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Vertebrate tRNA export receptor exportin-t (Xpo-t) binds to RanGTP and mature tRNAs cooperatively to
form a nuclear export complex. Xpo-t shuttles bidirectionally through nuclear pore complexes (NPCs) but is
mainly nuclear at steady state. The steady-state distribution of Xpo-t is shown to depend on its interaction with
RanGTP. Two distinct Xpo-t NPC interaction domains that bind differentially to peripherally localized
nucleoporins in vitro are identified. The N terminus binds to both Nup153 and RanBP2/Nup358 in a RanGTP-
dependent manner, while the C terminus binds to CAN/Nup214 independently of Ran. We propose that these
interactions increase the concentration of tRNA export complexes and of empty Xpo-t in the vicinity of NPCs
and thus increase the efficiency of the Xpo-t transport cycle.

Nucleocytoplasmic transport occurs through the large pro-
teinacious nuclear pore complexes (NPCs) that span the nu-
clear envelope. Translocation of cargo through the NPC is
highly efficient, signal dependent, and receptor mediated. Sub-
domains of the NPC include the nuclear basket and the cyto-
plasmic fibrils. This structural asymmetry implies that at least
some NPC proteins, nucleoporins, are differentially localized
to either the nuclear or cytoplasmic side of the pore. While the
majority of nucleoporins in yeast Saccharomyces cerevisiae are
found on both sides of the NPC, a few are indeed localized to
either the nuclear or cytoplasmic face (40). Asymmetric
nucleoporins have also been localized by immunoelectron mi-
croscopy of Xenopus laevis oocyte NPCs. Nup153 is predomi-
nantly on the nuclear side of the NPC (9, 36, 45, 47), and
RanBP2/Nup358 and CAN/Nup214 are on the cytoplasmic
face (25, 36, 47a). The importance of certain asymmetric
nucleoporins both for the structural integrity of NPCs and for
transport of specific cargoes has been demonstrated in both
yeast (see reference 12 for a review) and vertebrate cells (14,
15, 37, 47).

Transport receptors have the ability to bind to the NPC and
mediate translocation through the central channel of the pore.
One large family of transport receptors, or karyopherins,
named after founding member importin 3, mediate both im-
port (importins) and export (exportins) of RNAs and proteins
(19, 31). All importin B-like receptors interact specifically and
directly with the GTP-bound form of the small GTPase Ran,
and this interaction plays a key role in mediating the assembly
or disassembly of transport complexes and thus imparting di-
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rectionality to transport events. RanGTP concentrations in the
nucleus are predicted to be high due to the presence of the
nucleotide exchange factor for Ran, RCC1, on chromatin and
the exclusion of the proteins, RanBP1, RanBP2, and RanGAP,
that stimulate hydrolysis of GTP by Ran from the nucleus (19,
31, 44).

In contrast to these generally accepted aspects of transport
receptor function, there is less understanding of NPC translo-
cation or of the role of specific nucleoporin-receptor interac-
tions during translocation (see reference 38 for a recent re-
view). We set out to investigate the potential role of RanGTP
and cargo binding and receptor-nucleoporin interactions on
the nucleocytoplasmic shuttling properties of a relatively sim-
ple transport pathway, that of tRNA export mediated by im-
portin B-like receptor exportin-t (Xpo-t).

Xpo-t is a nuclear protein at steady state that binds to ma-
ture tRNAs cooperatively with RanGTP to form a trimeric
export complex (2, 3, 20, 27, 28). We show that the steady-state
nuclear localization of Xpo-t is dependent on its binding to
RanGTP. We also demonstrate that Xpo-t contains at least
two distinct NPC binding domains, each of which is sufficient
to support shuttling between the nucleus and cytoplasm. These
domains bind differentially to peripheral nucleoporins, some in
a RanGTP-regulated manner, and we suggest that these inter-
actions may function to concentrate the receptor near the NPC
at different stages of its transport cycle.

MATERIALS AND METHODS

Molecular cloning and expression of Xpo-t fragments. Full-length Xpo-t was
cloned previously (2). Sequences encoding Xpo-t deletion mutants were cloned
into vectors for both Escherichia coli expression and coupled transcription and
translation in rabbit reticulocyte lysate (Promega). For E. coli expression all PCR
fragments encoding Xpo-t deletion mutants were cloned into pQE60 (encoding
a C-terminal six-His tag) (Qiagen) or pQE60zz (encoding an N-terminal protein
A tag and a C-terminal six-His tag) by using Ncol and BamHI restriction sites.
For in vitro translation, sequences encoding Xpo-t with deletions of amino acids
1to 663, 1 to 434, 1 to 385, and 1 to 338 were cloned into pRSETA (Invitrogen)
via Nhel and HindIII restriction sites. Sequences encoding Xpo-t with deletions
of amino acids 46 to 962, 347 to 962, and 443 to 962 were cloned into the pT77
(42) vector by using Ndel and BamHI restriction sites. E. coli expression was
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performed by using strain TG1 as previously described (2), and His-tagged
products were purified by binding to Talon (Clontech) resin. Site-directed mu-
tagenesis of Xpo-t to generate the FS4A/F55A mutant was performed with the
Quick-Change site-directed mutagenesis kit (Invitrogen).

Xenopus oocyte microinjections. In vitro transcription of 3>P-labeled RNAs and
Xenopus oocyte microinjections were performed as described previously (23).
Microinjection of in vitro-translated proteins were performed as described pre-
viously (35) except that unincorporated [**S]methionine was removed by G-50
gel filtration.

