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Insights into the Molecular Mechanism of Nuclear Trafficking Using Nuclear 
Transport Factor 2 (NTF2)

Murray Stewart

Medical Research Council Laboratory of Molecular Biology, Hills Rd., Cambridge CB2 2QH, England

ABSTRACT. Nuclear transport factor 2 (NTF2) mediates the nuclear import of RanGDP. The simplicity and

specialization of this system, combined with the availability of crystal structures of NTF2, RanGDP and their

complex, has facilitated the investigation of the molecular mechanism of its trafficking. NTF2 binds to both

RanGDP and FxFG repeat-containing nucleoporins. Mutants engineered on the basis of structural information

together with determination of binding constants have been used to dissect the roles of these interactions in trans-

port. Thus, NTF2 binds to RanGDP sufficiently strongly for the complex to remain intact during transport

through NPCs, but the interaction between NTF2 and FxFG nucleoporins is much more transient, which would

enable NTF2 to move through the NPC by hopping from one repeat to another. An analogous nucleoporin hop-

ping mechanism may also be used by carrier molecules of the importin-���� family to move through NPCs.
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The trafficking of macromolecules, ions and small mole-
cules between the cytoplasm and nucleus is fundamental to
eukaryotic cells (reviewed by Nakielny and Dreyfuss, 1999;
Görlich and Kutay, 1999) and is mediated by nuclear pore
complexes (NPCs), cylindrical proteinaceous structures,
about 1,200 Å in diameter and 700 Å thick (Fig. 1), that per-
forate the nuclear envelope (reviewed by Stoffler et al.,
1999; Yang et al., 1998). Thus, nuclear proteins such as his-
tones and transcription factors synthesized in the cytoplasm
need to be imported into the nucleus whereas mRNA, tRNA
and rRNA need to be exported to the cytoplasm. Proteins
are transported actively along the central axis of the NPC
(Feldherr et al., 1984) if they contain an appropriate signal.
For example, proteins containing a nuclear localization
sequence (NLS) are imported into the nucleus, whereas
proteins containing a nuclear export sequence (NES) are
exported to the cytoplasm. Although there are several dif-
ferent nuclear trafficking pathways, they share a number of
common features (reviewed by Nakielny and Dreyfuss,
1999; Görlich and Kutay, 1999; Stewart and Rhodes, 1999).

In each, the substrate or cargo does not interact directly with
the NPC, but instead is transported bound to a soluble carri-
er molecule, which then has to be recycled back to the orig-
inal compartment. For example, as illustrated in Figure 2A,
proteins containing a NLS first attach to soluble receptors
of the importin-�/karyopherin-� family, either directly
(Pollard et al., 1996) or via an adapter such as importin-�
(Görlich et al., 1994). The importin-cargo complex then
docks at the cytoplasmic face of the NPC, before being
translocated through the NPC into the nucleus. Transloca-
tion is followed by displacement of the cargo from the carri-
er by nuclear RanGTP, after which the carrier, complexed
with RanGTP, is recycled back through the NPCs to the
cytoplasm where RanBP1 and RanGAP act to dissociate the
complex and promote hydrolysis of the GTP bound to Ran
(Bischoff and Görlich, 1997; Floer and Blobel, 1997;
Lounsbury and Macara, 1997). Analogous pathways have
been identified for the export of RNA and protein from the
nucleus (reviewed by Nakielny and Dreyfuss, 1999; Görlich
and Kutay, 1999). The interaction of carriers with their car-
go is orchestrated by the nucleotide state of the Ras-family
GTPase Ran (reviewed by Görlich, 1998; Melchior and
Gerace, 1998), although the nuclear import of Ran itself is
mediated by NTF2 (Ribbeck et al., 1998; Smith et al.,
1998). There is now considerable information available on
the structures of many of the soluble components involved
with nuclear trafficking (reviewed by Chook et al., 1999)
and on the way Ran functions to alter interactions between
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carrier and cargo molecules in both the nucleus and
the cytoplasm (reviewed by Melchior and Gerace, 1998;
Görlich and Kutay, 1999; Nakielny and Dreyfuss, 1999),
but less is known about the precise mechanism by which
carrier-cargo complexes are translocated through the NPCs.
However, the simplicity and specialization of the NTF2-
mediated nuclear import of RanGDP can be exploited to
give insights into how material can be translocated thought
NPCs and suggests this can be achieved by NTF2 hopping
between repeat-containing proteins that line the NPC trans-
port channel.

