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Proteins bearing a nuclear localization signal (NLS) are targeted to the nucleus by the heterodimeric
transporter importin. Importin o binds to the NLS and to importin 3, which carries it through the nuclear
pore complex (NPC). Importin disassembles in the nucleus, evidently by binding of RanGTP to importin (3. The
importin subunits are exported separately. We investigated the role of Cselp, the Saccharomyces cerevisiae
homologue of human CAS, in nuclear export of Srplp (yeast importin o). Cselp is located predominantly in
the nucleus but also is present in the cytoplasm and at the NPC. We analyzed the in vivo localization of the
importin subunits fused to the green fluorescent protein in wild-type and csel-1 mutant cells. Srplp but not
importin  accumulated in nuclei of csel-1 mutants, which are defective in NLS import but not defective in
NLS-independent import pathways. Purified Cselp binds with high affinity to Srplp only in the presence of
RanGTP. The complex is dissociated by the cytoplasmic RanGTP-binding protein Yrblp. Combined with the
in vivo results, this suggests that a complex containing Srplp, Cselp, and RanGTP is exported from the
nucleus and is subsequently disassembled in the cytoplasm by Yrblp. The formation of the trimeric Srplp-
Cselp-RanGTP complex is inhibited by NLS peptides, indicating that only NLS-free Srplp will be exported to

the cytoplasm.

Transport of proteins and RNAs between the cytoplasm and
the nucleus across the nuclear pore complex (NPC) is medi-
ated by shuttling transport receptors. All transporters so far
identified belong to the importin B superfamily. Substrate
binding and release of these transporters are modulated by the
small GTPase Ran, the key regulator of nucleocytoplasmic
transport. Several specific transport pathways for different im-
port and export substrates have recently been identified (re-
viewed in references 52 and 73).

The best understood transport pathway is the import of
proteins carrying a classical nuclear localization sequence
(NLS), which is characterized by a short segment of basic
amino acid residues (20). The NLS is recognized by importin o
in the cytoplasm, which in turn binds to importin . Importin
B mediates docking at the NPC and subsequent transport into
the nucleus. Docking of NLS substrates to the nuclear enve-
lope and subsequent energy-dependent transfer into the nu-
cleus can be reconstituted with recombinant factors and per-
meabilized cells in vitro. Two soluble factors, Ran and p10, are
sufficient to promote the translocation step (for reviews, see
references 16, 32 and 50).

Ran is an abundant, mostly nuclear protein that switches
between two conformational states, i.e., bound to GDP
(RanGDP) and to GTP (RanGTP). The specific regulators of
the Ran GTPase cycle, the cytoplasmic GTPase-activating pro-
tein RanGAP1/Rnalp and the nuclear nucleotide exchange
factor RCC1/Prp20p, generate RanGDP in the cytoplasm and
RanGTP in the nucleus (reviewed in references 32 and 61).
RanGTP binds to importin B, which is thereby released from
the NLS-importin complex (12, 33, 56). This event is thought
to represent import termination in the nucleus (33, 52). Ac-
cordingly, a high level of nuclear RanGTP is required for
efficient import, whereas cytoplasmic RanGTP prevents nu-
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clear import (33, 40, 62, 74). RanGTP complexed to importin
B is completely resistant to GTP exchange and GTP hydrolysis
(21, 33, 63). Export of importin B from the nucleus does not
require GTP hydrolysis by Ran (40) and most likely occurs in
a complex with RanGTP but not in a complex with importin o
(29, 75). Once in the cytoplasm, the importin 3-RanGTP com-
plex has to be dissociated to allow initiation of a new import
cycle. This is achieved by importin o and RanBP1 in vitro (4,
22). Subsequently, the RanGAP converts RanGTP to RanGDP,
which prevents rebinding of RanGTP to importin . RanBP1
contains a RanGTP-binding domain different from that of
importin B. Yrblp, the yeast homologue of RanBP1, is an
essential cytoplasmic protein which is required for nucleocyto-
plasmic transport (reviewed in reference 61).

