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Internal membrane bound structures sequester all genetic material in eukaryotic cells. The
most prominent of these structures is the nucleus, which is bounded by a double membrane
termed the nuclear envelope (NE). Though this NE separates the nucleoplasm and genetic
material within the nucleus from the surrounding cytoplasm, it is studded throughout with
portals called nuclear pore complexes (NPCs). The NPC is a highly selective, bidirectional
transporter for a tremendous range of protein and ribonucleoprotein cargoes. All the while
the NPC must prevent the passage of nonspecific macromolecules, yet allow the free diffu-
sion of water, sugars, and ions. These many types of nuclear transport are regulated at mul-
tiple stages, and the NPC carries binding sites for many of the proteins that modulate and
modify the cargoes as they pass across the NE. Assembly, maintenance, and repair of the
NPC must somehow occur while maintaining the integrity of the NE. Finally, the NPC
appears to be an anchor for localization of many nuclear processes, including gene acti-
vation and cell cycle regulation. All these requirements demonstrate the complex design
of the NPC and the integral role it plays in key cellular processes.

Taxonomically speaking, all life on earth falls
into one of two fundamental groups, the

prokaryotes and the eukaryotes. The prokar-
yotes, the first group to evolve, are single cell
organisms bounded by a single membrane.
About 1.5 billion years later, a series of evo-
lutionary innovations led to the emergence
of eukaryotes. Eukaryotes have multiple inner
membrane structures that allow for compart-
mentalization within the cell, and therefore dif-
ferentiation of the cell and regulation within it.
Ultimately, the greater cellular complexity of

eukaryotes allowed them to adopt a multicel-
lular lifestyle, as seen in the plants, fungi and
animals of today (reviewed in Field and Dacks
2009).

Internal membrane bound structures se-
quester all genetic material in eukaryotic cells.
The most prominent of these structures, which
gives the eukaryotes their Greek-rooted name, is
the nucleus—the central “kernel” (gr. “karyo-”)
of the cell. The nucleus is bounded by a double
membrane termed the nuclear envelope (NE),
which separates the nucleoplasm and genetic
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material from the surrounding cytoplasm.
However the genetic material in the nucleus is
not totally isolated from the rest of the cell.
Studded throughout the NE are portals called
nuclear pore complexes (NPCs). The NPC is a
highly selective, bidirectional transporter for a
tremendous range of cargoes. Going into the
nucleus, these cargoes include inner nuclear
membrane proteins and all the proteins in the
nucleoplasm. Going out are RNA-associated
proteins that are assembled into ribosomal sub-
units or messenger ribonucleoproteins (mRNPs).
Once transported, the NPC must ensure these
cargos are retained in their respective nuclear
and cytoplasmic compartments. All the while
the NPC must prevent the passage of nonspe-
cific macromolecules, yet allow the free diffu-
sion of water, sugars, and ions. These many
types of nuclear transport are regulated at mul-
tiple stages, providing a powerful extra level of
cellular control that is not necessary in prokar-
yotes. Assembly, maintenance, and repair of
the NPC must somehow occur while maintain-
ing the integrity of the NE. Finally, the NPC ap-
pears to be an anchor for localization of many
nuclear processes, including gene activation
and cell cycle regulation (reviewed in Ahmed
and Brickner 2007; Hetzer and Wente 2009).
All these requirements demonstrate the com-
plex design of the NPC and the integral role it
plays in key cellular processes.

STRUCTURE OF THE NPC: SET UP OF THE
MACHINE

The specifications of the NPC’s transport mac-
hinery represent a huge engineering challenge
for evolution. No transitional forms of this elab-
orate transport system have yet been found in
modern day organisms to reveal how it evolved.
However, recent clues show that the NPC itself
retains in its core a fossil of its ancient origins,
indicating that the same mechanism that gen-
erated the internal membranes of eukaryotes
might also have been responsible for the NPCs
and the transport machinery.

In the electron microscope, the NPC ap-
pears as a complex cylindrical structure with
strong octagonal symmetry, measuring some

100–150 nm in diameter and 50–70 nm in
thickness depending on the organism (reviewed
in Wente 2000; Lim et al. 2008). This overall ap-
pearance seems broadly conserved throughout
all eukaryotes. The two membranes of the NE,
the outer and inner membranes, join only in a
specialized, sharply curved piece of “pore
membrane” that forms a grommet in the NE
within which the NPC sits. Within each NPC
is a core structure containing eight spokes
surrounding a central tube. This central hole
(�30 nm diameter and �50 nm long) is where
the nucleoplasm connects to the cytoplasm
and where macromolecular exchange occurs.
Peripheral filaments are attached to the core,
filling the central hole as well as emanating
into the nucleoplasm and cytoplasm. These fil-
aments form a basket-like structure on the
nuclear side of the NPC (Fig. 1).

One can envision the NPC as being com-
prised of layers of interacting proteins, starting
with the core structure, moving outwards
through its peripheral filaments, and then to
associating clouds of soluble transport factors
and peripherally associating protein complexes
in the nucleus and cytoplasm (Rout and Aitch-
ison 2001). These protein interactions can oc-
cur on radically different time scales. Some
proteins form relatively permanent associations
with the core structure, and so are termed nu-
clear pore complex components or “nucleo-
porins” (“Nups”). Other proteins associate
transiently with the NPC, either constantly
cycling on and off or attaching only at particular
times in the cell’s life cycle. The NPC is covered
in binding sites for these transiently associating
proteins. Because the NPC is neither a motor
nor an enzyme, the interactions provided by
its binding sites wholly define the function of
the NPC.

Recent work, mainly in the yeast Saccharo-
myces cerevisiae and in vertebrates, has begun
to elucidate the molecular architecture of
the NPC (Rout et al. 2000; Cronshaw et al.
2002; Alber et al. 2007b). Given its large size,
the main body of the NPC comprises a surpris-
ingly small number of �30 unique proteins
(Table 1). However, because of the NPC’s eight-
fold symmetry, these Nups are each present in
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multiple copies (usually 16 per NPC) resulting
in around 400 polypeptides for each NPC in
every eukaryote (Rout et al. 2000; Cronshaw
et al. 2002; DeGrasse et al. 2009). Further redun-
dancy is evident from the recent mapping of the
yeast NPC. Indeed, the NPC’s structure is mod-
ular, consisting of a few highly repetitive protein
fold types (Devos et al. 2006; Alber et al. 2007b;
DeGrasse et al. 2009). This suggests that the
bulk of the NPC’s structure has evolved through
multiple duplications of a small precursor set of
genes encoding just a handful of progenitor
Nups.