Trafficking through nuclear pore complexes

The morphology of both yeast and vertebrate NPCs has
been reviewed extensively elsewhere (Stoffler et al., 1999;
Yang et al., 1998). As illustrated schematically in Figure 1,
vertebrate NPCs are constructed from an approximately
cylindrical central body sandwiched between nucleoplasmic
and cytoplasmic rings. The central body has prominent 8-
fold rotational symmetry and is constructed from eight
spoke-like segments. In addition, fibres extend into both the

cytoplasm and the nucleus and, in the case of the nuclear
fibres, form a basket-like structure below the body of the
NPC. The body of the NPC has a central channel through
which macromolecules are transported, although the precise
details of this feature are controversial (reviewed by Stoffler
et al., 1999).
NPCs are constructed from multiple copies of a relatively

small number of proteins and, for example, MALDI-TOF
mass spectroscopy (Rout et al., 2000) indicates that isolated
yeast NPCs contain only 40 different proteins, present
mainly in either 8 or multiples of 8 copies per NPC. More-
over, there is a level of redundancy such that many S.
cerevisiae nucleoporin nulls are viable, albeit they frequent-
ly show synthetic lethality with other nucleoporins (Doye
and Hurt, 1995). Vertebrate NPCs are thought to contain
additional proteins, but still probably are constructed from
the order of 50–70 different proteins. NPC proteins, called
collectively nucleoporins, frequently contain characteristic
sequence motifs and many have similar biochemical proper-
ties. Some nucleoporins contain motifs such as those for
coiled-coils that may be used as scaffolds in forming
complexes (Buss and Stewart, 1995; Doye and Hurt, 1997),
integral membrane domains (Rout and Wente, 1994) and
Zn-finger motifs (Sukegawa and Blobel, 1993; Nakielny et
al., 1999). However, in addition to these motifs, many
nucleoporins contain characteristic FG sequence repeats,
large regions consisting of tandem repeats of a hydrophobic
core and a hydrophilic linker (Rout and Wente, 1994; Doye
and Hurt, 1997; Rout et al., 2000). FG-repeats are based on
highly conserved cores, containing one or two phenylala-
nines linked by hydrophilic spacers of variable sequence but
which are rich in charged and polar residues. The two most
common repeats are based on GLFG or FxFG cores (where
x is usually a small residue such as serine, glycine or ala-
nine) and nucleoporins often contain many copies of these
repeats. These repeats appear to be directly involved in
nuclear trafficking (reviewed by Bayliss et al., 2000). For
example, many vertebrate FxFG nucleoporins bind wheat
germ agglutinin (WGA). Nuclei assembled from Xenopus
egg extract depleted of WGA-binding proteins do not retain
the ability to import NLS-containing substrates, but this
ability is restored by adding back material eluted from
WGA-sepharose (Finlay and Forbes, 1990), indicating that
either the WGA-binding FxFG nucleoporins, or proteins
bound to them, are required for transport. Also, nuclear traf-
ficking is blocked by antibodies that recognize FG repeats
or by added nucleoporin repeat constructs (Powers et al.,
1997; Bastos et al., 1996). However, different transport sub-
strates appear to be transported via different routes using
particular subsets of nucleoporins (Powers et al., 1997;
Shah and Forbes, 1998) so that, although many nucleopor-
ins are common to several trafficking pathways, others are
only required for a specific pathway (Damelin and Silver,
2000).

