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Xpolp (Crmlp) is the nuclear export receptor for proteins containing a leucine-rich nuclear export
signal (NES). Xpolp, the NES-containing protein, and GTP-bound Ran form a complex in the
nucleus that translocates across the nuclear pore. We have identified Yrblp as the major Xpolp-
binding protein in Saccharomyces cerevisiae extracts in the presence of GTP-bound Gsplp (yeast
Ran). Yrblp is cytoplasmic at steady-state but shuttles continuously between the cytoplasm and
the nucleus. Nuclear import of Yrblp is mediated by two separate nuclear targeting signals.
Export from the nucleus requires Xpolp, but Yrblp does not contain a leucine-rich NES. Instead,
the interaction of Yrblp with Xpolp is mediated by Gsplp-GTP. This novel type of export
complex requires the acidic C-terminus of Gsp1lp, which is dispensable for the binding to importin
B-like transport receptors. A similar complex with Xpolp and Gsplp-GTP can be formed by
Yrb2p, a relative of Yrblp predominantly located in the nucleus. Yrblp also functions as a
disassembly factor for NES/Xpolp/Gsplp-GTP complexes by displacing the NES protein from
Xpolp/Gsplp. This Yrblp/Xpolp/Gsplp complex is then completely dissociated after GTP

hydrolysis catalyzed by the cytoplasmic GTPase activating protein Rnalp.

INTRODUCTION

The nuclear envelope separates the nucleus and the cytoplasm but
contains transport gates termed nuclear pore complexes (NPCs)
that allow for selective exchange of proteins and RNAs. Although
macromolecules of up to 40—60 kDa in size can diffuse through
the aqueous channel of the NPC, most macromolecules are trans-
ported across the NPC in a receptor-mediated and energy-depen-
dent manner (for reviews see Ohno et al., 1998; Gorlich and Kutay,
1999; Nakielny and Dreyfuss, 1999; Cole, 2000). The mediators of
the translocation are soluble receptors of the importin 8 family,
which can be divided into importins and exportins. They recog-
nize specific transport signals within their cargo, migrate through
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the NPC, and return in their cargo-free form after release of the
transport substrate. Importin 3-like proteins vary in size between
95 and 135 kDa and are characterized by an aminoterminal Ran-
binding domain and a large carboxyterminal domain containing
tandem repeats (Chook and Blobel, 1999; Cingolani et al., 1999;
Vetter et al., 1999a).

The yeast Saccharomyces cerevisizge contains 14 importin
B-like proteins (reviewed by Weis, 1998; Schlenstedt and
Solsbacher, 1999), which transport a variety of cargoes. Im-
portin B (Kap95p) mediates the import of importin «
(Srplp), which in turn binds to proteins containing classical
nuclear localization signals (NLSs). Kap104p, the homo-
logue of mammalian transportin, mediates import of several
RNA-binding proteins (Aitchison et al., 1996). Pselp and
Yrb4p (Kap123p) are the importins for some ribosomal pro-
teins (Rout et al., 1997; Schlenstedt ef al., 1997). The mRNA-
binding protein Npl3p is imported by Mtr10p (Pemberton et
al., 1997; Senger et al., 1998). In addition to these importins,
four exportins have been identified: Loslp, the homologue
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of exportin t, is involved in tRNA export (Hellmuth ef al.,
1998); Msn5p exports a subset of phosphorylated proteins
(Kaffman et al., 1998; DeVit and Johnston, 1999); Cselp, the
homologue of human CAS, is the specific exportin for Srplp
(Solsbacher ef al., 1998; Kiinzler and Hurt, 1998; Hood and
Silver, 1998); and Xpolp (Crmlp) mediates export of pro-
teins containing a leucine-rich nuclear export signal (NES)
(Stade et al., 1997; Neville et al., 1997).

A number of transport cargoes have been identified for
the mammalian CRM1 protein (reviewed by Gorlich and
Kutay, 1999; Kaffman and O’Shea, 1999) including the inhib-
itor of cAMP-dependent protein kinases (PKI) and the hu-
man immunodeficiency virus Rev protein. A typical NES
contains four characteristically spaced leucines or other hy-
drophobic amino acids. This motif is often degenerate or
even absent as in snurportin, the import adapter for U
snRNPs (Paraskeva et al., 1999). The export of the S. cerevisiae
proteins Hoglp, Yaplp, Dbp5p, and Ssblp requires Xpolp,
because these proteins all accumulate in the nucleus of tem-
perature-sensitive xpol mutants (Ferrigno et al., 1998; Yan et
al., 1998; Kuge et al., 1998, Hodge et al., 1999; Shulga et al.,
1999). However, direct binding of these proteins to Xpolp
has not been demonstrated.

The Ran GTPase (Gsplp in S. cerevisiae) is an abundant,
mostly nuclear protein that switches between two confor-
mations, the GTP-bound and the GDP-bound state. Ran is
the key coordinator of receptor-mediated transport across
the NPC (reviewed by Ohno et al., 1998; Moore, 1998; Nak-
ielny and Dreyfuss, 1999; Gorlich and Kutay, 1999). Ran
binds to all importin B-like proteins and is exported from the
nucleus in a complex with these receptors. The only known
regulators of the Ran GTPase cycle are the cytoplasmic
GTPase activating protein RanGAP1/Rnalp, which cata-
lyzes GTP hydrolysis by Ran, and the chromatin-bound
GDP-GTP exchange factor RCC1/Prp20p, which converts
Ran-GDP to Ran-GTP inside the nucleus. The asymmetric
distribution of the Ran regulators is thought to ensure that
Ran is mainly bound to GTP in the nucleoplasm but is
rapidly converted to the GDP-bound state in the cytoplasm.
Binding of Ran-GTP to import receptors in the nucleus
triggers substrate release, whereas Ran-GTP is required for
substrate binding to exportins. The low affinity for Ran-GTP
in the absence of the transport cargo and the highly coop-
erative association with Ran-GTP and the export substrate
are characteristic features of all exportins. While bound to an
importin B-like protein, Ran is unable to hydrolyze GTP
even in the presence of RanGAP/Rnalp. This GAP resis-
tance is thought to prevent premature disassembly of export
complexes.