Recently, a number of importin B-related proteins have
been identified which were postulated, and in part have been
shown, to represent novel transport receptors (24, 28). They
are similar in size (95 to 125 kDa) and secondary structure,
possess NPC-binding sites, and are homologous in their N-
terminal domains, which mediate binding to RanGTP (13, 28,
45, 63). The members of the importin B superfamily can be
divided into import receptors and export receptors. Import
receptors different from importin 8 bind to their substrates
directly without using an adapter like importin « (1, 28, 55, 58,
63). Substrates identified so far are mRNA-binding proteins
for the import factors transportin/Kap104p and Mtrl0p (1, 9,
25, 54, 55, 68), ribosomal proteins for Yrb4p/Kap123p and
Pselp (58, 63), and a protein involved in pre-tRNA processing
for Sxmlp (57). Like importin B, other import receptors re-
lease their cargo by direct binding to RanGTP. This was shown
for transportin, Yrb4p/Kap123p, and Pselp (40, 63). Efficient
dissociation of complexes consisting of RanGTP and importin
B-related receptors was shown to require RanBP1/Yrblp in
vitro (4, 18, 22, 28, 48, 63).

In contrast to import receptors, export factors require simul-
taneous association with RanGTP for high-affinity substrate
binding (23, 44, 46). This allows cargo binding in the nucleus,
where RanGTP is present, and subsequent release into the
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TABLE 1. Yeast strains used in this study

i Source or
Strain Genotype reference
GS155 MATa ura3-52 leu2Al his3A200 trp1 A63 63
GS158 MATa/o ura3-52/— leu2Al/— his3A200/ 63
— trpl A63/+
GSY412  MATa/o ura3-52/— leu2Al/— his3A200/— This study
trplA63/+ SRPI SRPI-GFP URA3
(pop-in)
GSY414  MATo ura3-52 leu2Al his3A200 trpl A63 This study
SRPI-GFP (pop-out)
Y1709 MATa ura3-52 his3-11,15 trpI A901 ade2- 77
101 csel-1
GSY579  MATa ura3-52 leu2Al his3A200 trpl A63 This study
CSE1 GFP-CSEI URA3 (pop-in)
GSY580  MATa ura3-52 leu2Al his3A200 trpl A63 This study
GFP-CSE]I (pop-out)
GSY581  MATa ura3 his3 trpl csel-1 SRPI- This study
GFP(pRS313)
GSY585  MATa ura3-52 leu2Al his3A200 trpl A63 This study
RSLI1/KAP95 GFP-RSLI1/KAP95 (pop-in)
GSY586  MATa ura3-52 leu2Al his3A200 trpl A63 This study
GFP-RSL1/KAP95 (pop-out)
GSY587  MATo ura3 leu2 his3 trpl rat2-1 GFP- This study
CSE1(prS315, prS316)
GSY589  MATo ura3 his3 trpl csel-1 GFP-RSL1/ This study
KAP95
GS591 MATa ura3 leu2 his3 trpl SRPI- This study
GFP(pRS313)

cytoplasm, where RanBP1 and RanGAP disassemble the ex-
port complex (44, 46). Three export receptors have been de-
scribed recently. Crm1p from various organisms was identified
as the exporter of proteins containing leucine-rich nuclear ex-
port signals (NESs) occurring, e.g., in the human immunode-
ficiency virus Rev protein and in the protein kinase A inhibitor
(23, 26, 53, 70). Exportin t, a human protein similar to yeast
Loslp (36, 37), was identified as the tRNA exporter (46). The
human CAS protein was shown to mediate export of Rchl, a
member of the importin a family, from the nucleus. CAS binds
to importin « and RanGTP in a cooperative manner and is
required for importin « export in vitro (44). Here we charac-
terize the Saccharomyces cerevisiae homologue of CAS, the
previously identified Cselp, which is essential for viability (77).
Cselp forms a trimeric complex with Srplp and the GTP-
bound form of Gsplp (yeast Ran). Complex formation is pre-
vented by NLS peptides, indicating that only yeast importin «
which has released its NLS cargo will be exported to the cyto-
plasm. Export of Srplp from the nucleus and NLS-dependent
nuclear import are inhibited in ¢sel mutants. Our biochemical
and in vivo data combined suggest a function of Cselp as the
specific export receptor of yeast importin a.

