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CRM1 (also known as exportin 1 or Xpol) is the most
versatile nuclear export receptor (exportin) that carries
a broad range of proteins and ribonucleoproteins from
the nucleus to the cytoplasm through the nuclear pore
complex. The majority of the export substrates of CRM1
contain a short peptide sequence, so-called leucine-rich
nuclear export signal (NES), which typically harbor four
or five characteristically spaced hydrophobic residues.
The transport directionality is determined by the small
GTPase Ran and Ran-binding proteins that control the
binding and dissociation of cargo. Here we review recent
structural studies that advanced understanding of how
NES is specifically recognized by CRM1 in the nucleus,
and how NES is rapidly dissociated from CRM1 in the
cytoplasm.
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In eukaryotic cells, the transport of macromolecules into
and out of the nucleus is a fundamental and essential cellu-
lar activity that regulates many physiological functions in-
cluding gene expression, signal transduction and cell growth.
The nuclear transport occurs through the nuclear pore com-
plex (NPC), embedded in the nuclear envelope and built
from approximately 30 different proteins collectively termed
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nucleoporins (Nups). In the fully assembled NPC, each Nup
exists in multiple copies (8, 16, or 32) with a total of ap-
proximately 500 Nups per NPC. NPCs pose barriers that
prevent passive diffusion of inert objects > 5nm in diameter!
and yet accommodate active transport of large macromole-
cules’. Most of the active transport pathways through the
NPCs are mediated by multiple families of soluble transport
receptors. The largest class of the nuclear transport recep-
tors is the karyopherin-f3 superfamily of proteins. There are
more than 20 karyopherin-Bs in human cells, and 14 in bud-
ding yeast. The karyopherin-fs can be classified into two
types, importins and exportins, depending on the direction-
ality of transport. Importins carry cargoes to the nucleus,
whereas exportins carry cargoes to the cytoplasm.

Nuclear transport pathways mediated by the karyopherin-
Bs are regulated by the small GTPase protein Ran® Like
other Ras-family GTPases, Ran cycles between GDP- and
GTP-bound states®. The low intrinsic rates of nucleotide
exchange and hydrolysis on Ran are stimulated by specific
factors®. Ran GTPase activity is stimulated by the cytoplas-
mic protein RanGAP, whereas nucleotide exchange is stim-
ulated by the Ran guanine nucleotide exchange factor (GEF)
in the nucleus. Because of the compartmentalized localization
of GAP and GEF, cytoplasmic Ran is primarily in the GDP-
bound state whereas nucleoplasmic Ran is kept primarily in
the GTP-bound state. This RanGDP-RanGTP gradient from
the cytoplasm to the nucleus is an important determinant of
the directionality of nuclear transport® (Fig. 1). In general,
importins bind cargo in the cytoplasm, and release it in the
nucleus upon RanGTP binding. By contrast, exportins bind
cargo in the nucleus in complex with RanGTP, and the ter-
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Figure 1 Nuclear import and export cycles mediated by carrier proteins (importins and exportins) belonging to the karyopherin-f superfamily.
The directionality of the transport is regulated by the RanGDP-RanGTP gradient from the cytoplasm to the nucleus. Importin binds to its cargo in
the cytoplasm and crosses the NPC. Once in the nucleus, RanGTP induces dissociation of cargo from importin. Exportin forms a ternary complex
with its cargo and RanGTP in the nucleus, and this ternary export complex is disassembled in the cytoplasm, where Ran GTPase is activated.
Although not shown in this figure, RanGDP is recycled back to the nucleus by the Ran-specific nuclear import factor NTF2, and then regenerated

with GTP to participate in another transport cycle.

nary export complex (exportin-cargo-RanGTP complex) is
disassembled in the cytoplasm, where Ran GTPase is acti-
vated.

In this review, we focus on recent advances in structural
characterization of a nuclear export pathway mediated by
CRM1 (for a more comprehensive review of structural biol-
ogy of various nuclear transport pathways, the readers are
referred to many excellent reviews*7). CRM1 (Chromosome
Region Maintenance 1) is the most versatile exportin that
carries a plethora of cargo macromolecules from the nucleus
to the cytoplasm®!'. The majority of the export substrates of
CRMI contain a short peptide sequence, so-called leucine-
rich nuclear export signal (NES). The amino acid sequences
of experimentally verified NESs have strong preferences for
the @1-X;-02-X,-D3-X-P4 pattern, where ®Pn represents
Leu, Val, Ile, Phe or Met and X can be any amino acid but
tends to be negatively charged'”. The NES-containing cargo
(NES-cargo) cannot passively diffuse through the NPC, and
it is only when the cargo is complexed with CRM1 that the
cargo can be translocated across the NPC. The translocation
across the NPC appears to be a reversible facilitated diffu-
sive process mediated by weak interactions between CRM 1
and Nups, and it is crucially important that the loading of
NES-cargo occurs in the nucleus and the unloading occurs
in the cytoplasm, in order for the transport to be unidirec-
tional. We describe below recent structural studies that are
revealing how the loading and unloading of cargoes are reg-
ulated in a compartment-specific manner.