To understand its evolutionary origins, the
NPC of the highly divergent Trypanosoma was
recently characterized (DeGrasse et al. 2009).
Despite significant divergence in primary struc-
ture, the Trypanosome NPC consists mainly of
the motifs and domains found in vertebrate
and yeast NPCs, indicating on a molecular
level that the basic structural components of
the NPC are conserved across all eukaryotes.
Importantly, this also strongly implies that the
last common eukaryotic ancestor had many fea-
tures in common with contemporary NPCs,
and perhaps provided a key adaptive advantage
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Figure 1. Major structural features of the NPC (based on the architectural map of Alber et al. (2007b); see Table 1
and main text for details).

Table 1. Nucleoporin homologs of yeast and vertebrates

NPC substructure Yeast components Vertebrate components

Outer Ring Nup84 subcomplex (Nup84,
Nup85, Nup120, Nup133,
Nup145C, Sec13, Seh1)

Nup107-160 complex (Nup160,
Nup133, Nup107, Nup96, Nup75,
Seh1, Sec13, Aladin, Nup43, Nup37)

Inner Ring Nup170 subcomplex (Nup170,
Nup157, Nup188, Nup192,
Nup59, Nup53)

Nup155 subcomplex (Nup155, Nup205,
Nup188, Nup35)

Cytoplasmic FG Nups
and Filaments

Nup159, Nup42 Nup358, Nup214, Nlp1

Lumenal Ring Ndc1, Pom152, Pom34 Gp210, Ndc1, Pom121
Symmetric FG Nups Nsp1, Nup57, Nup49, Nup145N,

Nup116, Nup100
Nup62, Nup58/45, Nup54, Nup98

Linker Nups Nup82, Nic96 Nup88, Nup93
Nucleoplasmic FG Nups

and Filaments
Nup1, Nup60, Mlp1, Mlp2 Nup153, Tpr
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for this organism that has been retained, little
changed, ever since.

The structural proteins making up the bulk
of the spokes and rings give the NPC its shape
and strength (Fig. 1). These core proteins of the
NPC also maintain the stability of the nuclear
envelope and facilitate the bending of the pore
membrane into the inner and outer NE mem-
branes. The most equatorial rings, termed the
inner rings, are comprised of the Nup170 com-
plex (yeast) or Nup155 complex (vertebrates)
(Aitchison et al. 1995; Grandi et al. 1997; Miller
et al. 2000) (Fig. 1). The inner rings are sand-
wiched between the outer rings, which are com-
prised of the Nup84 complex (yeast) or Nup107
complex (vertebrates) (Table 1) (Siniossoglou
et al. 1996; Fontoura et al. 1999; Siniossoglou
et al. 2000; Belgareh et al. 2001; Vasu et al.
2001). Together, these Nup complexes form a
scaffold that hugs the curved surface of the pore
membrane and helps form the central tube
through which macromolecular exchange oc-
curs (Alber et al. 2007a; Alber et al. 2007b).

Nups in the core scaffold represent roughly
half the mass of the whole NPC and are com-
posed almost entirely of either b-propeller
folds, a-solenoid folds, or a distinct arrange-
ment of both in an amino-terminal b-propeller
followed by a carboxy-terminal a-solenoid fold.
The core scaffold of all eukaryotes appears
to retain this basic fold composition (Devos
et al. 2004; Devos et al. 2006; DeGrasse et al.
2009). Strikingly, there are similarities between
the structures of the core NPC scaffold curving
around the pore membrane and other mem-
brane-associated complexes such as clathrin/
adaptin, COPI, and COPII (Fig. 1) (Devos et al.
2004; Devos et al. 2006). Clathrin/adaptin is
involved in coat-mediated endocytosis at the
plasma membrane, and COPI and COPII are
responsible for coat-mediated vesicular trans-
port between the plasma membrane and endo-
membrane systems such as the Golgi and ER.
Indeed, the similarities between core scaffold
Nups and coating complexes have been borne
out in numerous crystallographic studies (Berke
et al. 2004; Hsia et al. 2007; Brohawn et al. 2008;
Debler et al. 2008; Brohawn et al. 2009; Leksa
et al. 2009; Seo et al. 2009; Whittle and Schwartz

2009), although nearly 2 billion years of evolu-
tion have made it difficult at first glance to rec-
ognize the common origin of these two groups.
However, their common b-propeller and helix-
turn-helix repeat structure is still unmistakable
(Brohawn et al. 2008; Field and Dacks 2009).
In NPCs the “coat” comprises the core scaffold
of the NPC, where—analogous to the curved
membrane of a vesicle being stabilized by a
COP or clathrin coat—it stabilizes the curved
pore membrane. These similarities also give a
tantalizing glimpse into the deep evolutionary
origins of eukaryotes. It seems early proto-
eukaryotes distinguished themselves from their
prokaryotes by acquiring a membrane-curving
protein module, the “proto-coatomer” (likely
composed of a simple b-propeller/a-solenoid
protein), that allowed them to mold their
plasma membranes into internal compartments.
Modern eukaryotes diversified this module into
many specialized membrane coating complexes,
accounting for the evolution of their internal
membrane systems (Devos et al. 2004; Devos
et al. 2006).