MATERIALS AND METHODS

Plasmids and strains. The strains used in this study are listed in Table 1. All
green fluorescent protein (GFP) constructs were made with an S65T V163A
mutant. To create an SRPI-GFP fusion by homologous recombination by using
the pop-in/pop-out strategy (59), GFP was inserted into pRS306 (67) containing
SRP1 (47, 78) with engineered restriction sites at the stop codon. This plasmid
(pGS288) was linearized with EcoRI and used for transformation of the diploid
wild-type strain GSY158 (63), which resulted in GSY412 (pop-in strain). Inte-
gration at the SRPI locus was confirmed by Southern blotting. GSY412 was
passed over 5-fluoro-orotic acid plates, and tetrads were dissected to isolate the
pop-out strain GSY414. This strain was crossed to the csel/-/ mutant strain
Y1709 (77), and haploid mutants containing integrated SRPI-GFP (GSY581)
were isolated by tetrad dissection of the diploid. The in vivo localization of
Srp1-GFP in the wild type was analyzed in the sister spore GSY591. To construct
a GFP-Kap95p fusion, GFP was inserted into pRS306 carrying the RSL1/KAP95
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gene (42) with an introduced BamHI site at the start codon of RSL1/KAP95. This
plasmid (pGS348), which contains a linker encoding four glycines between GFP
and RSLI/KAP9S5, was linearized in the coding region and used to isolate the
pop-in (GSY585) and pop-out (GSY586) strains as described above, except that
haploid strains were used. GSY586 was crossed to csel-1, and a mutant express-
ing GFP-RSL1/KAP95 (GSY589) was isolated. CSEI was cloned by PCR from
genomic DNA by using the oligonucleotides 5'-CGCGCGGCCGCTTCCAGG
ATGCTATATTACG-3' (GS60) and 5'-CGGCTCGAGCAGACCTATGTACT
CCGCTGG-3" (GS61). All PCRs were performed with the proofreading Pwo
polymerase (Boehringer Mannheim). The 3,240-bp PCR product was inserted
first between the Notl and Xhol sites of pBluescript (Stratagene), generating
pGS356. The strategy to obtain pop-in (GSY579) and pop-out (GSY580) strains
expressing GFP-CSE] was as described for GFP-RSL1/KAP95. The coding re-
gion of CSEI plus 146 bp of 3’ sequence was amplified with 5'-GCGGATCCA
TGTCCGATTTGGAAACCG-3' (GS62) and GS61, digested with BamHI plus
Xhol, and inserted behind the GALI promoter of the URA3 plasmids YCpGAL
and YEpGAL (62), generating pGAL-CSE1 CEN (pGS364) or pGAL-CSE1
2pm (pGS366). The RSL1/KAP95 coding sequence (42) was similarly subcloned
into YCpGAL, generating YCpGAL-KAP95 (pGS305). The CSEI coding se-
quence was amplified with GS62 and 5'-GCGGATCCATTACCAACTAATAA
TTGATT-3' (GS63), digested with BamHI, and inserted in pGEX-4T (Pharma-
cia) for expression in Escherichia coli. For expression of a GST-Srplp fusion in
E. coli, the SRPI coding sequence was inserted into the BamHI site of pGEX-5G
(pGS388; a derivative of pGEX-4T encoding a five-glycine linker at the C
terminus of glutathione S-transferase [GST]). The reporter plasmid YEpGAL-
NLS-GST-GFP (pGS420; 2pm URA3) was derived from pGAL-NLS-GST,
pGAL-GST (64), and a Bg/lI/BamHI fragment encoding GFP. YCpGAL-NLS-
GST-GFP (pGS422; CEN LEU2) carries the same insert. Plasmid pGS304,
encoding the N-terminal 49 amino acid residues of L25 fused to B-galactosidase,
was described before (63).

Protein analysis. Cselp and Srplp were purified from E. coli as GST fusions
and cleaved with thrombin to remove GST as described previously (64). The
purification of Schizosaccharomyces pombe Rnalp (6), Yrblp, GST-Gsplp, and
Gsplp (15, 64) was described before. Labeling of Gsp1p with [y->*P]GTP (6,000
Ci/mmol) and GTPase assays were carried out as described previously (63).
Gsplp bound to [y-*P]GTP (Gsplp[y->?P]GTP) was supplemented with the
additions described in the figure legends and incubated at 25°C. The total assay
volume was 50 pl. Released [*?P]phosphate was determined by the charcoal
method (5). The control (100% hydrolysis) in the GTPase assays was the re-
leased [*’P]phosphate over the background level in samples containing only
Gsplp[y-*?P]GTP and Rnalp. Solution binding assays were performed at 4°C in
PBSKMT (25 mM sodium phosphate, 150 mM NaCl, 3 mM KCl, 1 mM MgCl,,
0.1% Tween 20, pH 7.3). To load Gsplp with GTP or GDP, Gsplp or GST-
Gsplp was incubated for 60 min at 0°C with PBSKMT plus 2 mM EDTA in the
presence of 1 mM nucleotides, and then 6 mM MgCl, was added. GST-Gsp1p or
GST-Srplp was bound to 20 pl of glutathione-Sepharose (Pharmacia) per reac-
tion mixture for 1 h. The binding reaction mixtures were then incubated for 1 h
with the factors indicated in the figure legends. The beads were washed four
times with 1 ml of PBSKMT, and bound proteins were eluted with sodium
dodecyl sulfate (SDS) gel loading buffer.