The dissociation of export complexes in the cytoplasm is
facilitated by Ran binding protein 1 (RanBP1), a 23-kDa
cytoplasmic protein that functions as a coactivator of the
Ran GTPase (Bischoff et al., 1995a). RanBP1 binds with high
affinity specifically to Ran-GTP but contains a Ran-binding
domain different from that of importin B. Yrblp, the S.
cerevisiae homologue of RanBP1, is an essential cytoplasmic
protein required for bidirectional transport across the NPC
(Schlenstedt et al., 1995). Together, RanGAP1/Rnalp and
RanBP1/Yrblp mediate the disassembly of all Ran-GTP-
containing export complexes analyzed thus far (Deane et al.,
1997; Floer et al., 1997; Gorlich et al., 1997; Kutay et al., 1997;
Lounsbury and Macara, 1997; Schlenstedt et al., 1997;
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Kehlenbach et al., 1998; Solsbacher et al., 1998). RanBP1 binds
to Ran-GTP complexed to a receptor to form a disassembly
intermediate. This intermediate is then dissociated by Ran-
GTP hydrolysis which is induced either by RanBP1-facili-
tated access of RanGAP to Ran-GTP or by transient release
of RanBP1/Ran-GTP (Bischoff and Gorlich, 1997).

Yrblp accumulates in the nucleus after expression of
dominant-negative YRB4 or LOS1 mutants (Schlenstedt et
al., 1997; Hellmuth et al., 1998) and in xpol-1 mutants (Kin-
zler et al., 2000) indicating that Yrblp can enter the nucleus.
Xpolp is required for the nuclear export of Yrblp (Kiinzler
et al., 2000), but it is unclear whether export of Yrblp is
mediated by an NES.

Besides Yrblp, S. cerevisine contains two other proteins
with a Ran-binding domain (RBD) of the RanBP1-type, the
nucleoporin Nup2p and the soluble 36-kDa protein Yrb2p.
Nup2p is involved in NLS protein import (Solsbacher et al.,
2000) and Srplp export (Booth et al., 1999). Yrb2p interacts
with Gsplp as well as with Prp20p and Rnalp. In contrast to
Yrblp, Yrb2p is not essential for vegetative growth and is
located predominantly in the nucleus (Taura et al., 1997;
Noguchi et al., 1997). Cells deleted for YRB2 show a specific
defect in Xpolp-mediated NES protein export (Taura et al.,
1998; Noguchi ef al., 1999), but the exact role of Yrb2p in NES
export is unclear.

In this study, we identify Yrblp as a major binding part-
ner of Xpolp in the presence of Gsplp-GTP in yeast extracts.
We show that the binding of Yrblp to Xpolp does not
involve a leucine-rich NES but is mediated by Gsplp. Thus,
the Yrblp/Gsplp-GTP/Xpolp complex can be regarded as
a kinetically stable disassembly intermediate. Consequently,
this complex is dissociated by Rnalp. In addition, we show
that Yrb2p forms a very similar complex with Xpolp and
Gsplp-GTP.

MATERIALS AND METHODS

Strains and Plasmids

The strain containing the integrated fusion of GFP to YRB1 (MATa
ura3 leu2 his3 trpl GFP-YRB1, GSY641) was constructed by homol-
ogous recombination using the pop-in/pop-out strategy (Scherer
and Davis, 1979). Plasmid pGS589, encoding a fusion of GFP to the
N-terminus of Yrblp, contains the PCR-derived coding sequence of
GFP (a S65T, V163A mutant) inserted between the YRBI-promoter
and the coding region of YRBI in pRS306 (Sikorski and Hieter,
1989). The wild-type strain GSY562 was transformed with HindIII-
linearized pGS589, Ura™ transformants were plated on medium
containing 5-fluoro-orotic acid (5-FOA), and the pop-out strains
expressing GFP-YRBI1 were identified microscopically. The correct
integration of GFP-YRB1 was confirmed by PCR and immunoblot-
ting with Yrblp-specific antibodies. The growth rate of strain
GSY641 in YPD medium was slightly reduced compared with the
isogenic wild-type strain. Strain GSY641 was crossed to an xpol-1
mutant (KWY121; Stade ef al., 1997), and strain GSY658 (MATa ura3
leu2 his3 trpl GFP-YRB1 XPOI:LEU2 + CEN HIS3 xpol-1) was
isolated after tetrad dissection.

Plasmid pRS313-ZZ contains two copies of the IgG-binding do-
main of Staphylococcus aureus protein A (Z domains) as an EcoRI/
BamHI PCR fragment, which derived from plasmid pTL27 (Lafon-
taine and Tollervey, 1996), inserted into pRS313 (Sikorski and
Hieter, 1989). Plasmid pKW577, encoding an in-frame fusion of two
Z domains to the C-terminus of Xpolp, was created by cloning a
Sall/EcoRI fragment derived from pKW466 (Stade et al., 1997),
which contains the XPOI-promoter and the complete coding se-
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quence of XPOI1, into pRS313-ZZ. Plasmid pGEX-2TEV-YRBI
(pGS552) encoding GST-Yrblp contains the complete YRBI coding
sequence (Schlenstedt ef al., 1995) as a 715-bp BamHI fragment
inserted into pGEX-2TEV (pGS560), which derives from pGEX-2T
(Pharmacia) and contains a TEV (tobacco etch virus protease) cleav-
age site in place of the thrombin cleavage site. GALI-promoter
driven YRBI truncations fused to GFP were cloned by PCR with
Pwo polymerase (Roche Molecular Biochemicals) as BamHI frag-
ments and inserted into the BamHI site of YCpGALI-GFP (pGS372).
A 675-bp Sphl/Hindlll fragment containing the complete coding
sequence of GSP1 was amplified by PCR and inserted into pQE9
(Qiagen), creating an N-terminal fusion to a 6-histidine tag
(pPKW581), or into pGEX-4T-1, creating an N-terminal fusion to GST
(pGS785). The GSP1Q71L mutation was introduced by site-directed
mutagenesis with PCR. The PCR product was cloned via NgoMIV
and BstEIl into pKW581 to generate pKW586. The mutation in
pKW586 was verified by DNA sequencing. Similarly, the GSPIAC
truncation was constructed by PCR, replacing the 7 C-terminal
codons by a Leu codon. The complete YRB2 coding sequence (Taura
et al., 1997) was inserted into pQE70 (Qiagen) as a 991-bp BamHI
fragment, creating a C-terminal fusion to a 6-histidine tag (pGS558),
or inserted into pGEX-4T-1 as a 1096-bp BamHI/Sall fragment,
creating an N-terminal fusion to GST (pGS270). SSB1-C, containing
the C-terminal 90 codons of SSB1, was amplified by PCR from
genomic DNA as a 452-bp BamHI/Xhol fragment and inserted into
pGEX-4TEV (pGS804), yielding pGS864, which encodes an N-ter-
minal fusion to GST. Plasmid pGS488 contains the 1500-bp EcoRI/
Xhol insert of pKW430 (Stade et al., 1997) in pGEX-4T-1 and encodes
GST-PKI-NES-2GFP. Plasmid pGS489 was constructed similarly but
contains the P12-NES mutant derived from pKW431 (Stade et al.,
1997). The coding sequences of XPO1, KAP95, PSE1, KAP104, and
YRB4 were amplified by PCR from genomic DNA. Plasmid pQE70-
XPO1 (pGS512) contains a 3265-bp BamHI fragment. Plasmid pGEX-
4TEV-KAP95 (pGS962) carries a 2593-bp BamHI insert. Plasmid
PQE9-PSE1 (pGS1006) contains a 3280-bp BamHI fragment. Plasmid
pGEX-4TEV-KAP104 (pGS1010) has a 2874-bp BamHI insert. Plas-
mid pQE30-YRB4 (pGS1011) contains a 3550-bp BamHI/Sall frag-
ment in pQE30 (Qiagen).