The framework of the NPC serves two
key transport purposes: to form a barrier of
defined permeability within the pore, and to
facilitate transport of selected macromolecules
across it. Both processes are dependent on the
correct positioning of critical Nups in the NPC
architecture (Radu et al. 1995; Strawn et al.
2004; Liu and Stewart 2005). Attached to the
inside face of the NPC core scaffold, facing the
central tube’s cavity, are groups of nucleoporins
termed “linker nucleoporins” (Fig. 1). Together
with the inner ring, these seem to form most of
the attachment sites for a last set of nucleop-
orins, termed “FG Nups” (Alber et al. 2007b).
These FG Nups, named for their phenylala-
nine-glycine repeats, are the direct mediators
of nucleocytoplasmic transport (Radu et al.
1995; Strawn et al. 2004; Liu and Stewart 2005)
(see the following section).

The core NPC scaffold is connected to a set
of integral membrane proteins, which form an
outer luminal ring in the NE lumen and anchor
the NPC into the NE (Nehrbass et al. 1996;
Alber et al. 2007a; Alber et al. 2007b) (Fig. 1).
Oddly, the membrane nucleoporins seem poorly
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conserved—if at all—across the eukaryotes. The
fact that all the currently known pore mem-
brane proteins in Aspergillus nidulans can seem-
ingly be dispensed with for NPC function and
assembly might indicate that there are not st-
rong pressures for their conservation, and that
there are other membrane proteins that can
serve the role (Liu et al. 2009). This fact also
sets up a quandary—if most or all of the NPC’s
presumed membrane anchors are dispensible,
how then is the NPC reliably anchored to the
membrane? Several groups are seeking the an-
swer to this question (Hetzer and Wente 2009).

OPERATION OF THE MACHINE: THE
SOLUBLE PHASE

Understanding the transport machine requires
resolving both its barrier and binding activities.
How the NPC machine balances both of these
selective functions has been a challenging mys-
tery. Studies of fluorescently labeled sized dex-
trans or gold particles microinjected into cells
(Feldherr and Akin 1997; Keminer and Peters
1999) have defined the practical permeability
limits of the NPC, showing that under physio-
logical time scales, macromolecules greater than
40 kDa in size do not show any measureable
redistribution between the nucleus and cyto-
plasm and thus, no movement through the
NPC. Conversely, metal ions, small metabolites,
and molecules less than �40 kDa in mass or �5
nm in diameter can pass relatively freely. NPC
permeability is altered in several yeast nup
mutants, pinpointing NPC structural elements,
including core scaffold components, that are
critical to the assembly or maintenance of this
barrier (Shulga et al. 2000; Denning et al. 2001;
Shulga and Goldfarb 2003; Strawn et al. 2004;
Patel et al. 2007). Larger macromolecules over-
come this permeability barrier by interacting
either directly with the NPC themselves or
through soluble transport factors. These macro-
molecules account for a tremendous variety of
cargo including proteins, tRNAs, ribosomal
subunits, and viral particles (reviewed in Mac-
ara 2001). Overall, the NPC is capable of trans-
porting cargo up to 39 nm in diameter. This is
on par with the size of the ribosomal subunits

and viral capsids that are known to move as
intact complexes (Pante and Kann 2002). Mac-
romolecules larger than this can still be trans-
located across the NPC, including mRNPs
(mRNAs coated with RNA-binding proteins)
with masses reaching several hundred thousand
daltons. EM images of Balbiani ring mRNP
particles associated with the NPC show the
posttranscriptional �50 nm mRNA–protein
particles to rearrange into rodlike structures, de-
creasing their maximum diameter to �25 nm
(Mehlin et al. 1992). Thus, cargoes above a limit-
ing diameter must rearrange to pass through the
selective barrier of the NPC (Daneholt 2001).

A transport signal and a shuttling receptor
for that transport signal are the minimal require-
ments for any facilitated translocation (reviewed
in Mattaj and Englmeier 1998; Pemberton and
Paschal 2005). The targeting of proteins into
or out of the nucleus requires specific amino
acid sequence spans, termed nuclear local-
ization sequences (NLSs) or nuclear export
sequences (NESs). All the information required
to target a protein to the nucleus is within these
short sequences. In fact, fusion of an NLS to a
nonnuclear protein is sufficient to mediate its
transport and import to the nucleus (Goldfarb
et al. 1986). For proteins, there are many distinct
types of NLSs and NESs. For example, the clas-
sical NLS (cNLS) is the simple five amino acid
peptide KKKRK, necessary and sufficient for
targeting its attached protein to the nucleus
(Goldfarb et al. 1986), whereas many proteins
carry a more complex “bipartite” NLS con-
sisting of two clusters of basic amino acids, sep-
arated by a spacer of roughly 10 amino acids
(Dingwall et al. 1988). However, the full spec-
trum of sequences recognized by each transport
receptor has not yet been carefully and fully
defined. The most in depth analysis of NLS
structural recognition by a transport receptor
and extrapolation to predicting cargoes on a
broader genome level has only been reported for
one transport receptor (Lee et al. 2006). The key
parameters defining an NLS or NES include
critical tests for necessity and sufficiency in
the endogenous protein. Importantly, some
proteins undergo dynamic cycles of nuclear
import and export and harbor both NLSs and
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NESs. This can increase the complexity of iden-
tifying the signals. Moreover, the recognition
and accessibility of the signals can be controlled
by signaling, cell cycle, and developmental
events (reviewed in Weis 2003; Terry et al. 2007).

During NPC translocation, soluble trans-
port factors are required to either bring cargo
to the NPC or modulate cargo translocation
across the NPC. Most of these soluble transport
factors come from the family of proteins known

as the karyopherins (Table 2). The karyopherins
(also called importins, exportins, and tranpor-
tins) were the first family of shuttling transport
factors discovered. Fourteen karyopherin family
members are found in Saccharomyces cerevisiae
whereas at least 20 have been found in metazo-
ans (reviewed in Fried and Kutay 2003; Pember-
ton and Paschal 2005). Most karyopherins bind
their cargoes directly. However, in some cases
an adaptor protein is needed in addition to the

Table 2. Karyopherin transport factors of yeast and vertebrates�

S. cerevisiae

Karyopherins

Vertebrate

Karyopherins Examples of Cargo(s): (v) –vertebrate, (sc) – S. cerevisiae

Kap95 Importin-b1 Imports via sc-Kap60/v-importin-a adaptor proteins
with cNLS; Imports via v-Snurportin the UsnRNPs;
with no adaptor, imports v-cargo SREBP-2, HIV Rev,
HIV TAT, cyclin B