Mechanism of NES recognition

The structures of CRM1-cargo complexes with and with-
out RanGTP have recently been elucidated by X-ray crystal-
lography (Fig. 2a)!*'5. CRM1 is a ring-shaped molecule
constructed from a tandem array of 21 HEAT repeats. Each
of the HEAT repeats consists of two antiparallel a-helices
connected by loops of varying length. In general, tandem
stacking of HEAT repeats produces a super-helical struc-
ture, which has a large surface-to-volume ratio and so has
the ability to function as a coordinating scaffold to interact
with a broad range of different substrates'. Another impor-
tant property of the HEAT repeat proteins is that they have
conformational flexibility that can be utilized for the regula-
tion of the interactions with their substrates'”. HEAT repeat
proteins typically wrap around its target proteins inside the
super-helical structure to form a stable complex, but the
outer convex surface can also be used for protein-protein
interactions. The structures of CRM1 bound to three different
NESs invariably showed that the hydrophobic side chains of
NESs fit into five hydrophobic pockets within a narrow
groove formed on the outer convex surface of CRMI
between HEAT repeats 11 and 12. In the CRM1-cargo com-
plexes, the NESs of snurportin and PKI adopt combined o-
helix-loop conformations, whereas the NES of Rev adopts
an entirely loop conformation. Interestingly, the conforma-
tion of the NES-binding cleft in the binary CRM1-RanGTP
complex is essentially identical to that of the various ternary
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Figure 2 Structural basis for cargo binding and release in the CRM1-mediated nuclear export. (a) Crystal structures of CRM1-cargo (snurportin)-
RanGTP complex (PDB code, 3GJX) and CRM1-RanBP1-RanGTP complex (PDB code, 3M11). CRM1 is colored in yellow, except that the
HEAT9 loop and HEAT repeats 11 and 12 (the NES-binding site) are highlighted in magenta and orange, respectively. Ran is colored in cyan, with
its switch I, switch II and the C-terminal extension highlighted in pink, gray and blue, respectively. The cargo (snurportin) is colored in lightgray,
with its NES at the N-terminus highlighted in purple. RanBP1 is colored in green. (b) The movement of the HEAT9 loop, induced by RanBP1 bind-
ing, drives closure of the NES-binding cleft. HEAT repeats 11 and 12 are shown in surface representation. The residues that directly interact with
NES are white, whereas the other residues are yellow. The N-terminal NES of snurportin is shown in purple.

CRMI-cargo-RanGTP complexes'®. This implies that diverse
NESs adapt structurally to fit into a structurally invariant
binding site. The binding site of Leptomycin B (LMB) is
located in this hydrophobic NES-binding cleft, explaining
why LMB is a potent inhibitor of CRM1-mediated nuclear
export®!3. The fact that the cargo-binding site is located on
the outer surface of CRM1 is probably important for CRM1
to carry a broad range of cargoes that vary greatly in size
and shape. RanGTP, on the other hand, binds to the inner
surface of CRM1 at four distinct binding surfaces. CRM1
directly binds to both switch I and switch II loops of Ran,
and this is possible only when both switch loops adopt the
GTP-bound conformation. This accounts for the ability of
CRM1 to discriminate between GTP- and GDP-bound Ran.

An allosteric mechanism to accelerate NES
dissociation

The ternary CRM1-cargo-RanGTP complex is disassem-
bled in the cytoplasm by the combined action of the cyto-
plasmic proteins RanBP1 (or RanBP2) and RanGAP. The
current view of the disassembly mechanism is illustrated in
Figure 3. In essence, recent biochemical studies suggested
that the major pathway of the disassembly reaction occurs
as follows'. First, RanBP1 binds to the CRMI-cargo-
RanGTP complex, causing rapid release of cargo and form-
ing a ternary CRM1-RanBP1-RanGTP complex (the rapid
release of NES accelerated by RanBP1 occurs much faster
than the spontaneous dissociation of NES from CRMI1 and
RanGTP"). RanGAP then acts on the CRMI1-RanBP1-
RanGTP complex and promotes rapid hydrolysis of GTP,
which causes dissociation of RanBP1 from Ran. The free
RanBP1 can then participate in the next round of disassem-
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Figure 3 Disassembly pathways of the CRM1 nuclear export complex in the cytoplasm. Upon translocation across the nuclear pore complex,
CRM-cargo-RanGTP complex would encounter Ran-binding domains (RanBDs) of either freely diffusing RanBP1 as depicted in this figure or
RanBP2 that is a major component of the cytoplasmic fibril of the nuclear pore complex. RanBD rapidly dissociates cargo from CRMI1 and
RanGTP by an active displacement mechanism. RanGAP-mediated GTP hydrolysis terminates the disassembly reaction. Alternatively, the dis-
assembly reaction could proceed without using RanBDs, but RanBD-accelerated dissociation of cargo from CRM1 and RanGTP is much faster
than the spontaneous dissociation of cargo, and so the disassembly pathway using RanBDs is most likely the major pathway of disassembly in the

cytoplasm.

bly. Thus, it has been proposed that RanBP1 functions cata-
lytically in the disassembly reaction.