Fig. 1. Schematic drawing of a vertebrate NPC which is constructed from
a central cylinder built up from eight wedge-shaped “spokes” that is sand-
wiched between cytoplasmic and nucleoplasmic rings. Fibres emanate
from both the cytoplasmic surface of the NPC while a basket-like structure
is formed on its nuclear face. Macromolecules are translocated through the
NPC along a central channel.
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Fig. 2. (A) Simplified view of nuclear import illustrating how cargo and carrier first bind in the cytoplasm before being translocated through the NPC and
are then dissociated in the nucleus by RanGTP (reproduced from Bayliss et al., 2000, Traffic, 1: 448–456). The carrier-RanGTP complex is then recycled to
the cytoplasm to participate in further rounds of transport. (B) The role of NTF2 in mediating the nuclear import of RanGDP. NTF2 binds RanGDP in the
cytoplasm and mediates its nuclear import where RCC1 recharges Ran with GTP. The RanGTP is then exported to the cytoplasm attached to carrier mole-
cules where its nucleotide is hydrolyzed to GDP by RanGAP1 in conjunction with RanBP1.
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Electron microscopy has indicated that FxFG nucleopor-
ins are located in the central channel of NPCs and also on
both their nucleoplasmic and cytoplasmic faces (Grote et
al., 1995; Stoffler et al., 1999; Rout et al., 2000). The ma-
jority of yeast nucleoporins are located symmetrically on
the nuclear and cytoplasmic faces of NPC with only a
few being restricted to one side. For example, in yeast,
Nup60p and Nup1p are exclusively nucleoplasmic, whereas
Nup159p and Nup42p are exclusively cytoplasmic (Rout et
al., 2000). Although the localization of many nucleoporins
is somewhat diffuse, some are clearly further away from the
plane of the nuclear envelope than others, whereas others
are on the nuclear basket or cytoplasmic fibrils rather than
in the body of the NPC. Also, some labels are seen at higher
radii than others. NTF2, which binds to FxFG repeats, binds
to the central channel as well as the nuclear and cytoplasmic
faces of NPCs when microinjected into Xenopus oocytes
(Feldherr et al., 1998) or when visualized in HL60 cells us-
ing immunogold labeling (Iborra et al., 2000), whereas gold
conjugates of NTF2 mutants that bind FxFG repeats less
strongly show reduced NPC binding and are only rarely
found in the central channel (Bayliss et al., 2000). Overall,
electron microscopy appears to be consistent with the idea
that FxFG repeats line the central transport channel as well
coating both faces of NPCs.

Function of Ran

The nucleotide state of Ran is important in determining
its interactions with other proteins and so has a crucial role
in nuclear trafficking (reviewed by Koepp and Silver, 1996;
Görlich, 1998), albeit GTP hydrolysis by Ran does not
appear to be linked directly to transport (Kose et al.,
1997; Nakielny and Dreyfuss, 1998; Ribbeck et al., 1999;
Engelmeier et al., 1999; Schwoebel et al., 1998) and instead
could be used, for example, to specify directionality (see
Görlich, 1998) or to sort molecules prior to transport (see
Stewart, 1992; Stewart and Rhodes, 1999). Ran has low in-
trinsic rates of nucleotide exchange and hydrolysis (Klebe
et al., 1995), and so its nucleotide state is determined prima-
rily by guanine nucleotide exchange factors (GEFs) and
GTPase activating proteins (GAPs). Thus, Ran GTPase ac-
tivity is stimulated by RanGAP1 (Bischoff et al., 1994),
which is located primarily in the cytoplasm (Hopper et al.,
1990; Melchior et al., 1993), whereas the Ran GEF,
RCC1 (Bischoff and Ponstingl, 1991) is primarily nuclear
(Ohtsubo et al., 1989). This spatial separation of GAP and
GEF activities is thought to result in cytoplasmic Ran being
primarily in the GDP-bound state whereas nuclear Ran is
primarily in the GTP-bound state. This gradient of Ran
nucleotide state has been proposed to be an important
determinant of the directionality of transport (Görlich et al,
1996; Izaurralde et al., 1997).
In contrast to Ras, where only the GTP-bound form is ac-