Kap104 Transportin or
Transportin 2

Imports sc-cargo – Nab2, Hrp1; v-cargo – PY-NLS
proteins, mRNA-binding proteins, histones, ribosomal
proteins

Kap108/Sxm1 Importin 8 Imports sc-cargo – Lhp1, ribosomal proteins; v-cargo –
SRP19, Smad

Kap109/Cse1 CAS Imports sc-cargo – Kap60/Srp1; v-cargo – importin as
Kap111/Mtr10 Transportin SR1 or SR2 Imports sc-cargo – Npl3, tRNAs; v-cargo – SR proteins,

HuR
Kap114 Importin 9 Imports sc-cargo – TBP, histones, Nap1, Sua7; v-cargo –

histones, ribosomal proteins
Kap119/Nmd5 Importin 7 Imports sc-cargo – Hog1, Crz1, Dst1, ribosomal proteins,

histones; v-cargo – Smad, ERK, GR, ribosomal
proteins

Kap120 HsRanBP11 Imports sc-cargo – Rpf1
Kap121/Pse1 Importin 5/Importin

b3/RanBP5
Imports sc-cargo – Yra1, Spo12, Ste12, Yap1, Pho4,

histones, ribosomal proteins; v-cargo – histones,
ribosomal proteins

Kap122/Pdr6 - Imports sc-cargo – Toa1 and Toa2, TFIIA
Kap123 Importin 4 Imports sc-cargo – SRP proteins, histones, ribosomal

proteins; v-cargo - Transition Protein 2, histones,
ribosomal protein S3a

Kap127/Los1 Exportin-t Exports tRNAs
Kap142/Msn5 Exportin 5 sc-cargo – imports replication protein A; exports Pho4,

Crz1, Cdh1; v-cargo - exports pre-miRNA
Importin 13 v-cargo – imports UBC9, Y14; exports eIF1A

Crm1/Xpo1 CRM1/Exportin 1 Exports proteins with leucine-rich NES, 60S ribosomal
subunits (via NMD3 adaptor), 40S ribosomal
subunits

— Exportin 4 v-cargo – imports SOX2, SRY; exports Smad3, eIF5A
— Exportin 6 Exports profilin, actin
— Exportin 7/RanBP16 Exports p50-RhoGAP
�Based on references cited within and adapted from Tran et al. 2007a and DeGrasse et al. 2009.
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karyopherin to recognize signals. Not only do
karyopherins have a cargo-binding domain,
they also have an NPC-binding domain(s) as
well as a binding domain at the amino-terminus
for the small Ras-like GTPase Ran (see the fol-
lowing paragraph) (reviewed in Macara 2001;
Harel and Forbes 2004). Overall, karyopherin
family members share only modest sequence
homology, with the greatest similarity being
withintheirRan-bindingdomains(Gorlichetal.
1997). However, a hallmark architecture within
the karyopherins, as determined by recent high-
resolution structural studies, is the tandem
HEAT-repeat fold formed by antiparallel heli-
ces connected by a short turn (reviewed in Conti
and Izaurralde 2001). The HEAT-repeats ar-
range to form a superhelical structure, similar
to a snail’s shell. This folding is reminiscent of
the helix-turn-helix repeats found in the NPC’s
core scaffold proteins. This similarity raises
the intriguing possibility that karyopherins di-
verged from a common structure involved in
both stationary and soluble phases of transport.

The association and dissociation of a karyo-
pherin-cargo complex is regulated by direct
binding of the small GTPase Ran (Fig. 2)
(reviewed in Fried and Kutay 2003; Madrid
and Weis 2006; Cook et al. 2007). In vitro bind-
ing studies show that import complexes are
dissociated by RanGTP binding. Conversely,
export complexes are formed via RanGTP
association (Rexach and Blobel 1995; Floer and
Blobel 1996; Chi and Adam 1997; Floer et al.
1997; Kutay et al. 1997a; Kutay et al. 1997b;
Nakielny et al. 1999). Based on the localizations
of the Ran GTPase activating protein (RanGAP)
in the cytoplasm and the Ran guanine nucleo-
tide exchange factor (RanGEF) in the nucleo-
plasm, cytoplasmic Ran is primarily in the
GDP-bound state whereas nucleoplasmic Ran is
kept primarily in the GTP-bound state (Fig. 2).
The gradient formed from these localizations
has been elegantly demonstrated by imaging
fluorescence resonance energy transfer-based
biosensors (Kalab et al. 2002). The RanGTP gra-
dient across the two faces of the NPC is essential
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Figure 2. The nuclear transport cycle for karyopherins and their cargos. See main text for details.
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for establishing the directionality of karyophe-
rin-mediated transport.

The pathway for karyopherin-mediated tra-
nslocation is well described (reviewed in Weis
2003; Terry et al. 2007) (Fig. 2). For import,
a specific karyopherin recognizes its cognate
cargo in the cytoplasm where RanGTP levels
are low. The karyopherin mediates the binding
of the import complex to the NPC and facili-
tates translocation through the NPC. Once the
complex moves through the NPC, release and
dissociation of the karyopherin-cargo complex
are stimulated by RanGTP in the nucleus. The
karyopherin bound to RanGTP is then recycled
back to the cytoplasm. Finally, GTP hydrolysis
of Ran on the cytoplasmic side frees the karyo-
pherin to interact with a second cargo molecule
for further cycles of transport. Overall, Ran
decreases the affinity of the karyopherin for its
cargo (reviewed in Macara 2001; Cook et al.
2007). For export complexes, an analogous pro-
cess occurs, but in this case, RanGTP binding
increases the affinity of the karyopherin b for
the export cargo. For example, for the exporting
karyopherin Crm1 and an export cargo SPN1
(snurportin 1 adaptor for UsnRNPs), the
Crm1 affinities for RanGTP and SPN1 in
the ternary RanGTP-Crm1-SPN1 complex are
increased �1000-fold (Paraskeva et al. 1999;
Monecke et al. 2009). Actual movement thr-
ough the NPC does not require energy input.
The Ran affinity switches provide the energy
for efficient cargo delivery and release. The
only possible exception to this rule involves
the import of large cargoes, where the presence
of Ran and hydrolyzable GTP may be required
for the import of cargoes .500 kDa in vitro
(Lyman et al. 2002). It was also originally
thought that an individual karyopherin was
adapted for either import or export, but not
both. However, there are now documented ex-
amples of karyopherins functioning in both im-
port and export, although with different cargoes
in each direction (Yoshida and Blobel 2001).