In vitro binding. Binding of Xpo-t and deletion mutants to tRNA and/or
RanGTP was performed as described previously (2, 3). Binding experiments
using Xenopus egg extracts were performed by first covalently cross-linking re-
combinant proteins Hisg-importin B (1-365), Xpo-t-Hiss, zzXpN-Hisg, and
zzXpC-His, to Affigel-15 activated agarose (Bio-Rad) overnight at 4°C. The resin
was then washed extensively with buffer containing 1 M NaCl and blocked for 4 h
at 4°C in the presence of 100 mM Tris, pH 8. Approximately 10 to 20 pl of resin
containing ~300 pg of recombinant protein was mixed with 40 wl of Xenopus egg
extract in the absence or presence of ~100 pg of RanQ69L preloaded with GTP
in a total volume of 300 .l of binding buffer (50 mM HEPES [pH 7.9], 200 mM
NaCl, 5 mM MgCl,, 0.02% Triton X-100, protease inhibitors). The binding
reaction mixtures were rotated for 3 h at 4°C, and the products were collected by
centrifugation and quickly washed four times with 250 wl of ice-cold binding
buffer. Bound proteins were eluted with sample buffer containing sodium dode-
cyl sulfate (SDS), separated by SDS-6% polyacrylamide gel electrophoresis
(PAGE), and transferred to a polyvinylidene difluoride membrane (Millipore),
probed with monoclonal antibody MAb414 (diluted 1:3,000), and detected by
chemiluminescence with horseradish peroxidase-conjugated secondary antibod-
ies. For wheat germ agglutinin (WGA)-Sepharose purification Xenopus egg ex-
tract (~2 ml) was diluted twofold in binding buffer and incubated with ~1 ml of
WGA-Sepharose (Sigma) for 2 h at 4°C. The resin was collected and washed four
times with 10 ml of binding buffer. Bound proteins were eluted with ~0.5 ml of
binding buffer supplemented with 500 mM N-acetylglucosamine. Proteins eluted
from WGA resin were then mixed with immunoglobulin G (IgG)-Sepharose
resin containing ~100 wg of CRM1, Xpo-t, XpC (amino acids 443 to 962), or
XpN (amino acids 1 to 385). The CRM1 reaction mixture was supplemented with
5 pM RanQ69L and ~20 pg of bovine serum albumin (BSA)-nuclear export
signal (NES). The reaction mixtures were incubated for 3 h at 4°C in binding
buffer minus Triton X-100, the resin was collected and washed four times, and
bound proteins were eluted with sample buffer and separated by SDS-PAGE.

Permeablized-cell assays. Digitonin-permeabilized HeLa cells were made, and
assays were performed as described by Englmeier et al. (11). The concentration
of Alexa-labeled Xpo-t, XpN, and XpC was 0.5 uM. The concentration of NTF2,
RanGAP, and RanBP1 was 0.4 pM, and the concentration of RanGDP was 4
M. Proteins were labeled with Alexa-546 (Molecular Probes) according to the
manufacturer’s instructions at a 1:1 molar ratio of label to protein.

RESULTS

Distinct biochemical and shuttling properties of the N and
C termini of Xpo-t. To investigate the biochemical properties
and functional domains of Xpo-t, we generated a series of
proteins with N- and C-terminal deletions and tested their
ability to form an export complex containing RanGTP and
tRNA in vitro (Fig. 1). Protein A-tagged Xpo-t and the various
deletion mutants were expressed in E. coli and purified by
binding to IgG-Sepharose. The different Xpo-t proteins were
then tested for RanGTP (Fig. 1A) and **P-labeled tRNA (Fig.
1B) binding. As expected, full-length Xpo-t specifically bound
to RanGTP but not RanGDP (Fig. 1A, lanes 1 and 2) and
could specifically select tRNA from a mixture of RNAs only in
the presence of RanGTP (Fig. 1B, lanes 2 and 3). Removal of
C-terminal sequences eliminated the tRNA interaction (Fig.
1B, lanes 8 to 10) but not the ability to bind RanGTP (Fig. 1A,
lanes 6 to 8). Removal of N-terminal sequences affected both
binding activities (compare Fig. 1A, lanes 4 and 5, with Fig. 1B,
lanes 6 and 7). However, removal of the first 45 amino acids of
Xpo-t did not eliminate RanGTP (Fig. 1A, lane 3) or tRNA
binding (Fig. 1B, lane 5). The tRNA interaction with Xpo-t is
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thus mediated by the C terminus of the protein (Fig. 2), and
RanGTP binds within the N-terminal 385 amino acids. Xpo-t
therefore has a domain organization similar to those of other
members of the importin § family.

Xpo-t shuttles in and out of the nucleus but is predominantly
nuclear at steady state (2, 27). We tested the effects of Xpo-t
truncations on these properties by microinjection of the *S-
labeled proteins into Xenopus oocytes. As previously shown
(2), when injected into either the nucleus or the cytoplasm,
Xpo-t can move into the other compartment (Fig. 1C, lanes 1
to 4) and therefore shuttles. However, when either the N or C
terminus was removed, shuttling behavior was altered (Fig. 1C
and Table 1). In contrast to full-length Xpo-t, N-terminal
Xpo-t fragments, such as the fragment comprising amino acids
1 to 385 shown, stay in, or migrate into, the nucleus depending
on where they are initially injected (Fig. 1C, lanes 5 to 8, and
data not shown). C-terminal fragments, such as amino acids
443 t0 962 (see also Table 1), behave in the opposite way: they
are able to move to the cytoplasm (Fig. 1C, lanes 9 and 10) but
do not efficiently move into the nucleus (Fig. 1C, lanes 11 and
12). Furthermore, glutathione S-transferase (GST) fusions
could be used to further map the export activity to the C-
terminal 178 amino acids (Fig. 1C, lanes 13 and 14). Smaller
fragments did not shuttle (Fig. 1C, lanes 17 to 20), further
demonstrating the specificity of this activity, as well as indicat-
ing that the small C-terminal fragments do not leave the nu-
cleus by simple diffusion through the NPC. Therefore, remov-
ing the N or C terminus of Xpo-t had opposite effects on the
steady-state distribution of the remaining protein in Xenopus
oocytes. These properties were examined further in the exper-
iments discussed below using Xpo-t amino acids 1 to 385
(XpN) and 443 to 962 (XpC).