Affinity purification of rabbit antibodies against recombinant Cselp, immuno-
fluorescence microscopy and detection of poly(A)* RNA by in situ hybridization
were performed as described previously (63). Affinity purification of antibodies
against Kap95p and Srplp was described before (31). Western blot analysis was
carried out according to the guidelines for the ECL kit (Amersham) with horse-
radish peroxidase-conjugated goat anti-rabbit immunoglobulin G (IgG) (Sigma)
as the secondary antibody.

The calculation of the cellular Cselp concentration was based on the obser-
vation that 1.2 million cells contain approximately 12 ng of Cselp (purified Cselp
served as a standard in immunoblots [not shown]) and on previous determina-
tions that a haploid yeast cell contains 6 pg of protein and has a volume of 70
pm?® (34).

RESULTS

In vivo localization of yeast importin o and . To analyze
the traffic of yeast importin o (Srplp) and yeast importin 3
(Rsl1p/Kap95p) across the NPC in living S. cerevisiae cells, we
constructed fusion proteins with GFP. We genetically replaced
the importin genes by copies encoding Srpl-GFP or GFP-
Kap95p. Immunoblot analysis with antibodies against Srplp,
Kap95p, or GFP showed that the respective GFP fusion pro-
teins were present in the resulting strains (Fig. 1A and C),
which had growth characteristics identical to those of wild-type
strains (not shown). This demonstrates that both fusion pro-
teins are fully functional.

Next we examined the in vivo localization of the GFP fu-
sions. Logarithmically grown cells from liquid cultures were
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FIG. 1. Localization of importin o and B in living yeast cells. (A) Lysates
from wild-type cells (lanes 1 and 4), cells containing an additional chromosomal
copy of SRPI-GFP (pop-in) (lanes 2 and 5), or cells containing only SRPI-GFP
(pop-out) (lanes 3 and 6) were analyzed by SDS gel electrophoresis and immu-
noblotting with anti-Srp1 antibodies (lanes 1 to 3) or anti-GFP antibodies (lanes
4 to 6). The sizes of molecular weight markers (in thousands) are indicated. (B)
Haploid cells containing SRPI-GFP instead of SRPI were grown in liquid me-
dium at 30°C. DAPI (2.5 pug/ml) was added to the culture. After 15 min, cells
were viewed by fluorescence microscopy in the fluorescein channel to visualize
the GFP signal, in the UV channel to visualize DAPI-stained DNA, or by
Nomarski optics. (C) Lysates from wild-type cells (lanes 1 and 4), cells addition-
ally containing GFP-RSL1/KAP95 (lanes 2 and 5), or cells containing only GFP-
RSL1/KAP95 (lanes 3 and 6) were analyzed by SDS gel electrophoresis and
immunoblotting with anti-Kap95 antibodies (lanes 1 to 3) or anti-GFP antibodies
(lanes 4 to 6). (D) Cells expressing only GFP-RSL1/KAP95 were grown in liquid
medium. DAPI (2.5 pg/ml) was added to the culture. After 15 min, cells were
viewed by fluorescence microscopy to visualize GFP-Kap95p or DNA and by
Nomarski optics. Note that we used petite strains in panels B and D to minimize
staining of mitochondrial DNA.
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FIG. 2. Srplp but not Kap95p accumulates in the nuclei of cse/-1 mutants.
Wild-type (wt) (GSY591) or csel-1 (GSY581) cells expressing SRPI-GFP (A to
D) and wild-type (GSY586) or csel-1 (GSYS589) cells expressing GFP-RSLI/
KAP95 (E to H), grown at 30°C, were viewed by fluorescence microscopy to
detect the GFP signal or by Nomarski optics.