tive, both nucleotide states of Ran appear to be important in

nuclear trafficking: RanGDP is associated with nuclear pro-
tein import, whereas RanGTP is associated with several ex-
port pathways (reviewed by Melchior and Gerace, 1998;
Görlich and Kutay, 1999). A principal function of RanGTP
binding to carrier molecules is to change their affinity of
their cargo (Fig. 2A). On the nucleoplasmic face of the
NPC, RanGTP dissociates import carriers from their cargo
thereby terminating the import process (Görlich and Kutay,
1999).  RanGTP is also required for formation of export
cargo-carrier complexes (Wozniak et al., 1998). In the
cytoplasm, RanGAP and RanBP1 promote hydrolysis of
RanGTP bound to a transport receptor (Bischoff and Görli-
ch, 1997). This releases Ran from the carrier thus either pre-
paring it for another round of nuclear import or terminating
a round of nuclear export (see Fig. 2A). Cycles of export by
complexes containing RanGTP together with the import by
complexes which do not contain Ran deplete Ran from the
nucleus. Although Ran is small enough to diffuse through
the NPC, this appears not to be fast enough for efficient nu-
clear trafficking in vivo.

NTF2 in nuclear trafficking

Efficient nuclear protein import using the importin-�
pathway also requires NTF2 (also called p10), a 15 kDa
dimeric protein that is essential in yeast and which binds to
both RanGDP and to a series of nucleoporins that contain
FxFG sequence motifs (Moore and Blobel, 1994; Paschal
and Gerace, 1995; Corbett and Silver, 1996; Clarkson et al.,
1997). Depletion of cytoplasm by the vertebrate FxFG nu-
cleoporin p62 bound to Sepharose inhibits nuclear protein
import in permeabilized cells (Paschal and Gerace, 1995),
but transport can be restored to normal levels by adding ex-
ogenous NTF2. Although NTF2 has no detectable affinity
for RanGTP (Paschal et al., 1996), it binds RanGDP to form
a defined complex (Moore and Blobel, 1994; Paschal and
Gerace, 1995; Stewart et al., 1998). RanGDP and FxFG-re-
peat containing nucleoporins bind to NTF2 in vitro at differ-
ent, non-overlapping sites (Clarkson et al., 1996, 1997).
Although blot overlays (Nehrbass and Blobel, 1996) indi-
cated that NTF2 binds to both FxFG- and GLFG-repeat
containing nucleoporins, yeast two-hybrid assays (Clarkson
et al., 1997) showed only an interaction between NTF2 and
FxFG-repeat containing nucleoporins and did not detect an
interaction between NTF2 and GLFG-repeat containing nu-
cleoporins.
NTF2 exists in solution as a dimer and each chain has an

unusual fold based on a bent �-sheet backed by a long �-he-
lix (Fig. 3) that generates a pronounced hydrophobic pocket
(Bullock et al., 1996). The structure of the NTF2-RanGDP
complex (Fig. 4) has been determined by X-ray crystallog-
raphy (Stewart et al., 1998) and indicates that the primary
interaction interface is formed by the hydrophobic cavity
and surrounding negatively-charged residues of NTF2 (Fig.
3) which bind the switch II loop (residues 67–78) of Ran
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with a smaller contribution from the switch I region (resi-
dues 40–43). Conformational changes introduced into Ran
when GTP is bound account for NTF2 binding only the
GDP-bound form (Vetter et al., 1999). A striking feature of
the interaction interface is the way in which the aromatic
ring of Phe72 of Ran inserts into the hydrophobic cavity of
NTF2 where it is surrounded by the hydrophobic side
chains of Trp41, Leu59, Phe61, Ile64, Leu89, Ala91,