Xpo-t is predominantly nuclear because it binds to
RanGTP. One way to explain the above results is that Xpo-t
contains two distinct translocation domains that impart direc-
tionality of movement to the receptor; one for import (XpN)
and one for export (XpC). Alternatively, the observed steady-
state localization of XpN and XpC might be due to specific
interactions with nuclear or cytoplasmic components. The ef-
fect of mutations perturbing tRNA or RanGTP binding on the
shuttling properties of Xpo-t were therefore tested. Since
Xpo-t does not contain a sequence with similarity to known
RNA binding motifs, we made the assumption that basic amino
acid residues might be involved in tRNA binding. To obtain
tRNA binding mutants, several highly conserved basic amino
acids in the C-terminal half of the protein were mutated to
alanines. Two mutants impaired in tRNA binding were iden-
tified (Fig. 2A, lanes 5 and 8). When proteins were injected
into Xenopus oocytes, no obvious differences in the steady-
state distributions of these mutants relative to that of wild-type
Xpo-t were observed (Fig. 2B and C). We conclude that tRNA
binding does not affect Xpo-t localization.

We next tested the effect of RanGTP binding. First, *>S-
labeled Xpo-t was injected into the cytoplasm (Fig. 3A, lanes 1
and 2) and allowed to equilibrate for 6 h (Fig. 3A, lanes 3 and
4). Then a second injection of either RanGAP and RanBP1
(Fig. 3A, lanes 9 to 12) or a buffer control (Fig. 3A, lanes 5 to
8) into the nucleus was performed. Nuclear injection of GAP/
BP1 depletes nuclear RanGTP pools and collapses the
RanGTP gradient across the nuclear envelope (22). After 2 to
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FIG. 1. Invitro binding and shuttling activities of full-length Xpo-t and Xpo-t with N- and C-terminal truncations. (A) RanGTP binding. zzXpo-t and
the truncation mutants indicated were expressed in E. coli and prebound to IgG-Sepharose, mixed with recombinant RanGTP (T, lanes 1 and 3 to 8)
or RanGDP (D, lane 2), and incubated at room temperature while being rotated for 1 h. The resin was collected and washed three times with ice-cold
binding buffer, and bound proteins were eluted with sample buffer. Samples were separated by SDS-12% PAGE and stained with Coomassie blue.
RanGTP can bind to Xpo-t (lane 1) and all three N-terminal fragments of Xpo-t (lanes 6 to 8). In addition, removal of the first 45 amino acids of Xpo-t
(lane 3) does not eliminate Ran-binding activity; however, mutants with further deletions (lanes 4 and 5) no longer bind. HC and LC, background elution
of the heavy and light chains from the IgG-Sepharose. (B) tRNA binding. A mixture of UIASm, U6Ass, and yeast tRNAP" (lane 1) was incubated with
zzXpo-t or the indicated truncation mutants in the presence of RanGTP (lanes 2 and 5 to 10), RanGDP (lane 3), or no Ran (lane 4) for 1 h at room
temperature. The resin was collected and washed as described above. Bound RNA was extracted and separated on a 10% denaturing RNA gel and
detected by autoradiography. (C) N- and C-terminal fragments of Xpo-t have distinct shuttling activities. **S-labeled Xpo-t and representative truncation
mutants were transcribed and translated in rabbit reticulocyte lysate and injected into the nuclei (Nuc) or cytoplasm (Cyto) of Xenopus oocytes. After
a 4-h incubation the oocytes were dissected into nuclear (N) and cytoplasmic (C) fractions and separated by SDS-12% PAGE and detected by
autoradiography. The GST-M10 protein does not shuttle and serves as an injection control.

4 h of further incubation, oocytes injected with GAP/BP1 number of mutations in conserved residues within the Ran-
showed dramatically reduced levels of Xpo-t in the nucleus binding domain and tested the RanGTP binding of the mu-
(Fig. 3A, lanes 9 to 12). tants in vitro. One mutant, with phenylalanines 54 and 55

As a second approach, we determined the steady-state dis- changed to alanines, was defective in binding to RanGTP both
tribution of a RanGTP-binding Xpo-t mutant. We generated a in the context of full-length Xpo-t (Xpo-t mut) and within the
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FIG. 2. tRNA-binding Xpo-t mutants do not affect shuttling activity. (A) Recombinant zzXpo-t mutants were tested for binding to tRNA in
vitro as for Fig. 1. The mutants are M1 (K539A/R543A), M2 (R550A/K553A/K557A), M3 (L547A/F551A), M4 (F548A/V552A), and M5
(R405A/K406A/K409A). 3*S-labeled mutant proteins M2 and M5 were further tested for shuttling activity in Xenopus oocytes, injected into either

the nucleus (B) or the cytoplasm (C). Neither of the mutants obviously affected the shuttling behavior of the receptor. All five mutants were tested
and found to be able to interact with RanGTP in vitro (data not shown). N, C, T, and D are as defined for Fig. 1.

XpN fragment (XpN mut) (Fig. 3B, compare lanes 1 with 3
and 4 with 5). The full-length mutant was characterized by
oocyte injection. Four hours after nuclear injection more mu-
tant protein than wild-type protein was found in the cytoplasm
(Fig. 3C, compare lanes 3 and 4 with lanes 5 and 6). Addition-
ally, when injected into the cytoplasm, very little of the mutant
protein accumulated in the nucleus (Fig. 3C, lane 11). The
XpN mut protein was unstable in oocytes and could not be
analyzed in this way. Taken together, these experiments sug-
gest that nuclear RanGTP binding is required for the steady-
state nuclear localization of Xpo-t.