GFP-Kap95p

directly viewed by fluorescence microscopy. Both chimeras
were evenly distributed throughout the cell, concentrated
around the nuclear envelope, and excluded from the vacuoles.
The nuclei were identified by costaining with the DNA dye
DAPI (4',6-diamidino-2-phenylindole). In contrast to the case
for Kap95p, the concentration of Srplp in the nucleus ap-
peared to be somewhat higher than that in the cytoplasm (Fig.
1B and D). Divergent Srplp and Kap95p localization data
were obtained by indirect fluorescence microscopy before (2,
38, 42, 43, 78). These variations (exclusive localization at the
nuclear envelope, the nucleus, or the cytoplasm) are explained
by different fixation conditions during sample preparation for
immunofluorescence microscopy (63). We compared the local-
izations of the wild-type importins and the respective GFP
fusions and observed identical staining patterns by immuno-
fluorescence microscopy with anti-Srp1 or anti-Kap95 antibod-
ies and different fixation protocols (not shown). Therefore, the
GFP moieties do not affect the localization of importin o and .

csel mutants are defective in Srplp export and NLS import.
Mutations in factors involved in Srplp transport across the
NPC are expected to affect the intracellular distribution of
Srplp. To test this, we crossed the strain containing integrated
SRPI-GFP against a number of mutants with defects in factors
potentially involved in Srplp transport. We then analyzed the
localization of Srplp in the resulting double mutants. The
previously reported nuclear accumulation of Srplp in prp20-1
mutants (42) was also observed with Srp1-GFP. Temperature-
sensitive rnal-1, npld4-1, npld-2, rat2-1, xpol-1, rpbl-1, and
Ayrb2 alleles (15, 19, 35, 51, 70, 71) had no effect on the Srplp
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FIG. 3. Nuclear import of Npl3p and L25 is not affected in csel-1 mutants. Wild-type (wt) (GSY155) or csel-1 (Y1709) cells carrying no plasmid (A to D and I to
L) or carrying plasmid pGS304 encoding L.25'~*°-B-galactosidase (E to H), grown at 30°C, were prepared for immunofluorescence microscopy by formaldehyde fixation.
They were then incubated with antibodies against Npl3p (A to D), or B-galactosidase (Bgal) (Promega) (E to H), or Srplp (I to L) and then with Texas red-conjugated

secondary antibodies (Jackson) and with DAPIL.

localization (not shown). However, cells carrying the cold-
sensitive csel-1 allele (77) showed a complete loss of cytoplas-
mic Srplp and a concomitant nuclear accumulation even at the
permissive temperature of 30°C, indicating a defect in Srplp
export (Fig. 2A to D). By immunofluorescence microscopy, no
significant Srplp mislocalization in gspl-1, gspl-2, npl3-1,
psel-1,rsl1-1,yrbl-1, and Ayrb4 mutants (10, 42, 63-65, 76) was
observed (not shown), but again Srplp was found exclusively in
the nuclei of csel/-1 mutants (Fig. 31 to L).

Cselp (predicted molecular mass, 109.3 kDa) belongs to the
importin B superfamily. It has an overall identity of 17.1 to
18.8% with Kap95p, Kapl04p, Yrb4p/Kapl23p, Pselp,
Mtr10p, Loslp, or Crmlp/Xpolp (aligned by the FASTA al-
gorithm). Cselp shows significant homology to the human
CAS protein (36% identity and 67% similarity) and is there-
fore regarded as the yeast homologue of CAS (11). Cselp was
reported earlier to play a role in chromosome segregation
during mitosis (77). By quantitative immunoblotting with pu-
rified Cselp as a standard, we calculated that Cselp represents
approximately 0.16% of the total cellular protein; i.e., roughly
55,000 molecules are present in a haploid yeast cell (not
shown).

Mutant csel-1 cells streaked on plates containing rich me-
dium did not grow when incubated at 15°C for 14 days but were
rescued by plasmids carrying the CSEI gene (Fig. 4A). We
confirmed the previous observation (cited in reference 77) that
the mutant is suppressed by SRPI overexpression. csel-1 cells
transformed with 2um plasmids containing the SRPI gene
grew comparably to wild-type cells (Fig. 4A). We next localized
various proteins in the cse/-1 mutant to examine nucleocyto-
plasmic transport. Cells were grown at the permissive temper-
ature of 30°C in liquid medium and then shifted to 15°C for