Met97, Phe119 and Leu121. This interaction accounts for
22% of the molecular surface buried by the interaction and
provides a powerful explanation for why this hydrophobic
residue is exposed on the surface of isolated RanGDP
(Scheffzek et al., 1995). In addition to the residues buried in
the interaction interface, there are also salt bridges between
NTF2 Glu42 and Ran Arg76 and between Ran Lys71 and
NTF2 Asp92 and Asp94. Although it is not possible to cal-
culate directly the precise contributions of Ran Phe72 and
the two salt bridges to the strength of the interaction be-
tween NTF2 and RanGDP, both would be expected to be
substantial and disruption of the salt bridges or mutation of
Phe72 is sufficient to prevent the interaction in bead-bind-
ing assays (Clarkson et al., 1997; Kent et al., 1999). The in-
teraction between NTF2 and RanGDP is crucial for efficient
nuclear protein import. Thus, mutants in either NTF2
(Clarkson et al., 1997) or Ran (Kent et al., 1999) which
abolish this interaction also fail to support nuclear protein
import in permeabilized cells and some temperature-sensi-
tive Ran mutants that fail to bind to NTF2 at the non-per-
missive temperature (Wong et al., 1997) are not viable.

NTF2-mediated nuclear import of RanGDP

A key role of NTF2 is to mediate nuclear import of
RanGDP (Smith et al., 1998; Ribbeck et al., 1998). Effi-
cient nuclear import of RanGDP is essential for transport
because importin �-like transport receptors exit the nucleus
complexed with RanGTP and thereby continuously deplete
Ran from the nucleus. As illustrated in Figure 2B, cytoplas-
mic NTF2 binds the RanGDP generated when RanGAP
stimulates the Ran GTPase and dissociates a carrier-
RanGTP complex. The NTF2-RanGDP complex is then
translocated through NPCs into the nucleus where RCC1

Fig. 3. (A) Crystal structure of NTF2 dimer showing how the fold of
each chain is based on an unusually bent �-sheet backed by a long �-helix
(Bullock et al., 1996). The dimer interface is based formed by the two �-
sheets whereas the angled �-helix generates a distinctive hydrophobic cav-
ity. (B) shows a space-filling model of a single NTF2 chain looking into
the hydrophobic cavity. Hydrophobic residues that interact with RanGDP
are grey whereas the acidic residues that form salt-bridges with Ran are
red (Stewart et al., 1998). Figures 3–5 were generated using MolScript
(Esnouf, 1997).

Fig. 4. Crystal structure of NTF2-RanGDP complex in which NTF2 is
blue and Ran is red. The hydrophobic residues near Trp7 on NTF2 impli-
cated in its interaction with FxFG repeats are shown as yellow spheres.
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catalyzes nucleotide exchange, recharging Ran with GTP
ready for another round of transport. Mutants of NTF2 or
Ran that ablate the NTF2-Ran interaction disrupt the NTF2-
mediated import of RanGDP (Smith et al., 1998; Ribbeck et
al., 1998) whereas overexpression of Ran can suppress
NTF2 nulls in yeast (Paschal et al., 1997). NTF2 may func-
tion in a manner analogous to RabGDI (reviewed by Pfeffer
et al., 1995) to direct RanGDP to the nucleus for nucleotide
exchange and indeed it has been reported to show RanGDI
activity (Yamada et al., 1998).