Ran influences the levels of nuclear Xpo-t in semipermeabi-

4 5 6

lized HeLa cells. To better understand and further confirm the
influence of nuclear RanGTP on Xpo-t localization, we turned
to an assay of digitonin-permeabilized HeLa cells, where it is
possible to more precisely control the levels of nuclear
RanGTP. The ability of Xpo-t to enter the nuclei of these cells
in the absence or presence of an added “Ran system” (NTF2,
RanGDP, RanBP1, and RanGAP) (11) was tested. The reac-
tions described here and below all reflect the steady-state dis-
tribution of Xpo-t and its derivatives (data not shown). Fluo-
rescently labeled Xpo-t enters the nucleoplasm of
permeabilized cells (Fig. 4A, control) (27) without an energy
regeneration system or Ran (data not shown). Nuclear entry of
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TABLE 1. In vitro and in vivo activities of Xpo-t deletion mutants

In vitro binding”

Activity” for: ~ Permeabilized-

Schematic Amino acids Alternate to: cell Xenopus egg .extcract
name localization nucleoporins
RanGTP tRNA Import Export oca
Full length
| 1-962 Xpo-t + + + + Nucleus Nup153 (N), RanBP2/
Nup358 (C)
| 1-663 + _ U U
— 1-434 + _ -
I 1-385 XpN + - ++ - Nucleus  Nupl53 (N), RanBP2/
Nup358 (C)
R 46-962 +/— +/— — +4
L 347-962 — — — ++
I 443-962 XpC - - - ++ Rim CAN/Nup214 (C)
[[[ssss—— GST-(443-962) - +
[ J— GST-(443-663) - -
[  GST-(664-962) - +/-
[ G5 (784-962) .

GST-(784-882)
GST-(784-848)
GST-(849-962)
GST-(849-882)
GST-(883-962)

[
()
-
=
=

“ +, wild-type activity; —, activity not detected; =, less than wild-type activity.

b ++, greater than wild-type activity; +, wild-type activity; =, less than wild-type activity; —, activity not detected; U, unstable.
¢ All nucleoporins except CAN/Nup214 are Ran GTP dependent. N, nuclear side of NPC; C, cytoplasmic side of NPC.

Xpo-t was blocked, as expected, by addition of a dominant-
negative NPC binding fragment of importin 8, AN44 (amino
acids 45 to 465) (26) (Fig. 4, + AN44). When the complete Ran
system was included in the reaction, the amount of labeled
Xpo-t in the nucleus increased (Fig. 4A, +NRGB). The XpN
protein behaved similarly to full-length Xpo-t in this assay. It
entered the nucleus and was blocked by AN44, and nuclear
accumulation was increased upon addition of a complete Ran
system (Fig. 4B). In contrast, the XpN mut protein, deficient in
RanGTP binding, entered the nucleoplasm and was blocked by
AN44 but did not respond to the addition of a Ran system (Fig.
4C). These results confirm the in vivo effect of nuclear
RanGTP on the accumulation of Xpo-t or XpN in the nucleus,
namely, that increasing the amount of nuclear RanGTP leads
to a corresponding increase in the levels of Xpo-t or XpN
inside the nucleus.

XpC localizes to the NPC and can compete for export path-
ways. In permeabilized cells in the absence of an energy re-
generation system or Ran, fluorescently labeled XpC accumu-
lated at the nuclear rim and AN44 blocked this binding (Fig. 5,
control and +AN44 and data not shown). Binding could also
be competed by addition of either unlabeled XpC or unlabeled
full-length Xpo-t, albeit at a higher concentration than for
XpC (data not shown). Addition of the Ran system reduced
the rim signal of XpC without leading to nuclear accumulation

(Fig. 5, +NRGB). Dissection of the Ran system showed that a
combination of NTF2 and Ran was sufficient to compete the
rim signal (Fig. 5, +NR). NTF2, added alone (Fig. 5, +N), or
a combination of Ran, RanGAP, and RanBP1 (Fig. 5, +RGB)
did not compete. These results suggest that XpC can bind to
the NPC and that this binding is competed by the NTF2/
RanGDP import complex.

Because XpC has the ability to exit the nucleus (see above)
and bind to the NPC, we predicted that it might compete other
export pathways. To test this either BSA (Fig. 6A, lanes 1 to 4),
XpN (lanes 5 and 6), or XpC (lanes 7 and 8) was preinjected
into oocyte nuclei. Next, a pre-mRNA (Ftz-pre), UlASm
snRNA, and a tRNA, together with U6Ass as an injection
control, were injected. Relative to BSA, XpC strongly inhibited
both U snRNA and tRNA export and, to a lesser extent,
spliced Ftz mRNA export (Fig. 6A, compare lanes 3 and 4 with
7 and 8). XpN inhibited all three RNA export pathways weakly
(lanes 5 and 6). Quantitation of three independent experi-
ments indicated that XpC inhibited U1 and tRNA export by 80
to 90% (Fig. 6B). Injection of fourfold-higher concentrations
of recombinant full-length Xpo-t showed only modest inhibi-
tion of RNA export (data not shown).

Since XpC is a fragment of Xpo-t, it is perhaps not surpris-
ing that tRNA export can be inhibited by injection of saturat-
ing amounts of this protein. However, the fact that U1 snRNA
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FIG. 3. Xpo-t is predominantly a nuclear protein at steady state because it binds to RanGTP. (A) Depletion of nuclear RanGTP alters the
steady-state localization of Xpo-t. **S-labeled Xpo-t was injected into the oocyte cytoplasm (lanes 1 and 2) and incubated for 6 h to allow Xpo-t
to equilibrate into the nucleus (lanes 3 and 4). At this time point a second injection into the nucleus was performed with a mixture containing either
1 uM RanGAP-10 nM RanBP1 and injection dye (lanes 9 to 12) or only injection dye (lanes 5 to 8). Oocytes were dissected after 2 or 4 h, and
the samples were separated by SDS-12% PAGE and detected by autoradiography. (B) In vitro binding of RanGTP to wild-type or F54A/F55A
mutant Xpo-t or XpN. Experimental conditions were as for Fig. 1A. (C) The RanGTP-binding Xpo-t mutant mislocalizes to the cytoplasm at
steady state in Xenopus oocytes. **S-labeled Xpo-t or the F54A/F55A mutant was injected into either the nucleus (Nuc) or cytoplasm (Cyto) of
oocytes, the oocytes were incubated for 4 h and dissected, and samples were processed as described above. Cyto, cytoplasm; Nuc, nucleus; t,, time
zero; N, nuclear fraction; C, cytoplasmic fraction; wt, wild type; mut, mutant; HC, IgG heavy chain; LC, IgG light chain.