24 h. Under these conditions, the mutant exhibits a growth rate
similar to that of the wild type for more than 48 h (not shown).
To test whether Kap95p also mislocalizes in csel-1 mutants, we
used a strain carrying the integrated GFP-KAP95 allele. Fluo-
rescence microscopy showed that the localization of GFP-
Kap95p is the same in csel-1 cells and wild-type cells at 30°C
(Fig. 2E to H) or at 15°C (not shown), indicating that nuclear
export of Kap95p is not affected. We next examined the intra-
cellular distribution of endogenous proteins by immunofluo-
rescence microscopy. The localizations of nuclear Npl3p (10)
(Fig. 3A to D), cytoplasmic Yrblp (64), and nucleolar Noplp
(72) (not shown) were not changed in csel-1 mutants at any
temperature tested. The mutant also shows a normal distribu-
tion of poly(A)* RNA, which indicates that mRNA export is
not inhibited (not shown).

Since Srplp is needed in the cytoplasm for import of NLS
proteins, nuclear accumulation of Srplp could result in an NLS
import defect. To test this, we transformed cse/-1 mutants with
plasmids encoding a protein containing the simian virus 40
(SV40) large-T-antigen NLS fused to GST and GFP (NLS-
GST-GFP; molecular mass, 58.3 kDa). This reporter was lo-
cated exclusively in the nuclei of wild-type cells or csel-1 cells
complemented with CSE! plasmids at all temperatures tested
(Fig. 4B). However, the reporter accumulated in the cytoplasm
of csel-1 cells, indicating a defect in nuclear import. The NLS
import defect was already prominent at 30°C and was profound
at 15°C (Fig. 4B). Similar results were obtained with reporters
containing the histone H2B NLS fused to B-galactosidase, the
SV40 NLS fused to cytoplasmic invertase, or the SV40 NLS
fused to B-galactosidase (63) (not shown). We also tested a
reporter protein containing the nuclear targeting signal of ri-
bosomal protein L25 fused to B-galactosidase. L25 import was
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FIG. 4. NLS import is defective in csel/-1 mutants. (A) csel-1 cells (Y1709)
transformed with a 2um vector as a control or with SRPI 2pm, CSEI 2um, or
CSEI1 CEN plasmids were streaked on YPD plates and incubated for 2 days at
30°C or for 14 days at 15°C. (B) csel-1 cells carrying YEpGAL-NLS-GST-GFP
were transformed with a CEN vector or a CSE! CEN plasmid. Cultures were
grown in selective medium containing raffinose, and then 2% galactose was
added and the cultures were split. One half was further incubated at 30°C for 3 h,
and one half was incubated at 15°C for 24 h. NLS-GST-GFP was localized by
fluorescence microscopy.

shown to depend on Yrb4p/Kap123p but not on importin (58,
63). The L25 reporter did not mislocalize to the cytoplasm in
csel-1 mutants (Fig. 3E to H). In summary, cse/-/ mutants
show specifically a defect in importin a-dependent NLS im-
port. Parallel import pathways and export of mRNA or impor-
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tin B proceed normally during a shift to the nonpermissive
temperature for 24 h.

CSEI overexpression interferes with mRNA export in wild-
type cells. To examine the effect of CSEI overexpression on
nucleocytoplasmic transport, we transformed wild-type cells
with centromeric (CEN) or high-copy (2m) plasmids contain-
ing the CSE1 coding sequence under control of the inducible
GALI promoter. A single-copy pGAL-KAP95 plasmid encod-
ing galactose-inducible Kap95p, which mediates a dominant-
lethal phenotype upon overexpression of RSLI/KAP95 (Fig.
5A), served as a control. Cells transformed with pGAL-CSEL1
2pum plasmids did not grow on galactose-containing plates,
indicating that CSE! overexpression is lethal (Fig. 5A). Ex-
pression mediated by pGAL-CSE1 CEN plasmids inhibited
growth but still allowed colony formation. Wild-type cells
transformed with pGAL-CSE1 2um plasmids or pGAL-
KAP95 CEN plasmids were grown in liquid medium, and over-
expression was induced by addition of 2% galactose. The
growth arrest was established ~8 h after galactose addition
(Fig. 5B). Immunoblot analysis showed that plasmid-encoded
Cselp and Kap95p were expressed approximately fivefold over
wild-type levels after 2 to 5 h (Fig. 5C).