Recently, a high-resolution crystal structure of yeast
CRM1-RanBP1-RanGTP complex, an intermediate complex
in the disassembly reaction, has been determined (Fig. 2a)".
Importantly, the NES-binding cleft of CRM1 in this disas-
sembly intermediate adopts a closed conformation (Fig. 2b),
suggesting that RanBP1, which binds to a site located away
from the NES-binding site, displaces NES by inducing con-
formational changes of the NES-binding cleft from the open
structure to the closed structure. Comparison of the CRM1-
RanBP1-RanGTP complex with the CRM1-cargo-RanGTP
complex shows that a long [-hairpin loop of CRMI
(referred to as HEAT9 loop because this loop is a linker
connecting the two o-helices of HEAT repeat 9) plays an
important role in the long-range allosteric communication
between the RanBP1- and NES-binding sites. In the NES-
bound state, the HEAT9 loop is located away the NES-
binding site and reaches across the CRM1 ring to interact
with the switch I loop of Ran. In the RanBP1-bound state,
RanBP1 interacts extensively with RanGTP, recruiting the
C-terminal tail of Ran. Because of this, the HEAT9 loop can
no longer bind Ran in this complex, and in turn moves to the
inner surface of HEAT repeats 11 and 12 (immediately
behind the NES-binding cleft), driving rotations and trans-

lations of the a-helices constituting the NES-binding cleft.
This results in closure of the hydrophobic cleft to dissociate
NES (Fig. 2b). Thus, the movement of the HEAT9 loop is
the key for allosteric communication in CRM1. In addition
to the movement of the HEAT9 loop, RanBP1-binding is
also associated with a change in the superhelical path fol-
lowed by HEAT repeats 12-19 of CRM1, which might con-
tribute to stabilize the closed state of the NES-binding cleft.
However, mutational analyses of the HEAT9 loop provided
strong evidence that it is the direct interaction between the
HEATO9 loop and the inner surface behind the NES-binding
site that is vital for the release of cargo®.

How RanGAP acts on the CRM1-RanBP1-RanGTP com-
plex remains an unresolved issue, but in the CRM1-RanBP1-
RanGTP complex, the surface area of Ran directly contact-
ing CRM1 is significantly reduced compared to CRMI1-
cargo-RanGTP complexes. This indicates that the binding of
RanBP1 would facilitate dissociation of RanGTP from
CRM1 and formation of RanGAP-RanGTP-RanBP1 com-
plex. The crystal structure of the RanGAP-RanGTP-RanBP1
transition state complex suggests that RanGAP activates the
GTPase by orientating catalytic glutamine in the switch II
loop of Ran for activation of a water molecule that attacks
the y-phosphate of GTP¥. The RanGAP-mediated GTP
hydrolysis makes the disassembly reaction irreversible, and



also provides the driving force for the active transport across
the NPC, allowing accumulation of cargo against concentra-
tion gradient.

An autoinhibition hypothesis

In the CRM1-RanBP1-RanGTP complex, the closed con-
formation of the NES-binding cleft is stabilized by intra-
molecular interactions in CRMI1, namely the interactions
between the HEAT9 loop and the inner surface of HEAT
repeats 11 and 12. This indicates that the HEAT9 loop has
an autoinhibitory function to inhibit cargo-binding in the
absence of RanGTP, and that RanBP1 exploits the auto-
inhibitory function of the HEAT9 loop to accelerate NES
release!. Mutational analyses provided strong support for
this autoinhibition hypothesis'®. However, this is probably
not the complete story of autoinhibition. Interestingly, in the
binary CRM1-snurportin complex, the C-terminal a-helix
of CRM1 adopts dramatically different conformation com-
pared to the ternary export complex, and lies across the cen-
tral cavity of CRM1 ring with its C-terminus located close
to the NES-binding site'®. This indicates that the C-terminus
of CRM1 might regulate the affinity of NES in a RanGTP-
sensitive manner. Indeed, mutagenesis studies showed that
the C-terminus of CRM1 is required for inhibition of cargo
binding in the absence of RanGTP?"“*2, The structure deter-
mination of unliganded CRM1 at high resolution is eagerly
awaited to elucidate the precise mechanism of autoinhibi-
tion that renders CRM1 incapable of NES-binding in the
absence of RanGTP.

Outlook

The determination of X-ray crystal structures of the CRM1
nuclear export complex and its disassembly intermediate
was a significant advance and provided rich insights into the
mechanism of cargo binding and release, which is crucial
for transport directionality. Nevertheless, the inferences
drawn from comparison of the crystal structures need to be
corroborated by experimental observation of dynamic
motions of CRM1 relevant to allosteric regulation. We also
need to have complete description of the thermodynamics
and kinetics of the nuclear export reaction. Another major
remaining challenge in this field is the elucidation of the
NPC passage mechanism, that is, the precise mechanism of
how nuclear transport receptors such as CRM1 overcome
the permeability barrier at the NPC. Recent advances in
structural characterization of the NPC? and development of
experimental systems to analyze the formation of the pas-
sive permeability barrier at the NPC?* have been impressive,
and form a firm foundation to decipher the enigmatic mech-
anism of NPC passage.
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