In addition to protein import and export,
karyopherins can also transport RNAs. For ex-
ample, the karyopherins Crm1 and exportin-t
mediate the export of uridine-rich small nu-
clear RNAs (U snRNAs) and tRNAs, respectively

(Simos et al. 2002; Rodriguez 2004). Transport
is accomplished via direct binding of karyo-
pherins to RNA or to signal sequences within
the protein components of the RNP complexes.
For example, Crm1 does not bind UsnRNAs
directly and requires the adaptor PHAX that
binds the cap-complex on the RNA (Ohno
et al. 2000). However, exportin-t directly inter-
acts with tRNAs (Arts et al. 1998; Hellmuth
et al. 1998; Kutay et al. 1998; Lipowsky et al.
1999).

Karyopherins are also involved in the export
of some viral RNAs, including their mRNAs
(Carmody and Wente 2009). However, the
primary mRNP export transport receptor is
a nonkaryopherin designated Mex67 in yeast
and NXF1 in metazoans, which heterodimer-
izes with a protein termed respectively Mtr2
or p15/Nxt1 (Erkmann and Kutay 2004).
Even though Mex67 is unrelated in sequence
and structure to the karyopherin family, it has
all the requirements of a transport receptor:
cargo binding, nucleocytoplasmic shuttling,
and NPC-binding. The stoichiometry of the
Mex67-Mtr2 heterodimer per transported
mRNP is unknown; Mex67-Mtr2 either is re-
cruited directly to the mRNA or interacts
cotranscriptionally with proteins of the mRNP
assembly (Erkmann and Kutay 2004; Carmody
and Wente 2009). Like karyopherins, Mex67-
Mtr2 heterodimers bind directly to FG Nups,
although it seems they prefer different subsets
of FG Nups to their karyopherin counterparts,
which might reflect how the karyopherin medi-
ated transport pathways and mRNPexport path-
ways are kept apart at the NPC (Strawn et al.
2001; Terry et al. 2007; Terry and Wente 2007).

As mRNP is a major source of traffic across
the NPC, it is interesting that most of this tran-
sit is facilitated by non-karyopherin carriers.
Because Ran is not utilized to establish a gra-
dient, directionality in the mRNA export path-
way is conferred by proteins that modify the
mRNPs as they cross the NPC. Chief among
these is the protein Dbp5. Dbp5 is a member
of the SF2 helicase superfamily of RNA-
dependent ATPases (Snay-Hodge et al. 1998;
Tseng et al. 1998) and carries a DEAD/H-box
sequence motif. Such DEAD-box proteins are
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involved in the alteration of RNA structure,
such as the facilitation of RNA duplex for-
mation and unwinding or aiding the association
and dissociation of RNA-binding proteins
(Jankowsky et al. 2001; Fairman et al. 2004;
Yang and Jankowsky 2006). Much like the
GDP/GTP triggered switches for Ran, DEAD-
box proteins potentially use ADP/ATP for
nucleotide-dependent conformational switches
(Henn et al. 2002; Tran et al. 2007b; Henn et al.
2008; Fan et al. 2009). Dbp5 ATPase activity
is activated by Gle1, a protein that exchanges
between the nucleus and cytoplasm with a
docking site on the cytoplasmic filaments of
the NPC (Cole and Scarcelli 2006). Gle1 activa-
tion of Dbp5 in turn requires the soluble
molecule inositol hexakisphosphate (IP6) to
increase the binding affinity of Dbp5 to RNA
(Alcazar-Roman et al. 2006; Weirich et al.
2006). This raises the possibility that IP6 is
acting as a signaling molecule to somehow reg-
ulate the mRNA export machinery (York et al.
1999). The Dbp5 on the cytoplasmic side of
the NPC triggers the release of mRNP proteins
such as Mex67 and Nab2, effectively remodel-
ing the mRNP protein composition as they
exit the NPC as well as imparting directionality
to mRNP transport (Tran et al. 2007b). There
also seems to be a checkpoint at the NPC basket,
to ensure that mRNAs have been correctly
spliced and packaged into mRNPs immediately
before export. SUMO is a ubiquitin-like mole-
cule that can be attached to proteins as a signal
or modulator of their function. The SUMO
protease, Ulp1, is retained at the NPC via its
interaction with the nuclear basket component
Mlp/Tpr, and it has been suggested that su-
moylation of mRNPs acts to signal that they
are correctly assembled. Conversely, the desu-
moylation of incorrectly spliced mRNPs at the
nuclear basket prevents their export and instead
targets them for degradation (Lewis et al. 2007;
Xu et al. 2008).

Other nonkaryopherin carriers for NPC
translocation exist with the same capacity to
dock at various NPC sites via the FG Nups.
Ntf2/p10 is a carrier for RanGDP importing
Ran to the nucleus. Ntf2/p10 also uses the
localization of RanGEF in the nucleus to create

a differential affinity for RanGDP versus
RanGTP (reviewed in Pemberton and Paschal
2005; Cook et al. 2007). There are also some
proteins with karyopherin-like HEAT-repeats
that require no receptor and translocate inde-
pendently of a carrier. The driving force for
their accumulation in the nucleus is their af-
finity for binding targets in the nucleoplasm
(Fagotto et al. 1998).