We then investigated whether CSE1 and RSL1/KAP95 over-
expression affects nucleocytoplasmic traffic. A number of en-
dogenous and plasmid-encoded proteins were localized micro-
scopically at 2, 3, or 5 h after galactose addition as described
above. The localization of Srplp and Kap95p (both analyzed
with the respective GFP fusions in vivo), Yrblp, or Noplp was
unaffected under all conditions tested (not shown). The L25
reporter and Npl3p (not shown), as well as NLS-GST-GFP and
all other reporter proteins containing classical NLSs, accumu-
lated strongly in the cytoplasm after RSL1/KAP95 overexpres-
sion but were still nuclear after CSE! overexpression (Fig. 5D).
To examine mRNA export, we localized poly(A)* RNA under
the same conditions. As expected, polyadenylated RNA was
observed in the cytoplasm of wild-type cells carrying a control
plasmid (Fig. 5D). However, all cells overexpressing CSE!
accumulated poly(A)™ RNA completely in the nucleus even
2 h after induction. Overexpression of RSLI/KAP95 for2to5h
caused only an intermediate inhibition of mRNA export (Fig.
5D). We also tested whether CSE! overexpression affects NES
export but observed no mislocalization of a reporter (70) con-
taining the leucine-rich NES of protein kinase A inhibitor
(PKI) (not shown). Taken together, the data indicate that
excess amounts of Kap95p strongly inhibit NLS import and
import of Npl3p and L25, probably by competition for com-
mon import receptor binding sites at the NPC, but do not block
mRNA export to a similar extent. Overexpression of CSEI, on
the other hand, does not interfere with various protein import
and export pathways but blocks the mRNA export pathway.

Localization of Cselp. To determine the intracellular distri-
bution of Cselp, we generated a strain in which CSET is re-
placed by a GFP-CSE] fusion. This strain grows normally and
encodes a functional GFP-Cselp fusion which was detected by
immunoblotting with polyclonal anti-Csel antibodies or GFP-
specific antibodies (Fig. 6A). The faster-migrating bands in
Fig. 6A (lanes 1 to 3) probably represent degradation products
of Cselp. Their intensity varies greatly in different immuno-
blots, and they can be competed by purified recombinant
Cselp (not shown). GFP-Cselp is located mainly in the nu-
cleus, with some localization in the cytoplasm (Fig. 6B). Nu-
clear rim staining was prominent in some wild-type cells. To
test whether this staining corresponds to NPCs, we introduced
the integrated GFP-CSE] allele in rat2-1 mutants, which clus-
ter their NPCs at one side of the nuclear envelope (35). Most
cells of this strain indeed show a concentration of GFP-Cselp
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FIG. 5. CSEI overexpression blocks mRNA export. (A) Wild-type cells (GSY155) were transformed with plasmid pGAL 2pum, pGAL-KAP95 CEN, pGAL-CSE1
CEN, or pGAL-CSE1 2um, streaked on plates containing glucose (no induction) or galactose (induction), and incubated at 30°C for 2 days. (B) Cells carrying plasmid
pGAL, pGAL-CSE1 2um, or pGAL-KAP95 CEN were grown at 30°C in raffinose-containing medium. Expression was induced by addition of galactose (2%), and
growth rates were monitored by measuring absorptions at 600 nm. (C) Extracts from cells overexpressing CSEI or RSL1/KAP95 for the indicated times were analyzed
by SDS gel electrophoresis and immunoblotting with anti-Csel or anti-Kap95 antibodies. (D) Cells as described for panel B, carrying YCpGAL-NLS-GST-GFP, were
grown in galactose for 2 h (pGAL-CSEL1) or 3 h (pGAL and pGAL-KAP95). The cells were either directly viewed by fluorescence microscopy to detect NLS-GST-GFP

or prepared for in situ hybridization to localize mRNA and stained with DAPI.

at a small region of the nuclear envelope (Fig. 6B). The pres-
ence of Cselp at the NPC was also shown by double-labeling
immunofluorescence experiments. Here, the cells were pre-
pared by methanol fixation, which results in a loss of most of
the cytoplasmic content (63). Using the monoclonal antibody
414, which recognizes NPC antigens (17), and anti-GFP, we
observed colocalization of NPCs and GFP-Cselp in wild-type
cells and rat2-1 cells (Fig. 7A).