Protein Analysis

Yeast extracts were prepared by grinding frozen yeast cells with a
pestle in the presence of liquid nitrogen. The extract was treated
with protease inhibitors, dialyzed against binding buffer (20 mM
Tris-HCl pH 7.4, 100 mM potassium acetate, 5 mM magnesium
acetate, 10% glycerol, 1 mM DTT), and centrifuged for 30 min at
20,000g. The total protein concentration of the extract was adjusted
to 5 mg/ml. To purify Xpolp-ZZ and any bound proteins, 10 ml of
extract were applied to 50 ul IgG Sepharose beads (Pharmacia)
either in the absence or presence of 200 ug GsplpQ71L and incu-
bated over night at 4°C. After extensive washes with ~200 column
volumes of binding buffer, bound proteins were eluted with binding
buffer containing 500 mM KCI. Fractions were precipitated with
methanol/chloroform and analyzed by SDS PAGE.

The purifications of Yrblp (Schlenstedt et al., 1995), Srplp, GST-
Srplp and Cselp (Solsbacher et al., 1998), and S. pombe Rnalp (Bischoff
et al., 1995b) were all described before. Xpolp-6His, 6His-Pselp, 6His-
Yrb4p, Yrb2p-6His, and 6His-Gsplp were purified with nickel-nitro-
lotriacetic agarose (Qiagen). Xpolp, Pselp, and Yrb4p were further
purified by Mono Q (Pharmacia) chromatography. The GDP-bound
and GTP-bound forms of 6His-Gsplp and 6His-Gsp1pQ71L were sep-
arated on a Mono S column (Pharmacia) and the GTP/GDP contents
were determined by HPLC analysis (Gorlich et al., 1996). The
GsplpQ71L-GTP preparation contained 97% GTP-bound and 3%
GDP-bound protein, the Gsplp-GTP preparation contained 50% GTP-
bound protein, and the GsplpQ71L-GDP and Gsplp-GDP fractions
contained 100% GDP-bound protein (not shown). The various GST
fusion proteins were purified using glutathione Sepharose (Pharma-
cia). PKI-NESp and mutant PKI-NESp were separated from GST after
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thrombin cleavage (Schlenstedt et al., 1995). Yrblp, Kap95p, and
Kap104p were cleaved from the respective GST fusion proteins by TEV
protease and further purified on Mono Q.

Gel filtration chromatography and solution binding assays
were performed in PBSKMT buffer (25 mM Na-phosphate, 150
mM NaCl, 3 mM KCl, 1 mM MgCl,, 0.1% Tween 20, pH 7.3).
Solution binding assays were as described before (Solsbacher et
al., 1998). Purified GST fusion proteins were incubated with
glutathione Sepharose (Pharmacia) for 30 min at 4°C. After three
washes with 1 ml PBSKMT, proteins or peptides were added to a
volume of 300 ul as indicated in the figure legends. After wash-
ing, bound proteins were eluted with SDS sample buffer. PKI-
NES peptides (GGGNELALKLAGLDINKT) and mutant PKI-NES
peptides (GGGNELALKLAGADANKT) were a gift of Elena
Conti (EMBL, Heidelberg). NS2 peptides (CVDEMTKKFGTLTI-
HDTEK) and NS2 mutant peptides (CVDEMTKKFGTATAHD-
TEK) were described previously (Askjaer et al., 1999). GTPase
assays were performed as described before (Bischoff et al., 1995b;
Solsbacher et al., 1998) with the following modifications. Enzy-
matic reactions were performed at 15°C in 20 mM HEPES-NaOH
pH 7.4, 120 mM K-acetate, 1 mM Mg-acetate, 0.5% hydrolyzed
gelatin, 0.02% NaNj;. If not indicated otherwise, 30-s GTPase
reactions were started by addition of 40 nM Rnalp.

RESULTS

Yrblp Interacts with Xpolp and Gsplp-GTP in
Yeast Extracts

In order to identify export cargoes of Xpolp, a Xpolp-ZZ
fusion protein was generated (see Materials and Methods). The
fusion protein was functional since it was able to rescue a strain
deleted for XPO1 at all temperatures tested (data not shown).
Xpolp-ZZ was purified from yeast extracts either in the ab-
sence or presence of recombinant Gsplp-GTP, and proteins
bound to immobilized Xpolp-ZZ were eluted with potassium
chloride and analyzed (see Material and Methods). Gsp1p-GTP
was added to promote formation of trimeric cargo/Xpolp/
Gsplp-GTP complexes. Because wild-type Gsplp rapidly hy-
drolyzes GTP in the presence of cellular extracts, GTPase-
deficient Gsp1pQ71L loaded with GTP was used. The two
major proteins detected (Figure 1A) were analyzed using ma-
trix-assisted laser desorption/ionization (MALDI) after in-gel
digestion with trypsin of the excised bands (Shevchenko et al.,
1996a, 1996b). This unambiguously identified the proteins mi-
grating with apparent molecular weights of ~30 and ~23 kDa
as Gsplp and Yrblp, respectively. The identity of Gsplp and
Yrblp in the eluate was confirmed by immunoblotting (not
shown). The interaction between Yrblp and Xpolp was spe-
cific and dependent on the presence of GsplpQ71L, because
Yrblp was not detected when GsplpQ71L was omitted or
when control extracts were mock-purified in the absence of
Xpolp-ZZ (not shown).