Perhaps the most abundant nuclear trans-
port cargos in many cells are the 60S and 40S
ribosomal subunits, on the way from synthesis
in the nucleolus to form mature ribosomes in
the cytoplasm. Export of ribosomal subunits
is still poorly understood, and it seems that
unlike the case of a single karyopherin bound
to each protein cargo molecule as described
earlier, several transport receptors must chaper-
one each ribosomal subunit across the NPC.
The earliest identified ribosomal exporter
was Crm1 (Fornerod et al. 1997; Fukuda et al.
1997; Stade et al. 1997). For export of the 60S
subunit, the NES is provided by the export
adaptor Nmd3 (Johnson et al. 2002). Nmd3
binds reversibly to the 60S subunit while the
latter is being assembled in the nucleus. After
export into the cytoplasm, a GTPase called
Lsg1 appears to mediate the release of Nmd3
from the 60S ribosomal subunit (Zemp and
Kutay 2007). In yeast the Mex67-Mtr2 hetero-
dimer has also been suggested to serve as an
export receptor for the 60S subunit (Yao et al.
2007). Although more karyopherin-like pro-
teins have recently been identified that play a
role in ribosomal export (Oeffinger et al. 2004),
other nonkaryopherin receptors like Arx1 have
been found, though Arx1 still interacts with
the same NPC docking sites as karyopherins
(Bradatsch et al. 2007). Why might so many
transport factors be required to ferry the riboso-
mal subunits out of the nucleus? One reason
might be explained by the analogy of maneuver-
ing ships out of the harbor. One tugboat is all
that is required to move a small barge quickly
and efficiently, but on its own does not have
the power to move an ocean liner, which instead
needs many tugboats together to take it safely
out of harbor. Similarly, as the efficiency of pas-
sage through the NPC decreases with cargo size
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(see the preceding section) but increases with
binding strength to FG Nups (see the following
section), many transport factors are needed to
carry large cargos across the NPC. Regardless,
the fundamental mechanism for transport in all
these cases of different carriers is still dependent
on the same features of the NPC machine.

OPERATION OF THE NPC: THE “FG”
TRANSLOCATION MACHINERY

Although the cargo binding mechanisms of the
transport factors discussed earlier vary, almost
all binding sites with the NPC are found in
the same class of Nups. These Nups are collec-
tively termed FG Nups because they contain
“FG repeat regions.” The NPC core framework
provides the correct positioning of these FG
Nups so that they flank and fill the central
tube. Approximately a third of all Nups contain
FG repeat regions, which consist of multiple
small hydrophobic clusters containing an FG
(Phe-Gly) dipeptide (usually FG, FXFG, or
GLFG) separated by �20–70 residue hydro-
philic linkers (reviewed in Rout and Wente
1994; Allen et al. 2001; Tran and Wente 2006).
Binding of these repeats is cooperative, with
two to four repeats associating with each trans-
port factor molecule (Bayliss et al. 2002; Grant
et al. 2003; Isgro and Schulten 2005; Liu and
Stewart 2005). With 5–50 repeats per FG Nup
and �200 FG Nups per NPC, there is a potential
for .1000 transport factor binding sites per
NPC. Imaging of the trajectories of a single
translocating molecule through the NPC is con-
sistent with movement between multiple bind-
ing sites (presumably the many FG repeats)
within the NPC (Yang et al. 2004; Kubitscheck
et al. 2005; Yang and Musser 2006). FG repeat
regions are natively disordered and having no
secondary structure they instead form filaments
that can diffusively writhe around their attach-
ment sites at the NPC. Although some will be
diffuse random coils, others may have enough
internal cohesion to form more compact “mol-
ten globules” (Denning et al. 2003; Lim et al.
2006; Patel et al. 2007; Krishnan et al. 2008).
By forming a dense meshwork in and around
the central tube, the FG repeats appear to set

up an entropic potential that excludes macro-
molecules from their vicinity, while permitting
the approach of small molecules such as water
and nucleotides (Lim et al. 2006). However,
karyopherins overcome this barrier as they
bind FG Nups and, passing from FG Nup to FG
Nup, diffuse readily through the NPC. Indeed,
this model is supported by the fact that a simple
device with similar properties—a nanotube
coated with FG Nups—replicated many of the
features of nuclear transport (Jovanovic-Talis-
man et al. 2009). In terms of the Gibb’s free
energy required to cross the NPC, the enthalpy
for binding the FG Nups cancels out the entropic
barrier of the central tube region, flattening the
energy landscape and thus lowering the activa-
tion energy of translocation across the NE.
This is analogous to how an enzyme or catalyst
lowers the activation energy of the transition
state permitting a substrate to convert to prod-
uct. This concept has been termed “virtual gat-
ing” (Rout et al. 2000; Rout et al. 2003).

Nevertheless, despite much work over the
last few years, how exactly this gating works
at the molecular level remains unclear and
several models have attempted to explain it.
One possibility is that the natively unfolded
FG Nups could act as a “polymer brush” where
rapid diffusion-driven movements of their
unfolded domains would sweep away macro-
molecules from their vicinity. Although a
central tube filled with such brushes would ex-
clude nonbinding macromolecules, transport
factors would overcome this exclusion by bind-
ing to the FG repeats and so pass through the
NPC (Rout et al. 2000; Rout et al. 2003; Lim
et al. 2006). In another model, regions of FG
repeats may collapse upon binding transport
factors, as indicated by atomic force microscopy
data (Lim et al. 2007a; Lim et al. 2007b). As they
pass through the central tube, transport factors
would open up their own passageway through
the meshwork of FG repeats. A different view
is provided by the “saturated” model (Frey et al.
2006; Frey and Gorlich 2007), originally the
“hydrophobic gel” model (Ribbeck and Gorlich
2002). Here it is suggested that the phenylala-
nines in the FG repeat regions are crosslinked
with each other through their Phe residues to
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form a dense gel of FG repeat filaments. Trans-
port factors pass through this gel by binding the
FG repeats, and in doing so they dissolve the
crosslinks. Other macromolecules are therefore
excluded because they cannot do this. A more
recent “reduction in dimensionality”-model
posits that the FG repeat regions form a layer
coating the inner walls of the central tube
(Peters 2005). Although transport factors enter
this layer through binding giving them full
access to the tube’s volume, nonbinding mole-
cules can only pass through the narrow FG Nup-
free middle. Recently, work has emerged that
suggests while crossing the NPC, transport fac-
tors not only carry cargoes but also enhance the
selectivity of the NPC by competing away non-
specific macromolecules, indicating that the
transport factors themselves are also important
components of the selectivity barrier (Timney
et al. 2006; Zilman et al. 2007; Jovanovic-Talis-
man et al. 2009). Not all of these ideas are mutu-
ally exclusive, and “hybrid” models have also
been proposed (Strawn et al. 2004; Patel et al.
2007; Krishnan et al. 2008).