Interaction between NTF2 and FxFG nucle-
oporin repeats

In vitro binding studies have established that NTF2 inter-
acts with FxFG nucleoporins (Paschal and Gerace, 1995;
Clarkson et al., 1996, 1997; Chaillan-Huntington et al.,
2000). This interaction was shown to be crucial for NTF2-
mediated nuclear import of RanGDP (Bayliss et al., 1999)
using a NTF2 mutant (W7A) engineered on the basis of
structural information. The crystal structures of wild-type
(Bullock et al., 1996) and mutant (Clarkson et al., 1997)
NTF2 and the NTF2-RanGDP complex (Stewart et al.,

1998) indicate that there is a hydrophobic patch on the sur-
face of NTF2 (Fig. 5) at the opposite end of the molecule to
the RanGDP binding site (Fig. 4). This patch is centred on
Trp7 and mutation of this residue to Ala reduces in vitro
binding to FxFG repeat-containing nucleoporins by at least
an order of magnitude, while retaining binding to RanGDP
(Bayliss et al., 1999). Light microscopy using fluoroscein-
labelled proteins indicated that W7A-NTF2 bound to nucle-
ar envelopes more weakly than wild-type NTF2 and elec-
tron microscopy indicated that gold particles coated with
W7A-NTF2 bound much less strongly to the central trans-
port channel of the nuclear pore complexes in Xenopus  oo-
cytes. Moreover, in contrast to wild-type NTF2 (Smith et
al., 1998; Ribbeck et al., 1998), W7A-NTF2 showed only
weak stimulation of the nuclear import of fluorescently-
labelled RanGDP, providing direct evidence that the mech-
anism for NTF2-mediated Ran import involves an inter-
action of NTF2 with FxFG repeat-containing nucleoporins
(Bayliss et al., 1999).

Mechanism for trafficking

The Kd for the NTF2-RanGDP complex is of the order of
100 nM (Chaillan-Huntington et al., 2000) and so would be
strong enough to hold the complex together during translo-
cation through a NPC, but would allow it to dissociate
quickly once in the nucleus.  Binding of NTF2 to FxFG re-
peats is much weaker, with a Kd of the order of 25 �M
(Bayliss et al., 1999; Chaillan-Huntington et al., 2000) for
an individual repeat, which is consistent with NTF2 forming
a number of transient attachments to FxFG nucleoporins
during Ran nuclear import. The on-rate of association be-
tween NTF2 and FxFG repeats would be expected to be in
the range 107–108 sec�1 (Berg and von Hippel, 1985), and so
a 25 �M binding constant would imply an off-rate of the or-
der of 250–2,500/sec. Consequently a binding constant of
this magnitude would imply that interactions between NTF2
and FxFG nucleoporins would be transient and so ideally
suited to allowing a rapid attachment and detachment of
NTF2 to nucleoporins as it passed through a NPC. Such a
transient interaction between NTF2 and the nucleoporins al-
low it to move through the NPC by jumping from one FxFG
repeat to the next as illustrated schematically in Figure 6.
The results obtained with W7A-NTF2 demonstrate a di-

rect involvement of the NTF2-FxFG nucleoporin interac-
tion in the nuclear import of RanGDP (Bayliss et al., 1999)
and suggest how transient interactions between NTF2 and
FxFG nucleoporins could enable the NTF2-RanGDP com-
plex to move through NPCs by hopping from one FxFG re-
peat to another. This direct functional interaction between
FxFG nucleoporins and NTF2 raises the question of wheth-
er an analogous interaction is involved in other import path-
ways. Although other cargo molecules are imported using
importin-� family member transport factors rather than
NTF2 as carriers, there are a number of parallels between

Fig. 5. Space-filling model showing the hydrophobic patch (dark grey)
containing Trp7 on the surface of NTF2 implicated in the interaction with
nucleoporin FxFG repeat cores.   This hydrophobic patch is located on the
opposite side of the molecule to the RanGDP binding site (see Figure 4).
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the import of RanGDP and that of other proteins. For exam-
ple, interactions between members of the importin-� family
and several FxFG- or GLFG-repeat containing nucleoporins
have been identified by both in vitro binding assays and the
in vivo  yeast two-hybrid system (Radu et al., 1995a,b; Rex-
ach and Blobel, 1995; Bastos et al., 1996; Iovine et al.,
1996; Shah et al., 1998). Moreover, bacterially-expressed
constructs corresponding to FxFG repeat domains of several
nucleoporins have been shown to exert a dominant negative
effect on nucleocytoplasmic transport (Radu et al., 1995b;
Moroianu et al., 1997; Shah and Forbes, 1998). A clear pic-
ture of the role of these sequence repeats in the import of
carriers of the importin-� family and their cargoes has not