Shuttling of Yrblp between the Cytoplasm and the
Nucleus

Yrblp is located predominantly in the cytoplasm of wild-
type cells (Schlenstedt et al., 1995). However, it was recently
shown that Yrblp accumulates in the nucleus of tempera-
ture-sensitive xpol-1 mutants (Kiinzler ef al., 2000) that are
defective in NES-mediated protein export (Stade ef al., 1997).
In order to test directly whether Yrb1p shuttles between the
cytoplasm and the nucleus in living cells, strains were used
in which YRB1 was genetically replaced by a functional
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Figure 1. (A) Yrblp is a major Xpolp-binding protein. Xpolp-ZZ
was purified from yeast extracts in the presence of recombinant
GsplpQ71L-GTP as described in Materials and Methods, and pro-
teins bound to immobilized Xpolp were eluted with 500 mM KCI.
The input (I), flow-through (FT), and eluate (E) were analyzed by
SDS PAGE and Coomassie blue staining. The two major proteins in
the eluate were identified by MALDI and Western blotting and
correspond to Gsplp and Yrblp. Molecular weight markers (M) are
in kDa. (B-E) Yrb1p shuttles between the cytoplasm and the nucleus.
Wild-type cells (B) or xpol-1 cells (C-E) expressing GFP-YRB1 were
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GFP-YRBI fusion (see Material and Methods). In wild-type
cells analyzed by fluorescence microscopy, GFP-Yrblp lo-
calized predominantly to the cytoplasm (Figure 1B). In
agreement with previous results obtained by immunofluo-
rescence microscopy (Schlenstedt et al., 1995), GFP-Yrblp
was also concentrated around nuclei (Figure 1B, arrows). In
xpol-1 mutant cells shifted to the restrictive temperature of
37°C, GFP-Yrb1p was exclusively nuclear (Figure 1C and D).
When the cells were returned to the permissive temperature
of 25°C to restore Xpolp-dependent export, most GFP-
Yrblp was exported and found in the cytoplasm within 2 h
(Figure 1E). These results show that Yrblp shuttles between
the nucleus and the cytoplasm.

The Ran-binding domain (RBD) of Yrblp comprises ap-
proximately residues 65-193 (Schlenstedt ef al., 1995; Vetter
et al., 1999b). In comparison to human RanBP1, Yrblp con-
tains a 40-residue N-terminal extension and lacks a C-termi-
nal domain harboring a leucine-rich NES (Richards et al.,
1996; Pasquinelli et al., 1997; Plafker and Macara, 2000). In an
attempt to define the regions within Yrblp responsible for
nuclear import and export, fragments of Yrblp were fused
to GFP and expressed in wild-type and xpol-1 cells. Both a
GFP fusion to full length Yrblp and GFP-Yrb1ANG62p, a
mutant lacking the 62 N-terminal residues, were cytoplas-
mic in wild-type cells but completely nuclear in xpol-1
mutants (Figure 1F-I). In contrast, GFP fused to the 40 N-
terminal residues of Yrblp was found in the nucleus of both
wild-type and xpol-1 cells (Figure 1] and K). This confirms
the observation that the RBD alone can mediate both import
and export of Yrblp (Kiinzler et al., 2000). Moreover, it
suggests that Yrblp contains a second nuclear import signal
that resides within the 40 N-terminal residues.

Yrblp Associates with Xpolp through Gsplp-GTP

It was recently shown with purified recombinant proteins that
Xpolp (Kiinzler ef al., 2000) but not Cselp (Solsbacher ef al.,
1998) associates with Yrblp and Gsplp-GTP. Using solution
binding assays, we tested whether other importin B-like pro-
teins form complexes with Yrblp and Gsplp. First, we incu-
bated Xpolp and Cselp as well as the importins Kap95p,
Kap104p, Pselp, and Yrbdp with immobilized GST-Gsplp-
GTP. Like Yrblp, all importins bound efficiently to Gsp1p-GTP
(Figure 2A), whereas the exportins Xpolp and Cselp did not
(see Figure 3A and Solsbacher et al., 1998). However, Xpolp
and Cselp associated with Gsplp in the presence of their

grown in liquid medium at 25°C. The cultures were kept at 25°C (C),
shifted to 37°C for 2 h (D), or shifted to 37°C for 2 h and then shifted
back to 25°C for 2 h (E). To inhibit protein synthesis, cycloheximide
(final concentration 0.1 mg/ml) was added to the cultures before the
temperature shift. The cells were viewed by fluorescence micro-
scopy to visualize GFP-Yrblp. The perinuclear staining in wild-type
cells is indicated by arrows. (F-K) Yrblp has two nuclear targeting
sequences. Wild-type cells (F, H, and ]) or xpol-1 mutants (G, I, and
K) were transformed with plasmids encoding GFP-Yrblp, GFP-
Yrb1AN62p, or GFP-Yrblp 1-40, as indicated. The cultures were
incubated at 30°C (XPO1 cells) or 25°C (xpol-1 cells) in raffinose-
containing medium. Expression of the GFP fusions was induced by
2% galactose and repressed by addition of 2% glucose after 1 h. Cells
were kept at 30°C (XPO1) or shifted to 37°C for 2 h (xpol-1) and
viewed by fluorescence microscopy.
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Figure 2. Association of importin g-like proteins with Gsplp-GTP and
Yrblp. (A) GST-Gsplp-GTP (5 ng per reaction) was immobilized on
glutathione Sepharose and incubated for 30 min at 4°C with 3 ug of Yrblp
or 12 pg of Xpolp, Cselp, Kap95p, Pselp, Yrbdp, or Kap104p, as indi-
cated. The reactions containing the export receptors Xpolp and Cselp
received additionally 4 ug of PKI-NES-2GFP (NESp) or 5 ug of importin
a (Srplp). Molecular weight markers (M) are in kDa. (B and C) GST-Yrblp
(4 ug per reaction) was immobilized on glutathione Sepharose and incu-
bated for 30 min at 4°C with 12 ug of each importin B-like protein and
with 10 ug of GsplpQ71L loaded with either GTP (B) or GDP (C). The
load of Gsplp (50% of the input) is shown in the left lane. Asterisks
indicate weak binding of Kap104p and Kap95p to Yrblp in the presence
of Gsplp-GDP. The bound material of all reactions was washed three
times and analyzed by SDS PAGE and Coomassie blue staining.
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respective export substrates, a PKI-NES-GFP fusion protein or
Srplp (Figure 2A). We detected no binding of the receptors to
immobilized GST-Yrblp in the absence of Gsplp (not shown).
However, in the presence of Gsp1p-GTP, a strong interaction of
Yrblp with Xpolp and a somewhat weaker binding to Kap95p
and Kap104p was observed (Figure 2B). On the other hand,
Cselp, Pselp, and Yrb4p (Figure 2B) and Loslp (not shown)
formed no complex with Yrblp and Gsplp-GTP. We then
incubated the importin B-like proteins with Gsp1p-GDP and
immobilized Yrblp, which resulted in only a weak binding of
Kap95p and Kap104p (Figure 2C). These interactions did not
result from a contamination of Gsplp-GDP with Gsplp-GTP,
because the Gsplp-GDP preparation contained no GTP (see
Material and Methods) and because Xpolp did not bind under
these conditions (Figure 2C). The complexes in the presence of
Gsplp-GDP are similar to previously described complexes of
mammalian importin 3, Ran-GDP, and RanBP1 (Chi et al.,
1996; Deane et al., 1997). Taken together, the data indicate that
Xpolp is able to form a stable interaction with Yrblp only in
the presence of Gsplp-GTP. Similar stoichiometric complexes
could not be formed by the other importin B-like proteins
tested.