is inhibited to a similar extent is less expected. Export of U
snRNAs is mediated by a complex of proteins that include
export receptor CRM1/Xpol, RanGTP, the Cap binding com-
plex, and adapter protein PHAX (35). The fact that XpC can
inhibit U snRNA export suggests that CRM1 and Xpo-t might

utilize similar NPC binding sites. We therefore tested the ef-
fects of XpC on the export of a PHAX derivative with muta-
tions in the two major nuclear localization signals that prevent
its reimport (42) as well as other proteins exported via CRM1
such as An3, the human immunodeficiency virus type 1 Rev
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-alexa
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FIG. 4. Localization of Xpo-t and XpN in semipermeabilized HeLa cells. The Ran system promotes nuclear accumulation. (A) Xpo-t labeled
with Alexa-546 (0.5 pM) and an energy regeneration system was combined with buffer (control) or the indicated reagents and then incubated with
digitonin-permeabilized HeLa cells for 10 min at room temperature, fixed with paraformaldehyde, and spun onto coverslips, and images were
collected by confocal microscropy. The Ran system (NRGB) contains 0.4 uM NTF2 (N), 4 uM RanGDP (R), 0.4 pM RanGAP (G), and 0.4 puM
RanBP1 (B). The AN44 protein is composed of amino acids 45 to 465 of importin B and was added at 1 pM. (B and C) Localization of
XpN-Alexa-546 (B) and XpN mut-Alexa-546 (F54A/F55A) (C) as in panel A.

protein, and Snurportinl. XpN, XpC, and BSA was coinjected
into nuclei of oocytes with *>S-labeled NES proteins, and their
export was assayed. As for Ul snRNA, PHAX export was
strongly inhibited by XpC (Fig. 6C, top, lanes 7 and 8) but was
unaffected by XpN (Fig. 6C, lanes 5 and 6). Interestingly, not
all NES proteins were equally affected by XpC. An3 was only
weakly inhibited, while both Rev and Snurportinl were essen-
tially unaffected (Fig. 6C, bottom). These data suggest that
XpC competes the export of some CRM1-substrate complexes
but not all. It is doubtful that the differential effects are due to
differences in export kinetics that reflect the affinity of each
NES protein for CRM1, since Snurportinl export is fast and
Rev export is relatively slow but the export of neither is af-
fected by XpC, while An3 and PHAX, whose export rates are
intermediate, are inhibited. This suggests that different CRM1-
cargo complexes require different nucleoporin interactions for

their export. We also analyzed whether XpC could affect im-
port mediated by either importin B or transportin in both
oocyte and permeabilized-cell assays. We observed no inhibi-
tory effects of XpC on import (data not shown).

Biochemical interactions between Xpo-t and nucleoporins.
The above experiments suggested that XpN and XpC might
interact with different NPC components during translocation.
Their biochemical interaction with nucleoporins was therefore
examined. Recombinant importin B (amino acids 1 to 365, as a
control), Xpo-t, XpN, and XpC were immobilized and mixed
with Xenopus egg extract in the absence or presence of
RanGTP (Fig. 7A). A hydrolysis-deficient Ran mutant, the
Q69L mutant, was used in this experiment to ensure that Ran
remained bound to GTP. After incubation with extract, bound
protein was eluted, separated by SDS-PAGE, and analyzed by
Western blotting using monoclonal antibody MAb414 (Fig.
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FIG. 5. Localization of the XpC fragment in semipermeabilized HeLa cells. Nuclear import of RanGDP competes for XpC binding to the NPC.
Recombinant XpC labeled with Alexa dye was mixed with the indicated reagents and an energy regeneration system and incubated with semiperme-
abilized HeLa cells as described for Fig. 4. XpC localizes to the nuclear rim and likely binds to the NPC since AN44 can directly compete for the
interaction. The complete Ran system or only a mixture of NTF2 and RanGDP can also compete for the rim binding of XpC, suggesting that Ran nuclear
import via NTF2 utilizes a similar binding site (or sites) at the NPC. The designations for the components of the Ran system are as in Fig. 4.

7A), anti-Xenopus Nupl53, or anti-Xenopus CAN/Nup214
(data not shown). In this experiment the fragment of importin
B comprising amino acids 1 to 365 showed clear interactions
with both Nup153 and RanBP2, and the latter was RanQ69L
dependent. Interestingly, the full-length importin $ interaction
with Nup153 was reported to be RanGTP sensitive (34, 43),
indicating that this fragment behaves differently. Similarly,
Xpo-t (lanes 6 to 8) and XpN (lanes 9 to 11) bind RanBP2 and
Nup153, and both interactions required RanGTP. In the ab-
sence of added Ran, neither Xpo-t nor XpN bound detectably
to any of the nucleoporins tested. In contrast to full-length
Xpo-t, XpC bound CAN/Nup214 (Fig. 7A, lanes 12 to 14), and
this interaction was Ran independent. CAN/Nup214 is subject
to proteolytic degradation, giving rise to two major species that
were also detected by CAN-specific antibodies (data not
shown). Nucleoporin p62 bound weakly to all four recombi-
nant proteins regardless of RanQ69L addition (data not
shown). No significant binding of the Xpo-t proteins to Nup98
or Nup107 was detected (data not shown).

