) 3.2Å resolution structure (pdb 2Q5D) with two
importin β/sIBB (res. 25–65) complexes (indicated as A–C) in the same asymmetric unit.
Complex A is equivalent to importin β/sIBB complex A in panel (A) and (B), while
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complex C has a dramatically less strained conformation of importin β. All structures in (A–
C) are aligned using importin β in complex A as reference. In all complexes, the sIBB is
colored in yellow and the distance between N- and C-terminal HEAT repeats of importin β
is indicated. (D) Ribbon diagram of sIBB superimposed onto the αIBB domain (in yellow
and magenta, respectively). Both IBBs were crystallized in complex with full length human
importin β (pdb 2P8Q and 1QGK, respectively). The sIBB α-helix is ∼5 Å shorter than the
αIBB C-terminal α-helix due to a three amino acid gap in its amino acid sequence between
residues 46–47 (Fig. 2A). (E) Population selection model proposed for the recognition of
sIBB by importin β. Putative conformers of importin β are shown as beads-on-string, where
each HEAT repeat is represented by a sphere. This view emphasizes the different degree of
intramolecular opening in different importin β conformers. Grey molecules are
conformations of importin β not observed crystallographically, but likely seen by small
angle X-ray scattering [72]. (F) Stabilization of different conformers by the sIBB-domain is
thought to populate importin β conformers, which can be crystallized and hence trapped in a
crystal lattice [75].
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Fig. 5. Role of IBB-domain in translocation of import complexes through the NPC
Structure of the importin β/sIBB complex (colored in blue and yellow, respectively) at the
central channel of the NPC, which is formed primarily by Nup62 complex [119]. This
schematic is not to scale: the structure of importin β is greatly magnified with respect to the
NPC central channel. Key FG-nucleoporins are indicated respective to their location in the
NPC. In the blowup is cartoon of a region of the importin β HEAT repeats bound to FG-
motifs. HEAT repeats are represented as circles, with the outer A helices in dark blue, and
the concave B helices as light blue. B helices are responsible for binding to the IBB-domain
while the convex surface interacts with the nucleoporins. Phenylalanine side chains
emanating from FG-nups are modeled interacting with the groove in between A helices of
importin β.
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Fig. 6. Role of IBB-domain in recycling of adaptors and importin β to the cytoplasm
(A) Cartoon diagram of the importin β/α/NLS-cargo complex (in blue, green, and grey,
respectively) assembled in the cytoplasm. Upon nuclear entry RanGTP (in red) displaces
importin β, and the nucleoplasmic nucleoporins Nup50 (black line) binds importin α NLS-
groove and displaces the NLS-cargo. The export complex of CAS and RanGTP (shown in
purple and red, respectively) displaces Nup50 from importin α and with the αIBB locked in
an autoinhibited position an export-competent forms to be recycled to the cytoplasm. (B) An
analogous scenario for the importin β/snurportin/snRNP import complex (in blue, yellow
and grey, respectively). Upon nuclear entry the N-terminal seventeen amino acids of the
sIBB binds to the export factor CRM1 (shown in silver). Colored in dark yellow is the
remainder of the sIBB not involved in interactions with CRM1, shown as two surface
exposed helices separated by a kinked loop.
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Fig. 7. Structure of the αIBB in the importin α/CAS/RanGTP export complex
(A) Structure of the trimeric importin α export complex (pdb 1WA5) [78], which consists of
Cse1p (yeast homologue of CAS), RanGTP and Kap60p (yeast homologue of importin α), in
purple, red and green, respectively. The IBB-domain is colored in magenta. (B) Zoom in
view of αIBB interaction with Cse1p and the NLS binding grooves of importin α. IBB
residues 20–31 were not observed in the crystal structure and are modeled as a dashed line.
(C) Schematic representation of the αIBB emphasizing the complex binding interactions of
IBB-domain (magenta) with Cse1p (purple) and the NLS binding sites on importin α
(green).
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Fig. 8. Structure of the sIBB in the snurportin/CRM1/RanGTP export complex
(A) Structure of the snurportin export complex formed by CRM1 (silver ribbon), RanGTP
(red ribbon) and snurportin (shown as a light yellow surface) (pdb 3GJX) [104], with the
sIBB highlighted as a yellow cartoon. (B) The N-terminus of the sIBB (shown as a yellow
helix) occupies a hydrophobic cleft formed by CRM1 HEAT repeats 11–12. In the diagram,
the acidic surface of CRM1 electrostatic potential map is colored in red, while the NES
binding groove, which is more hydrophobic, is in white. (C) Magnification of sIBB residues
41–66 bound as an interrupted helix to the main body of snurportin. The sIBB is shown as a
yellow ribbon, while snurportin main body is shown as a yellow surface. The surface
exposed kink between sIBB helix 41–52 and 60–66 is a possible target for importin β. (D)
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Schematic representation of the sIBB-domain emphasizing its extended interactions with
CRM1 (silver) and snurportin (yellow).
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