To investigate the formation and the disassembly of the NES/
Xpolp/Gsplp complex, we immobilized GST-Gsplp-GTP and
incubated it with Xpolp and the PKI-NES protein. These proteins
individually showed no significant binding, but together they
bound efficiently to Gsplp-GTP (Figure 3A, lanes 1-3), demon-
strating the strong cooperativity in binding of transport substrates
and Gsplp to Xpolp. We performed a number of specificity
controls. A mutant NES protein containing the P12 point mutation
(Wen et al., 1995; Stade et al., 1997) bound only inefficiently to
Xpolp (Figure 3A, lane 6). In addition, essentially no binding to
Gsplp-GDP was detected, and Xpolp deletion mutants lacking
either the N-terminal 122 residues or the C-terminal 198 residues
formed no complexes with Gsplp-GTP and the NES protein or
Yrblp (not shown). In the presence of Rnalp, Yrblp disassembles
export complexes containing Gsplp and transport receptors
(Schlenstedt et al., 1997; Hellmuth et al., 1998; Solsbacher et al.,
1998). The PKI-NESp /Xpolp/Gsplp-GTP complex was resistant
to Rnalp (Figure 3A, lane 5), indicating that Xpolp inhibits the
Rnalp-mediated activation of the Gsplp GTPase. Remarkably, in
the absence of Rnalp, Yrblp released the NES protein and bound
itself to Xpolp/Gsplp-GTIP (Figure 3A, lane 4). Thus, in contrast
to the Srplp/Cselp/Gsplp-GIP export complex, which is en-
tirely dissociated by Yrblp in the absence of Rnalp (Solsbacher et
al., 1998), Yrblp displaces the NES protein from the Xpolp export
complex.

To test whether Yrb1p binds directly to Xpolp or whether the
interaction is mediated by Gsplp, a Gsplp mutant was used that
lacks the seven C-terminal amino acid residues (Asp-Glu-Asp-
Asp-Ala-Asp-Leu), which are essential for the interaction of Ran-
GTP with RanBP1 (Richards et al., 1995; Hieda et al., 1999; Vetter et
al., 1999b) but not required for binding to importin B-like proteins
(Lounsbury et al.,, 1996; Kutay et al., 1997; Hieda et al., 1999).
GsplACp-GTP did not bind to Yrblp but bound to Kap95p,
Kap104p, Pselp, Yrb4p, and Cselp/Srplp in control reactions
(not shown) and also associated efficiently with Xpolp and the
NES protein (Figure 3A, lane 9). However, although the NESp/
Xpolp/GsplACp complex was still resistant to Rnalp, it was no
longer dissociated by Yrblp (Figure 3A, lanes 10 and 11). The
requirement for the C-terminus of Gsplp demonstrates that the
interaction between Yrblp and Xpolp is different from the bind-
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ing of Xpolp to NES-containing proteins and indicates that Yrblp
associates with Xpolp via Gsplp.

In order to investigate the stoichiometry of the different
complexes between Xpolp, Yrblp, and Gsplp-GTP, the pro-
teins were mixed and examined by gel filtration chromatogra-
phy. The peak fractions eluting from a Superose 6 column were
analyzed by measuring the absorption at 280 nm (Figure 3B)
and by Coomassie blue staining of SDS gels (not shown). Both
Xpolp and Gsplp migrated as monomers when loaded alone
or when combined and preincubated before gel filtration.
Yrblp formed homodimers and thus behaves as human
RanBP1, which also dimerizes (Bischoff ef al., 1995a). Xpolp
and Yrblp did not form a complex, but Gsplp and Yrblp
together migrated as a heterodimer, suggesting that binding of
Gsplp to Yrblp induces the dissociation of Yrblp ho-
modimers. Xpolp, Yrblp, and Gsplp combined eluted at a
position corresponding to ~175 kDa (Figure 3B), indicating
that the three proteins form a stable 1:1:1 complex.

Characterization of the Stability of Xpolp
Complexes

We next investigated the effect of Rnalp on the Yrblp/
Gsplp-GTP/Xpolp complex. As expected, Rnalp-medi-
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ated GTP hydrolysis by Gsplp resulted in the release of
Yrblp from Gsplp alone (Figure 4A, lanes 1 and 3). Rnalp
also dissociated the Yrblp/Gsplp-GTP/Xpolp complex
(Figure 4A, lanes 2 and 4). We also tested Yrb2p in this
assay, since Yrb2p is the only other soluble yeast protein
besides Yrblp that contains a RBD of the RanBP1-type.
Yrb2p alone bound only very weakly to Gsplp-GTP (Fig-
ure 4A, lane 5), which indicates that Yrb2p has a much
lower affinity for Gsplp than does Yrblp. However,
Yrb2p and Xpolp together bound efficiently to Gsplp-
GTP (Figure 4A, lane 6). Like Yrblp, Yrb2p could not bind
to GsplACp in the presence or absence of Xpolp (not
shown). Thus, Xpolp cooperatively binds to Gsplp in the
presence of either Yrblp or Yrb2p. Furthermore, Xpolp
greatly increases the affinity of Yrb2p for Gsplp. As for
Yrblp, Rnalp also dissociated the Yrb2p/Gsplp-GTP/
Xpolp complex (Figure 4, lane 7). We conclude that, un-
like an NES protein, Yrblp and Yrb2p do not inhibit
GTPase activation of Xpolp-bound Gsplp under these
conditions. This observation and the requirement for the
acidic C-terminus of Gsplp characterize the Yrblp/
Gsplp-GTP/Xpolp and Yrb2p/Gsplp-GTP/Xpolp com-
plexes as stable disassembly intermediates.