Perhaps due to the above-mentioned degradation of CAN/
Nup214 or to competition with other binding partners present
in complete extracts (Fig. 5), the XpC/CAN interaction was
difficult to reproducibly detect in this assay. We therefore ver-
ified this interaction using WGA-Sepharose affinity-enriched
nucleoporins (14). WGA-binding proteins were mixed with

either protein A-tagged CRM1 (together with RanGTP and
BSA-NES as a positive control), Xpo-t, XpC, or XpN proteins.
Unbound proteins (Fig. 7B, lanes 2 to 5) and bound proteins
(Fig. 7B, lanes 6 to 9) were separated by SDS-PAGE and
analyzed by Western blotting with MAb414 (Fig. 7B) or anti-
CAN antibodies (data not shown). When bound to RanGTP
and an NES substrate, CRM1 interacted with CAN (4) (Fig.
7B, compare lanes 2 and 6). XpC also efficiently bound to CAN
(Fig. 7B, compare lanes 4 and 8), and this interaction was Ran
independent. In contrast, both Xpo-t and XpN interacted with
CAN only weakly (Fig. 7B, lanes 7 and 9). This result confirms
that XpC can bind to CAN/Nup214 in a RanGTP-independent
manner. We did not observe strong interaction of full-length
Xpo-t with CAN in vitro. However, since XpC blocked the
translocation cycle of Xpo-t (Fig. 6) and since Xpo-t could
compete the nuclear rim binding of XpC in vitro (see above),
it is likely that high-affinity binding sites for XpC on the NPC
also bind Xpo-t. The difference in the affinities of full-length
Xpo-t and XpC for CAN may be analogous to the increased
affinity for the NPC of the AN44 fragment of importin 8 com-
pared to that of the full-length protein (26).

A model for Xpo-t translocation through the NPC. Integrat-
ing the results of the above experiments we propose the fol-
lowing model for some of the interactions of the tRNA export
complex with the NPC during tRNA export and recycling of
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FIG. 6. XpC can compete for specific export pathways. (A) Com-
petition for RNA export. BSA (lanes 3 and 4), XpN (lanes 5 and 6),
and XpC (lanes 7 and 8) were injected at 150 uM into oocyte nuclei,
and oocytes were incubated for 30 min, followed by a second nuclear
injection containing a mixture of Ftz pre-mRNA, UIASm, U6Ass (as
an injection control), and yeast tRNA", The oocytes were incubated
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FIG. 7. Nucleoporin binding to Xpo-t, XpN, and XpC. (A) The
indicated recombinant (rec.) proteins were cross-linked to resin at high
density (see Materials and Methods) and used for affinity binding.
Affinity resin containing the different proteins was mixed with buffer
(lanes 3, 6, 9, and 12), buffer containing Xenopus egg extract (lanes 2,
4,7, 10, and 13), or extract supplemented with 5 uM RanQ69L loaded
with GTP (lanes 5, 8, 11, and 14) and rotated at 4°C for 3 h. The resin
was then collected and washed, and the bound proteins were eluted
with SDS sample buffer and separated by SDS-6% PAGE and de-
tected by Western blotting using MADb414. In the presence of
RanGTP, Xpo-t and XpN can pull down both Nup153 and RanBP2/
Nup358 (lanes 8 and 11). By contrast, XpC affinity resin can select
CAN/Nup214, and this binding is RanGTP independent (lanes 13 and
14). (B) WGA-Sepharose affinity-purified proteins from Xenopus egg
extracts (lane 1) were mixed with resin containing the indicated re-
combinant proteins and 25% of the unbound fractions (lanes 2 to 5)
and bound fractions (lanes 6 to 9) were separated and detected as in
panel A by using MAb414. For CRM1 both RanQ69L(GTP) and
BSA-NES were included in the binding reaction to promote export
complex formation.

empty Xpo-t back into the nucleus (Fig. 8; see also Discus-
sion). Trimeric tRNA export complexes form in the nucleus,
where RanGTP concentrations are high (Fig. 8, step 1). When
bound to RanGTP, Xpo-t has a higher affinity for Nup153 (Fig.
8, step 2). Following translocation through the central channel,
the export complex binds to RanBP2. Since sumoylated Ran-
GAP binds to RanBP2 (29, 30, 32), the likely functional con-
sequence of this association is hydrolysis of GTP by Ran.
Following hydrolysis, Xpo-t affinity for RanBP2 is reduced and
it dissociates. Since XpC binds to CAN in a Ran-independent

for 2 h and then dissected, and the RNA was extracted and separated
on a 10% denaturing RNA gel. The XpC fragment can efficiently
compete for both Ul and tRNA export and to a lesser extent mRNA
export. At this concentration XpN is a less efficient competitor for
these RNA export pathways. (B) Quantitation of percent export inhi-
bition of XpN versus XpC from three independent sets of injections.
(C) Competition for NES-mediated protein export. **S-labeled PHAX
(NLSmut), An3, Snurportin 1, human immunodeficiency virus Rev,
and GST-M10 proteins made in rabbit reticulate lysate were coinjected
into oocyte nuclei with ~200 wM BSA (lanes 3 and 4), XpN (lanes 5
and 6), or XpC (lanes 7 and 8), oocytes were incubated for the indi-
cated times and dissected, and samples were separated by SDS-PAGE.
XpC can efficiently compete for PHAX export, is less effective for An3
export, and does not interfere with Snurportin 1 or Rev export. As for
RNA export, the XpN fragment is not an effective competitor for any
of these export routes. t,, time zero.
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FIG. 8. Model of Xpo-t translocation and recycling through the NPC. Xpo-t binds to RanGTP in the nucleus (step 1), and the export complex
then binds to Nup153 (via the N terminus of Xpo-t) at the nuclear side of the NPC (step 2). The complex translocates and binds to RanBP2/Nup358
on the cytoplasmic side of the NPC (step 3), where RanGAP and RanBP1 can stimulate nucleotide hydrolysis on Ran, and Xpo-t is released. The
C terminus of Xpo-t can then interact with CAN/Nup214 to position the receptor for efficient import (step 4). The import complex of
NTF2/RanGDP may compete Xpo-t from CAN, and both complexes translocate into the nucleoplasm (step 5), where RanGTP can be generated

and Xpo-t export complexes can form for another round of translocation.

manner, we propose that full-length Xpo-t binds to CAN and
is retained near the translocation channel for recycling. Fur-
thermore, NTF2/RanGDP competes for XpC binding to the
NPC and could act to reduce the receptor-NPC interaction and
thus could contribute to the fraction available for NPC trans-
location.