FG Nup repeat regions seem to fall into sev-
eral classes on the basis of their charge density
and FG repeat motif type. Moreover, these
classes seem to have somewhat different physi-
cal behaviors (Krishnan et al. 2008). Each class
of FG Nup appears to be preferred by only cer-
tain kinds of transport factor. Thus, these dif-
ferent FG Nup classes might serve to mediate
multiple, simultaneous, functionally indepen-
dent transport pathways through the NPC
(reviewed in Tran and Wente 2006). Supporting
evidence for this has come from in vivo studies
using target combinations of different FG
region deletions. Certain deletion combina-
tions can affect passage of one transport factor
through the NPC without affecting another
(Strawn et al. 2004; Terry and Wente 2007).
FG Nups organization around the NPC can be
categorized as either symmetric or asymmetric.
“Symmetric” FG Nups are found on both sides
of the NPC closely packed around and within
the central tube. “Asymmetric” FG Nups are
found primarily on either the nuclear or cyto-
plasmic side only, and significantly further
from the tube (Rout et al. 2000; Alber et al.

2007b). Deletion mutagenesis experiments in
yeast have shown that the FG regions of asym-
metric Nups are not essential for transport
(Strawn et al. 2004; Zeitler and Weis 2004).
Instead, they may guide the directionality of
transport-factor/cargo complexes by providing
a high-affinity binding platform at the far end of
a transport factor’s route through the NPC. A
transport factor would be drawn to this site
and prevented by it from returning through the
NPC until Ran terminates the transport re-
action, in this way increasing the efficiency of
transport (Rout et al. 2003; Strawn et al. 2004;
Zilman et al. 2007).

REGULATORS OF TRANSLOCATION: THE
NON-FG DETERMINANTS

Unidirectional transport through the NPC can
be viewed as being driven by the formation of
gradients, in which cargos move from a “source”
to a “sink.” Karyopherin-cargo complexes form
on one side of the NPC and diffuse down their
concentration gradient to the other side, where
their concentration is low because they are dis-
assembled there. This “source and sink” process
also drives other forms of nucleocytoplasmic
transport, such as the attachment of RNA bind-
ing proteins on one side of the NPC and their
removal on the other side during RNP export
(reviewed in Rout et al. 2003; Stewart 2007).

The NPC on its own does not enforce direc-
tionality (Nachury and Weis 1999). Single mol-
ecule studies show the transport receptor-cargo
complexes seem to move randomly within
the NPC channel until they exit either face of
the NPC (Yang et al. 2004). Thus, in a physio-
logical context, other NPC events and non-FG
Nup binding sites are required to provide trans-
port efficiency, regulation, and directionality
(Fig. 3). As detailed earlier, there are specific fac-
tors for mediating transport directionality and
cargo release: The RanGTPase for karyopherins
and the Gle1-IP6 activated Dbp5 for mRNA
export. These use non-FG NPC docking sites
that increase their local concentration at their
respective sites of action. Dbp5 and Gle1 bind
to distinct but structurally juxtaposed Nups
on the cytoplasmic filaments. In budding yeast,
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Dbp5 interacts with Nup159 (Hodge et al. 1999;
Schmitt et al. 1999) and Gle1 with Nup42
(Murphy and Wente 1996; Strahm et al. 1999),
with both sets of binding partners fully con-
served in metazoans. The NPC can also help
to regulate the GTP-bound state of Ran in its
vicinity. Thus, mammalian cells have binding
sites for sumoylated-RanGAP on the cytoplas-
mic filament Nup358, likely to help enhance
the dissociation of exporting karyopherin com-
plexes as they exit the NPC (Mahajan et al. 1997;
Matunis et al. 1998). In organisms like plants
that lack Nup358, unique NE associated pro-
teins facilitate the localized anchoring of Ran-
GAP (Xu et al. 2007; Zhao et al. 2008), so it
seems that regulating the GTP-bound state in
the immediate vicinity of the NPC is important
for transport efficiency in many eukaryotes.

Although the FG domains do not form a
gradient of docking sites in the translocation
channel, there are non-FG high affinity docking
sites located at terminal transport steps that
influence efficiency. In particular, two Nups on
the opposing cytoplasmic and nuclear faces
provide a virtual smorgasbord of binding sites
for different factors that regulate cell physiol-
ogy: Nup358 and Nup153, respectively (Fig.
3). In metazoan cells, the cytoplasmic facing
Nup358 provides a high affinity binding site
for the mRNA export factor NXF1 on the cyto-
plasmic face of the NPC (Forler et al. 2004).
Similarly, Nup153 provides a high affinity bind-
ing site for an importing karyopherin on the
nuclear face of the NPC (Moroianu et al. 1997).

Although both have FG domains it is the non-
FG docking sites that are functionally distin-
guishing.

Nup358 was originally identified as a Ran-
GTP binding protein (Wu et al. 1995; Yokoyama
et al. 1995) and binds sumoylated RanGAP.
However, it also has a domain with E3 SUMO1
ligase activity and docks the sumolylation co-
factor enzyme Ubc9 to facilitate the addition
of SUMO to targets directly at the cytoplasmic
filaments (Pichler et al. 2002; Reverter and Lima
2005). Nup358 also harbors a cyclophilin A ho-
mologous domain that associates with subunits
of the 26S proteasome and might modulate
ubiquitin-proteasome function (Wu et al. 1995;
Yi et al. 2007). The amino-terminal domain of
Nup358 allows interaction with microtubules
during interphase as well as with kinetochores
in mitosis (Salina et al. 2003; Joseph et al. 2004;
Joseph and Dasso 2008).