Molecular Biology of the Cell
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Figure 4. The association of Yrblp and Yrb2p with Xpolp/Gsplp-
GTP is sensitive to Rnalp but resistant to excess amounts of NES
peptides. (A) GST-Gsplp-GTP (4 pg per reaction) was immobilized on
glutathione Sepharose and incubated for 30 min at 4°C with 5 ug of
Yrblp, 5 ug of Yrb2p, and/or 12 ug of Xpolp, as indicated. Bound
material was washed three times and either eluted with SDS sample
buffer (lanes 1, 2, 5, 6, 8, and 9) or incubated further for 15 min at 4°C
with 1 ug of Rnalp (lanes 3, 4, and 7), 10 ug of Yrb2p (lane 10), or 10
ug of Yrblp (lane 11), and then washed again three times. All samples
were analyzed by SDS PAGE and Coomassie blue staining. (B) GST
fusions (6 ug per reaction) to PKI-NES-2GFP (GST-NESp)(lanes 1-6),
Yrblp (lanes 7 and 8), or Yrb2p (lanes 9 and 10) were immobilized on
glutathione Sepharose and incubated for 30 min at 4°C with 10 ug of
Gsplp-GTP and 12 pg of Xpolp. After three washes, the reactions were
further incubated for 15 min at 4°C with buffer alone (lanes 1, 7, and 9),
with 6 pg of Yrblp (lane 2), with 6 ug of Yrb2p (lane 3), or with the
indicated amounts of peptides corresponding to the PKI-NES (lanes
4-6, 8, and 10). After three washes, bound material was analyzed by
SDS PAGE and Coomassie blue staining.

We next incubated a preformed Yrb2p/Gsplp-GTP/
Xpolp complex (Figure 4A, lane 9) with Yrb1lp. Remarkably,
addition of Yrblp resulted in the complete displacement
of Yrb2p and replacement by Yrblp (Figure 4A, lane 11).
Titration experiments showed that roughly equimolar
amounts of Yrblp over bound Yrb2p were sufficient to re-
move Yrb2p from Gsplp/Xpolp (not shown). In contrast,
Yrb2p did not affect the stability of the preformed Yrblp/
Gsplp-GTP/Xpolp complex (Figure 4A, lanes 8 and 10).
Even a tenfold molar excess of Yrb2p did not displace Yrb1p
from Gsplp/Xpolp (not shown). This indicates that Yrblp
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and Yrb2p compete for Gsplp-GTP-binding but Yrblp has a
much higher affinity.

The PKI-NES/Xpolp/Gsplp-GTP complex also formed
when the NES protein was immobilized on Sepharose beads
(Figure 4B, lane 1). When this complex was incubated with
Yrblp or with Yrb2p, either protein released Xpolp and Gsplp
from the NES protein (Figure 4B, lanes 2 and 3). Thus, both
Yrblp and Yrb2p can act as dissociation factors for NES export
complexes in vitro. Peptides corresponding to the PKI-NES
also displaced Xpolp/Gsplp from the NES protein (Figure 4B,
lanes 4-6). The majority of bound Xpolp and Gsplp was
released by a 10-fold molar excess of the peptides over Xpolp
(Figure 4B, lane 4), whereas mutant peptides did not affect the
stability of the complex (not shown). The PKI-NES peptide had
no effect on the Yrblp/Gsplp-GTP/Xpolp and Yrb2p/Gsplp-
GTP/Xpolp complexes, even when a 1000-fold excess of pep-
tide was employed (Figure 4B, lanes 7-10). This further sup-
ports the conclusion that Yrblp and Yrb2p do not bind to the
NES binding site of Xpolp.

We attempted to characterize genuine yeast proteins con-
taining export signals for their interaction with Xpolp and
Gsplp. The proteins Hoglp and Yaplp, which accumulate in
the nuclei of xpol mutants (Ferrigno et al., 1998; Yan et al., 1998),
and the mRNA export factor Glelp, which contains a leucine-
rich NES-like sequence (Murphy and Wente, 1996), were pu-
rified and analyzed in solution binding assays. Surprisingly,
none of these proteins interacted with Xpolp in our assays (not
shown). The direct interaction of these proteins with Xpolp
and Gsplp may require additional factors or modifications not
present in bacterially expressed proteins. However, we did
detect binding of Xpolp to Ssb1lp, a member of the 70-kDa heat
shock protein family, which contains an NES at the C-terminus
(Shulga et al., 1999). Xpolp and Gsplp-GTP cooperatively
bound to Ssblp, and Yrblp displaced Ssblp from Xpolp/
Gsplp (not shown, see Figure 5B).

To analyze the formation of Xpolp/NES substrate com-
plexes in more detail, we performed GTPase inhibition assays,
which allow quantification of the stability of the complexes by
measuring the inhibitory effect of importin -like proteins on
Rnalp-mediated GTPase activation of Gsplp. Typically, the
complexes are allowed to form during an incubation for 30
min. Then Rnalp is added and the rate of GTP hydrolysis by
Gsplp is measured after further incubation for 30 s. Both the
PKI-NES protein and PKI-NES peptides, but not mutant PKI-
NES peptides, formed complexes with Xpolp and Gsplp-GTP
and thus inhibited GTP hydrolysis by Gsplp in a concentra-
tion-dependent manner (Figure 5A). Surprisingly, the calcu-
lated dissociation constants of roughly 2 uM were ~ 1,000-fold
higher than those of complexes containing Gsplp-GTP and
Kap95p, Pselp, Yrb4dp, Cselp, or Loslp (Schlenstedt et al., 1997;
Solsbacher et al., 1998; Hellmuth et al., 1998). This indicates that
the PKI-NES has a relative low affinity for Xpolp in the pres-
ence of Gsplp-GTP. Hoglp, Yaplp, and Glelp did not affect
the Rnalp-mediated GTPase activation (not shown). However,
the C-terminal domain of Ssb1p containing the NES as well as
peptides containing the NES of the minute virus of mice NS2
protein (Askjaer et al., 1999; Bodendorf ef al., 1999), but not NS2
mutant peptides, also inhibited GTP hydrolysis in the presence
of Xpolp (Figure 5B). The calculated kp, of the NS2 complex
was ~ 70 nM. Therefore, the NS2-NES has a roughly 30-fold
higher affinity for Xpolp than the NESs of PKI or Ssb1p. Xpolp
alone did not inhibit Rnalp-mediated GTPase activation up to
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a concentration of 2 uM (not shown), which confirms that the
binding of the NES substrate and Gsplp to Xpolp is highly
cooperative.