Two predictions of the model can be tested. First, if
RanGTP hydrolysis is prevented, Xpo-t should accumulate at
the NPC bound either to Nup153 or, more likely, to RanBP2.
Second, if hydrolysis is permitted to occur, Xpo-t should also
accumulate at the NPC if Ran import via NTF2 is perturbed
since this will reduce competition for binding to NPC sites,
including CAN. The model was tested by the permeabilized-
cell assay. First, fluorescently labeled Xpo-t was imported into
the nuclei. The supernatant, containing nonimported Xpo-t,
was removed (approximately 80% of the total volume of the
reaction mixture), and the cells were resuspended in fresh
buffer minus labeled protein. A sample was removed immedi-
ately and fixed (Fig. 9, import 15 min). The remaining cells
were aliquoted into a second set of reaction mixtures contain-
ing an energy regeneration system and either buffer, the com-
plete Ran system, or various individual components of the Ran
system and further incubated for 10 min. Note that Ran is able
to cross the NPC by simple diffusion in the absence of NTF2,
but less efficiently than in its presence.

Reaction mixtures containing buffer, the complete Ran sys-
tem (NRGB), or NTF2 alone (N) showed a relatively diffuse
Xpo-t signal within the nucleoplasm and no detectable accu-
mulation at the nuclear rim. In contrast, omitting any compo-
nent of the Ran system resulted in a reduction of the nuclear
signal and some Xpo-t accumulation at the nuclear rim, i.e.,

preferential NPC binding. The two most relevant conditions
were when NTF2 and Ran (NR) were added and when Ran,
RanGAP, and RanBP1 (RGB) were present. In the first case
Ran is efficiently imported and converted to RanGTP but GTP
hydrolysis is inefficient due to the absence of RanGAP and
RanBP1. We interpret the increase in NPC binding here as
stabilization of interactions like those of Xpo-t with Nup153
and RanBP2. In the second case hydrolysis is efficient but Ran
import via NTF2 is not. The net result was also a rim signal in
the majority of cells, indicating that Xpo-t accumulated at the
NPC. This we interpret as empty Xpo-t, after RanGTP hydro-
lysis, binding to the NPC through RanGTP-independent sites
such as that for CAN/Nup214. The results of this experiment
are consistent with some predictions of the model (Fig. 8),
namely, that, when a complete Ran system is present, Xpo-t
can recycle rapidly between the NPC and nucleoplasm, and the
net result is an evenly distributed nucleoplasmic signal and no
accumulation at the NPC. However, when either GTP hydro-
lysis is prevented or the NTF2/RanGDP complex is absent,
Xpo-t accumulates at the NPC. The overall reduction in fluo-
rescence signal in these experiments reflects the Xpo-t that is
exported completely, escaping binding to the NPC and reim-
port, and that is diluted into the buffer phase.

DISCUSSION

Steady-state nuclear localization and RanGTP binding. We
have analyzed functional domains of the tRNA export recep-
tor, Xpo-t. Like those of other members of the importin
family, the N-terminal region of Xpo-t binds directly to
RanGTP and the C terminus binds to cargo (26, 33, 46). For
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FIG. 9. Xpo-t accumulates at the nuclear rim when either Ran hydrolysis or import is perturbed. (A) Two-step permeabilized-cell assay in which
fluorescently labeled Xpo-t is first imported into the nuclei for 15 min at room temperature (import 15 min + .. .) while the cells settled into the
bottom of the reaction tube. As much as 80% of the supernatant containing unincorporated Xpo-t was then removed, and the cells were
resuspended in fresh buffer and aliquoted into a second reaction mixture containing either buffer or the indicated components of the Ran system.
The designations of the individual components are as in Fig. 4. When any individual component of the Ran system was left out of the reaction,
the net result was that the Xpo-t nuclear signal was reduced and a nuclear rim signal was more visible, suggesting that both Ran hydrolysis and
import are critical for efficient recycling of Xpo-t between the nucleus and cytoplasm. (B) Quantitation of the percentages of cells in each of the
above conditions that were seen to have a rim signal. For each condition a total of ~50 to 75 cells were counted from three independent

experiments.

Xpo-t the N-terminal region and binding to RanGTP are re-
quired for the normal steady-state nuclear localization of the
receptor, both in vivo and in permeabilized cells in vitro. A
nuclear localization of Xpo-t might be critical for its efficient
function in export since the cytoplasmic concentration of
tRNA is very high. Xpo-t, even if its affinity for tRNA is
reduced in the absence of RanGTP (2, 3, 27), might become
sequestered in the cytoplasm by binding to tRNA in the ab-
sence of a mechanism for its nuclear accumulation. Since the
RanGTP-Xpo-t complex on its own is smaller than the com-
plete tRNA export complex, it should not accumulate in the
nucleus by being prevented from translocation through the
NPC unless it binds to some nucleoplasmic component. Al-
though we have not definitively identified the nucleoplasmic

binding partner, it was recently observed that the RanGTP-
Xpo-t complex binds to chromatin (6a).