On the nuclear side of the NPC, Nup153 has
a Zn finger Ran binding domain (Nakielny et al.
1999; Higa et al. 2007) attracting Ran to the
vicinity of the NPC to regulate karyopherin-
based transport events at its nuclear face. In
sharp contrast to the Nup358-SUMO1 ligase
activity, Nup153 actually binds a SUMO1/
sentrin/SMT3 specific peptidase 2, perhaps to
help desumolyate misassembled mRNPs (Hang
and Dasso 2002; Zhang et al. 2002). Nup153
also possesses a novel single-stranded RNA
binding domain (Ball et al. 2004) that is perhaps
concomitant with a function in RNP export.
Nup153 also plays a role in recruiting the
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Figure 3. The main NPC interactors: left, transport factors and their cargos, center, modulators of RNP export,
karyopherins or Ran, right, cytoskeletal, nucleoskeletal, and chromosomal elements.
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COPI coatomer complex, possibly to mediate
NPC mitotic disassembly (Liu et al. 2003).
Taken together, Nup358 and Nup153 are but
two examples of an emerging paradigm for
multifunctional nucleoporins. They demon-
strate that the NPC serves as a scaffold for a
diversity of processes that are distinct from
those strictly associated with simply moving
a cargo from one side of the NPC to the other.

Transport can also be modulated at the level
of the transport factors and their cargos. A com-
mon method is to regulate the binding strength
or accessibilityof an NLS or NES in a cargo for its
cognate karyopherin. This often involves phos-
phorylation in or near the signal sequence of
the cargo. Another method involves modulating
the level of transport machinery components,
usually particular subtypes of karyopherin.
Using this method, transport of particular pro-
teins recognized by that karyopherin is prev-
ented until the karyopherin itself is expressed
(reviewed in Poon and Jans 2005).

THE NPC AS A NUCLEAR COMPONENT

Although the most dynamic process associated
with the NPC is nucleocytoplasmic transport,
the NPC should not be regarded as a static struc-
ture. New NPCs are assembled de novo during
interphase (D’Angelo et al. 2006) and, in higher
eukaryotes at least, the NPC is reversibly disas-
sembled during mitosis (reviewed in Hetzer
et al. 2005; Fernandez-Martinez and Rout 2009).
There is emerging evidence for multiple non-
nucleoporin accessory factors that play roles in
NPC biogenesis and maintenance (Fig. 3). This
includes proteins that regulate membrane com-
position and membrane dynamics such as Acc1
and Apq12, respectively (Schneiter et al. 1996;
Scarcelli et al. 2007). Changes in the lipid com-
position or membrane fluidity can impact NPC
structure and localization. Chromatin associ-
ated proteins, such as ELYS, are required specif-
ically for postmitotic assembly of NPCs (Franz
et al. 2007).

Recent studies have found several discrete
roles for the reticulon (Rtn) family of mem-
brane-associated proteins in NE disassembly
and reassembly during open mitosis. The Rtns

are critical for regulating transitions between
the endoplasmic reticulum tubular network
and the NE sheet (Anderson and Hetzer 2008).
However, during interphase, an Rtn1 pool at
the NE facilitates de novo NPC assembly
(Dawson et al. 2009). This most likely is to pro-
vide a transient stabilizer of the highly convex
region of the pore membrane during early steps
in its formation. It is likely that additional
non-NPC accessory factors will continue to be
revealed, and this is an active area of research
that has been well covered in several recent
reviews (Antonin et al. 2008; D’Angelo and
Hetzer 2008; Kutay and Hetzer 2008; Lim et al.
2008).

Even after its assembly, many of the interac-
tions holding the bulk of the NPC together are
actually surprisingly transient. Upon comple-
tion of NPC construction, some Nups remain
stably associated, others turn over promptly,
and some shuttle rapidly between the nucleo-
plasm and cytoplasm, spending little time on
the NPC itself (Rabut et al. 2004; Dilworth
et al. 2001; Dilworth et al. 2005). For example,
there are multiple roles for Nups in kinetochore
function and mitosis, as well as in the main-
tenance of the boundaries between silent and
active chromatin (Roux and Burke 2006; Kal-
verda et al. 2008; Lim et al. 2008). Despite these
processes requiring Nups, none appear to occur
at the NPC itself. Indeed, recent work under-
scores how a great number of Nup-chromatin
interactions occur within the nuclear interior
and away from the NPC itself; these interac-
tions have also been shown to be crucial in
controlling gene expression during cell differen-
tiation in higher eukaryotes (Capelson et al.
2010; Kalverda et al. 2010). Conversely, the
NPC can act as a reservoir for cell cycle proteins
when they are inactive. One example, the Mad
proteins, are docked to the NPC in interphase
but are released when they function in mitosis
(Iouket al. 2002; Scott et al. 2005; Lee et al. 2008).

The NPC also plays an important role in the
organization of internal nuclear architecture
(Fig. 3) and is used as an attachment site for
such nuclear peripheral proteins as lamins and
yMlp/vTpr. An exciting recent discovery is that
certain inducible genes carry specific sequences
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that can cause them to associate with the NPC’s
vicinity upon transcriptional activation; once
there, they retain a “memory” of their active state
for some time after they cease transcription,
leaving the genes poised for rapid reactivation
(Ahmed et al. 2010). This tethering of induced
genes to the NPC might also be also aided by
factors required for posttranscriptional mRNP
processing and export (Dieppois et al. 2006;
Chekanova et al. 2008; Rougemaille et al. 2008).

CONCLUSIONS

Our structural and functional understanding of
the nuclear transport machinery has blossomed
in the past decade, revealing new and unex-
pected aspects about the NPC and its interact-
ing transport factors. Perhaps most surprising
has been the discovery of the evolutionary con-
nections between the NPC and the vesicular
trafficking apparatus, the unusual nature of
the FG Nup-mediated selective barrier, and
the increasing range of connectivity between
the NPC and global aspects of cellular physiol-
ogy and gene expression. Yet as is so often the
case, the solving of one question has raised
many others. Many of the unanswered ques-
tions regarding the mechanisms and regulation
of the nuclear transport machinery present
exciting challenges for the years ahead.
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