We then used the same assay to analyze the effect of Yrblp
and Yrb2p on GTPase activation. Binding of Yrb2p to Xpolp
and Gsplp-GTP inhibited Rnalp-induced hydrolysis of
Gsplp-bound GTP (Figure 5C). This complex formation was
highly cooperative with a kp, of 2 nM, which is roughly 30
times lower than the kj, of the NS2 complex. The maximum
GTPase inhibition (10% GTP hydrolysis compared with
samples containing no Xpolp) was observed at 10 nM
Yrb2p. Interestingly, the GTPase inhibition was not further
increased at higher concentrations of Yrb2p. Surprisingly, a
similar effect was observed with Yrb1lp. Even at micromolar
concentrations of Yrblp, this GTPase block could not be
increased over the 40% inhibition already obtained at 1 nM
Yrblp. Therefore, we sought to analyze the kinetic stability
of the Yrblp/Gsplp-GTP/Xpolp and Yrb2p/Gsplp-GTP/
Xpolp complexes. The half-life of the Yrblp/Gsplp-GTP/
Xpolp complex was ~20 s in the presence of Rnalp, whereas
the Yrb2p/Gsplp-GTP/Xpolp complex was much more sta-
ble, with a half-life of 14 min (Figure 5D). In contrast, Rnalp-
induced disassembly of the Yrblp/Gsplp-GTP complex
was complete at the first measurable time point (10 s). As a
result, 60% of the Yrblp/Gsplp-GTP/Xpolp complexes and
10% of the Yrb2p/Gsplp-GTP/Xpolp complexes were dis-
assembled after the incubation with Rnalp for 30 s (Figure
5C). These results show that Rnalp disassembles Yrblp/
Gsplp-GTP/Xpolp complexes, and particularly Yrb2p/
Gsplp-GTP/Xpolp complexes, less efficiently than com-
plexes of Gsplp-GTP and Yrblp alone or complexes of
Gsplp-GTP and some importins like Pselp or Yrb4p in the
presence of Yrblp (Schlenstedt et al., 1997).

Yrblp and Rnalp are thought to function as disassembly
factors for export complexes in the cytoplasm. We therefore
asked whether Yrb1p could dissociate export complexes in a
nuclear environment, i.e. in the absence of Rnalp. Due to its
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high affinity for Gsplp-GTP, nuclear Yrblp is expected to be
quantitatively bound to Gsplp. Therefore, we incubated the
Srplp/Cselp/Gsplp-GTP complex with a preformed
Yrblp/Gsplp-GTP dimer (Figure 6). We chose the Cselp
export complex because its dissociation is mediated by
Yrblp alone and does not require Rnalp in vitro (Solsbacher
et al., 1998). Figure 6 shows that the Cselp export complex is
sensitive to Yrblp but resistant to the Yrblp/Gsplp-GTP
dimer. We conclude that Gsplp neutralizes the potential
inhibitory effect of Yrblp in the nucleus. The formation and
stability of nuclear export complexes is therefore unlikely to
be affected by Yrblp so long as its concentration does not
exceed that of Gsplp. This is consistent with the previous
observations that high amounts of RanBP1 injected into
Xenopus oocyte nuclei inhibited nuclear transport (Izaur-
ralde et al., 1997) but increased levels of nuclear Yrb1p could
be tolerated in yeast (Kiinzler et al., 2000).

DISCUSSION

We show in this study that Yrblp, a protein that is predom-
inantly cytoplasmic at steady-state, shuttles between the
cytoplasm and the nucleoplasm. Nuclear export is mediated
by the export receptor Xpolp. Yrblp not only accumulates
in xpol-1 mutant cells but also forms a specific and stable
complex with Xpolp and Gsplp-GTP. Previous evidence for
nucleocytoplasmic shuttling of Yrblp came from its nuclear
accumulation upon overexpression of Yrb4p or Loslp mu-
tants that are deficient in Gsplp-binding and thus act as
dominant-negative inhibitors of bidirectional transport
(Schlenstedt et al., 1997; Hellmuth et al.,, 1998). Yrblp is
actively imported into the nucleus, because Yrblp fusion
proteins that are larger than 100 kDa, which are not expected
to pass the NPC by diffusion, also accumulate in the nucleus
in xpol-1 cells (data not shown and Kiinzler ef al., 2000).
Import requires an intact RBD and depends on the region
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Figure 6. The Srplp/Cselp/Gsplp-GTP complex is sensitive to
Yrblp but resistant to Yrblp complexed to Gsplp-GTP. GST-Srplp (8
ug per reaction) was immobilized on glutathione Sepharose and incu-
bated with 12 pg of Cselp and 4 ug of GsplpQ71L-GTP for 30 min at
4°C. After three washes, bound material was incubated with buffer
alone (lane 5), with 5 ug of Yrblp (lane 6), with a preincubated mixture
of Yrblp and GsplpQ71L-GTP (lane 7), or with 10 ug of Gsp1pQ71L-
GTP (lane 8). After further incubation for 30 min at 4°C, bound (lanes
5-8) and unbound (lanes 9-12) material was separated by SDS PAGE
and analyzed by Coomassie blue staining. The molecular weight mark-
ers (M) and protein loads are shown in lanes 1-4.

between residues 121 and 131 of Yrb1p. This region by itself,
however, is not sufficient to mediate import (Kiinzler et al.,
2000). We show here that Yrblp has two distinct import
signals. In addition to the RBD, the unique N-terminal ex-
tension can also mediate nuclear import, and this region
may be required for efficient transport in vivo.