Xpo-t contains two distinct NPC binding domains. The N-
and C-terminal regions of Xpo-t have different interactions
with nucleoporins and have dissimilar steady-state distribu-
tions both in vivo and in permeabilized cells. While the differ-
ential localizations of the Xpo-t fragments are explicable on
the basis of their abilities to bind RanGTP, the distinct nucleo-
porin interactions are likely to be involved at different stages of
the Xpo-t transport cycle.

We detected in vitro binding of Xpo-t or its fragments to
three peripheral nucleoporins. Xpo-t and the N-terminal frag-
ment both bound to Nup153, recently localized to the nucleo-
plasmic coaxial ring of the NPC (47), and to RanBP2/Nup358,
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a component of the cytoplasmic filaments (48-50; Walther et
al., submitted). Both of these interactions were dependent on
the presence of RanGTP. The C-terminal fragment of Xpo-t
bound to CAN/Nup214, located at the cytoplasmic end of the
NPC channel (25; Walther et al., submitted), and this interac-
tion was Ran independent.

Similar to Xpo-t, importin B has previously been shown to
have at least two NPC interaction domains, one located N
terminally (7, 26) and the other located near the C terminus
(26). Although the nucleoporins to which these domains bind
have not been characterized, an X-ray structure of the N-
terminal region of importin B, together with an FG-containing
peptide from yeast NSP1, i.e., a generic nucleoporin-transport
receptor interaction domain (41), has been obtained (5) and
demonstrates the molecular basis for this kind of interaction.

Furthermore, Shah et al. (43) demonstrated that Nup153
binds to importin B in a RanGTP-sensitive way. Since removal
of the N-terminal 44 amino acids of importin 8, which prevents
its interaction with RanGTP, leads to a considerable increase
in the affinity of the receptor for the NPC (26) and since
depletion of Nup153 leads to a decrease in importin B-medi-
ated import (47), it seems that Nup153 represents an impor-
tant interaction partner for importin  during NPC transloca-
tion.

A recent, extensive analysis of yeast transport receptor-
nucleoporin binding in vitro revealed that many of these inter-
actions are sensitive to RanGTP. In a general way, RanGTP
decreases import receptor-nucleoporin affinities and increases
export receptor-nucleoporin affinities (1). The interactions ob-
served here between Xpo-t and both Nupl53 and RanBP2
behave in this way, while the interaction of the C terminus with
CAN is RanGTP independent.

XpC did not compete with all nuclear export pathways. Of
particular interest, it could block the export of some CRM1-
cargo-RanGTP complexes but not that of others. Both CRM1
export complexes and XpC have been shown to interact with
CAN (references 4, 17, and 18 and this paper), and this inter-
action could provide an explanation for XpC competition for
CRM1 export. The differential effect of XpC on various CRM1
cargoes is suggestive of some specificity in the interaction of
different export complexes containing the same receptor mol-
ecule during NPC translocation. It is reminiscent of the differ-
ential effects of WGA, which binds to N-acetylglucosaminy-
lated nucleoporins, on the import into the nucleus of nuclear
localization signal proteins (13, 14) and U snRNPs (16) in
Xenopus oocytes, even though both cargoes are imported via
importin 3. A further recent example of NPC-import complex
interaction specificity comes from the work of Huber et al.
(21). They showed that the RanGTP-dependent import of U5
snRNPs, more specifically the RanGTP dependence of the
dissociation of the complex between importin 8, Snurportinl,
and U5 snRNP from the NPC and entry of U5 snRNP into the
nucleoplasm, depended on the identity of the importin 8 bind-
ing (IBB) domain of Snurportinl. Exchange of this IBB do-
main with its counterpart from importin o rendered U5 import
complex dissociation from the NPC RanGTP dependent. Since
the IBB domain is likely almost completely buried inside the
import complex (8), it should be unable to contribute directly
to NPC interactions. These data rather suggest that the IBB
domains of the two import adapters affect the conformation of
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importin B and in this way alter import complex-nucleoporin
interactions. If CRM1 interactions with nucleoporins are also
affected differentially by its various cargoes, this would provide
an explanation for the ability of XpC to inhibit translocation of
some, but not other, CRM1-cargo complexes.

What are the likely functions of the three identified NPC
binding sites of Xpo-t? It seems likely, given their RanGTP
dependence, that Nup153 and RanBP2 bind Xpo-t when it is
on its way out of the nucleus as part of a tRNA export complex
(Fig. 8). A possible function for the Nup153 binding, particu-
larly given the existence of nucleoplasmic binding sites for
Xpo-t-RanGTP complexes (see above), is to increase the local
concentration of Xpo-t at the opening of the NPC, as recently
proposed in a general model for NPC translocation (40). Upon
translocation to the cytoplasmic face of the NPC, the export
complex would accumulate on RanBP2 until RanGTP was
removed. Since this can in principle be achieved by either
soluble RanBP1 or NPC-associated RanBP2 in conjunction
with RanGAP and since RanGAP in the sumoylated form
binds to RanBP2 (29, 30, 32), RanBP2 is a likely site for tRNA
export complex disassembly (Fig. 8). In this way, RanBP2
would function in a manner analogous to that suggested for
CAN in the case of CRM1-mediated export (4, 24) or Nup153
or the Nup66/Nup2 complex in the case of importin B-medi-
ated import in vertebrates and yeast, respectively (6, 10, 43), to
maintain the local concentration of the cargo-free receptor
high at the opening to the translocation channel of the NPC.

We propose that, on dissociation from RanBP2, empty
Xpo-t associates preferentially with CAN and that this inter-
action, like that of the tRNA export complex with Nup153,
increases the local concentration of the receptor adjacent to
the translocation channel and thus increases the efficiency of
recycling. The exact mode of translocation through the NPC
has been the subject of much recent experimentation and hy-
pothesis, and translocation through the permeability barrier of
the NPC must involve very weak and easily reversible interac-
tions with nucleoporins (1, 38, 39, 40). The interactions we
observe here appear to occur either prior to or following the
translocation process per se, and we propose that they function
to increase the overall efficiency of the translocation process.
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