yet emerged, although there may possibly be a correlation
between interactions with GLFG nucleoporins and export
(Iovine and Wente, 1997), whereas interactions with FxFG
nucleoporins appear to be associated more with import
(Shah and Forbes, 1998). At least for trafficking involving
importin-�, Rexach and Blobel (1995) have proposed that
nuclear protein import could be mediated by cycles of at-
tachment and detachment of cargo-carrying molecules to
these repeats. The extent to which the interaction of carrier
molecules of the importin-� family with nucleoporins re-
sembles that between NTF2 and nucleoporins has not been
established unequivocally. Moreover, importin-� (or the im-
portin �/� heterodimer) appears to interact more strongly
with some FxFG nucleoporins than with others (see, for ex-
ample, Shah et al., 1998), whereas NTF2 appears to interact
more generally with FxFG nucleoporins (Paschal and Ger-
ace, 1995; Clarkson et al., 1996, 1997). Thus, whereas
NTF2 is probably binding to the FxFG cores of these re-
peats (Clarkson et al., 1997), it may be that the importin �/�
heterodimer is also binding to some of the linkers.  Further-
more, although addition of bacterially-expressed constructs
containing the repeat regions of FxFG nucleoporins can act
as a dominant negative inhibitor of nuclear protein import
(Radu et al., 1995a; Moroianu et al., 1997; Shah and
Forbes, 1998), it is not clear that this effect is mediated en-
tirely through a direct interaction with importin-�. Added
FxFG repeats could, for example, inhibit nuclear protein
import by sequestering NTF2 and thereby inhibiting
RanGDP’s nuclear import and associated recharging with
GTP by RCC1. Clearly further experimental work will be
needed to resolve this point and, in this context, unfortu-
nately it has not yet been possible to generate importin-�
mutants analogous to W7A-NTF2 in which the binding to
FxFG nucleoporins was reduced while retaining their other
interactions associated with trafficking. However, the gen-
eral similarity between the NTF2 and importin-� pathways
certainly lends plausibility to the idea of the translocation
through NPCs of an importin �/� substrate complex being
mediated by a series of weak interactions with repeat-con-
taining nucleoporins.

Questions outstanding

Although the simplicity and specialization of the NTF2-
mediated nuclear import of RanGDP has given a number of
insights into the molecular mechanism by which macromol-
ecules traffic through NPCs, there are a number of questions
that need to be addressed. For example, although there are a
number of important similarities between the way NTF2
and importin-� interact with nucleoporins, it has not yet
been possible to demonstrate that a direct FxFG-importin
interaction is required for translocation. Moreover, although
it has been established that a direct FxFG-NTF2 interaction
is required to mediate the nuclear import of RanGDP, the
precise details of this interaction and the way in which the

Fig. 6. Highly schematic model illustrating how NTF2 might mediate the
nuclear import of RanGDP by hopping from one FxFG nucleoporin repeat
to another to move through a NPC. The weak binding constant for the
NTF2-FxFG nucleoporin interaction would be consistent with its forming
only transient interactions with FxFG nucleoporins which would enable it
to hop quickly from one to another. Because NTF2 is bound more strongly
to RanGDP, this complex, by contrast, would probably remain intact dur-
ing nuclear import.



224

M. Stewart

nucleoporin interacts with NTF2 have not yet been estab-
lished. Clearly this is an important priority for X-ray crys-
tallography or NMR.  Finally, a number of NTF2 homo-
logues have recently been reported and one of these, NXT1/
P15, appears to be important for mRNA export (Black et al.,
1999, Katahira et al., 1999), suggesting that perhaps the
NTF2 fold is used more generally in nuclear trafficking.
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