Several findings indicate that the interaction of Yrblp with
Xpolp is mediated by Gsplp. First, binding of Xpolp to Yrblp,
but not to the NES, requires the acidic C-terminus of Gsplp.
Second, the Yrblp/Gsplp-GTP/Xpolp complex but not NES/
Xpolp/Gsplp-GTP is disassembled by Rnalp. Third, the as-
sociation of Xpolp with Yrblp correlates strictly with Gsplp-
binding to Yrb1p. This was shown by examining various Yrblp
deletions and point mutants (data not shown and Kiinzler et al.,
2000). We show by GTPase inhibition assays that the affinity of
Yrblp for Xpolp/Gsplp-GTP is several orders of magnitudes
higher than that of the PKI-NES. This explains the failure of
PKI-NES peptides to affect the Yrblp/Gsplp/Xpolp complex
even at high peptide concentrations. The difference in the af-
finity of various NESs for Xpolp/CRM1, which also has been
observed by others (Askjaer ef al., 1999; Paraskeva et al., 1999),
suggests that the strength of a particular NES may determine
the export rate.

Yrblp/RanBP1 functions as the dissociation factor for export
complexes containing importin B-like receptors and Ran-GTP.
As expected, Yrblp also disassembles the NES/Xpolp/Gsplp-
GTP complex. Remarkably, Yrblp displaces the NES protein
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and binds to Gsp1lp-GTP/Xpolp. This is expected to occur in
the cytoplasm where the Yrblp/Gsplp-GTP/Xpolp disassem-
bly intermediate will be efficiently dissociated by Rnalp. How-
ever, the Yrblp/Gsplp-GTP/Xpolp complex is also generated in
the nucleus. Because Gsplp is in the GTP-bound state in the
nucleus, it binds to nuclear Yrblp. Subsequently, Yrblp/Gsplp-
GTP is recognized by Xpolp and exported rapidly. We character-
ized the Yrblp/Gsplp-GIP/Xpolp complex as a kinetically sta-
ble disassembly intermediate, which represents a novel type of
export complex. In contrast to other export complexes, the trans-
port cargo is a Ran effector and not a receptor substrate. The high
efficiency of Xpolp-mediated Yrblp export can be explained by
the unusual stability of the Yrblp/Gsplp-GIP/Xpolp complex.
It remains to be determined which properties of Yrblp, Gsplp, or
Xpolp support this stability at the molecular level. In contrast to
other transport receptor/Ran complexes, the association of Xpolp
with Yrblp-bound Gsplp may involve additional interactions
and Xpolp may directly contact Yrblp.

It was observed previously that the stability of disassem-
bly intermediates is different for various receptors. In the
case of CAS/Cselp, RanBP1/Yrblp alone dissociates the
export complex in vitro (Kutay et al., 1997; Solsbacher et al.,
1998). Efficient disassembly of the transportin/Ran-GTP/
RanBP1 complex occurs only in the presence of RanGAP1
(Bischoff and Gorlich, 1997). Importin B dissociation addi-
tionally requires importin «, which forms a complex with
Ran-free importin B (Bischoff and Gorlich, 1997; Floer et al.,
1997). Similar to Xpolp, we observed that Kap104p (yeast
transportin) and Kap95p (yeast importin B) also form com-
plexes with Gsplp/Yrblp. As shown for mammalian impor-
tin B, the Yrblp/Gsplp-GTP/Kap95p complex was also
Rnalp-resistant. Rnalp-mediated disassembly of the Yrblp/
Gsplp-GTP/Kap104p complex was delayed, suggesting the
requirement for another cytoplasmic component (Bischoff,
Maurer, and Schlenstedt, unpublished results). However,
we can exclude the possibility that Kap95p and Kap104p
function as exportins for Yrblp, because Yrblp does not
accumulate in the nucleus of kap95 and kap104 mutants (our
unpublished results).

Our data show that Yrb2p also forms a remarkably stable
complex with Xpolp and Gsp1p-GTP, which is similar to the
Yrblp/Xpolp/Gsplp complex. Yrb2p also does not contain
a leucine-rich NES and interacts with Xpolp via Gsplp. In
contrast to Yrblp, the affinity of Yrb2p for Gsplp is greatly
enhanced in the presence of Xpolp, but GTPase assays show
that Yrblp binds with a higher affinity to Xpolp/Gsplp
than does Yrb2p. Consequently, Yrb2p/Xpolp/Gsplp com-
plexes can be disassembled by Yrblp, suggesting that these
complexes could also be a target of Yrblp in the cytoplasm.
It was suggested that Yrb2p could productively increase the
rate of Xpolp-mediated NES export (Taura et al., 1998). Our
data make this model unlikely, because PKI-NES-binding
and Yrb2p-binding to Xpolp are mutually exclusive. Our
biochemical results would suggest that Yrb2p is a shuttling
protein. Free Yrb2p can form a stable complex with Xpolp
and Gsplp in the nucleus that, like the Yrblp/Xpolp/
Gsplp complex, could be exported to the cytoplasm. How-
ever, Yrb2p was reported not to shuttle between the nucleus
and the cytoplasm (Taura et al., 1998). We therefore would
have to postulate an unknown factor that either prevents
efficient formation of the Yrb2p/Xpolp/Gsplp-GTP com-
plex in the nucleus or impedes its export to the cytoplasm.
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It was recently shown that RanBP1 is also imported into
the nuclei of interphase cells by an active transport mecha-
nism (Plafker and Macara, 2000). Thus, the shuttling of
RanBP1/Yrblp has been conserved from yeast to mammals.
A requirement to export RanBP1 after completion of mitosis
cannot explain the rapid shuttling of Yrblp, because S. cer-
evisize does not exhibit nuclear envelope breakdown during
mitosis. Our data suggest that Yrblp does not disassemble
export complexes within the nucleus. At present, we can
only speculate about the nuclear function of Yrblp. We
detected the low affinity-formation of complexes containing
Yrblp, Gsplp-GDP, and Kap95p or Kap104p that could be
imported into the nucleus. However, it is unclear whether
these complexes are physiologically relevant. Yrblp could
also be involved in nuclear processes different from nucle-
ocytoplasmic transport, such as spindle assembly during
mitosis (Ouspenski, 1998; Kalab et al., 1999). It is also possi-
ble that RanBP1/Yrb1p has to be present within the NPC to
neutralize Gsplp-GTP, which should inhibit nuclear import
in its monomeric form.
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