We also used affinity-purified anti-Csel antibodies to local-

ize Cselp and GFP-Cselp in wild-type cells by immunofluo-
rescence microscopy. In methanol-fixed cells, we observed
punctate nuclear rim staining, indicating a nucleoporin-like local-
ization (not shown). This staining was identical to the anti-GFP
staining of GFP-Cselp shown in Fig. 7A. In formaldehyde-
fixed cells, with anti-GFP antibodies (not shown) or anti-Csel
antibodies (Fig. 7B), both proteins gave cytoplasmic staining
and a stronger labeling of the nucleus, but staining of the
nuclear envelope was observed only occasionally. The localiza-
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FIG. 6. In vivo localization of Cselp. (A) Lysates from wild-type cells (lanes
1 and 4), cells additionally containing GFP-CSE1 (lanes 2 and 5), or cells
containing only GFP-CSE] (lanes 3 and 6) were analyzed by SDS gel electro-
phoresis and immunoblotting with affinity-purified anti-Csel antibodies (lanes 1
to 3) or anti-GFP antibodies (lanes 4 to 6). The sizes of molecular weight
markers (in thousands) are indicated. (B) Wild-type (wt) or rat2-1 cells express-
ing GFP-Cselp (GSY580 and GSY587, respectively) were grown at 25°C in
liquid medium and viewed by fluorescence microscopy and by Nomarski optics.

tion of Cselp in the csel-1 mutant was similar to that of wild-type
Cselp, but the mutant protein was less nuclear (Fig. 7B).

Cselp forms a complex with RanGTP and Srplp. The Srplp
export and NLS import defects of the csel-1 mutant, the lo-
calization of Cselp, the presence of an importin B-like Ran-
binding domain at the N terminus of Cselp (28), and the
homology to CAS together suggest that Cselp represents the
specific nuclear export receptor of Srplp. Human CAS was
recently shown to mediate export of importin « in vitro and to
form a trimeric complex with RanGTP and importin « (44)
which probably represents the complex exported from the nu-
cleus. For Kap95p, Yrb4p/Kap123p, and Pselp, it was previ-
ously shown that binding to the GTP-bound form of Gsplp
(yeast Ran) blocks hydrolysis and exchange of the Gsplp-
bound GTP (21, 63). Therefore, we used the inhibition of
Rnalp-induced GTPase activation as an assay to characterize
interactions between Gsplp, Cselp, and Srplp.

When Gsplp loaded with [y-**P]GTP was incubated with
recombinant Cselp, no GTPase inhibition was observed, indi-
cating that the two proteins do not tightly interact under these
conditions. However, in the presence of a high Srplp concen-
tration, Cselp inhibited the GTPase activity of Gsplp in a
concentration-dependent manner (Fig. 8A). This inhibition
was also observed when the Srplp concentration was varied at
a constant concentration of Cselp (not shown). No GTPase
block was obtained when Srplp and Yrblp were added simul-
taneously (see below). We conclude that a trimeric complex
consisting of Gsplp, Cselp, and Srplp was formed and that the
binding of GsplpGTP and Srplp to Cselp is highly coopera-
tive. We suggest a constant of approximately 1 nM for the
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FIG. 7. Immunolocalization of Cselp. (A) Wild-type (wt) or rat2-1 cells
expressing GFP-Cselp, grown at 25°C, were prepared for immunofluorescence
microscopy by methanol fixation, probed with rabbit anti-GFP antibodies (Clon-
tech) and mouse monoclonal antibody 414 (Berkeley Antibodies Co.), and then
incubated with fluorescein isothiocyanate-conjugated anti-rabbit IgG and Texas
Red-anti-mouse IgG secondary antibodies (Jackson) and stained with DAPI. (B)
Wild-type cells expressing Cselp or GFP-Cselp were grown at 30°C and pre-
pared for immunofluorescence microscopy by formaldehyde fixation. The cells
were incubated with affinity-purified anti-Csel antibodies and then incubated
with Texas Red-anti-rabbit IgG and stained with DAPI.

dissociation of GsplpGTP from the GsplpGTP-Cselp-Srplp
complex. In parallel experiments, the dissociation constant for
a complex consisting of Srplp, Cselp, and human RanGTP
was approximately 15 nM (not shown).

We have previously reported that GsplpGTP-Yrb4p and
GsplpGTP-Pselp complexes are disassembled by Yrblp in the
presence of Rnalp. Because Yrblp and Rnalp are both cyto-
plasmic proteins, this was interpreted as a cytoplasmic event
allowing recycling of the transport factors after export through
the NPC (63). Figure 8B shows that Yrblp also dissociates the
Gsplp-Cselp-Srplp complex in the presence of Rnalp. We
incubated Gsp1p[y->>P]GTP with concentrations of Cselp and
Srplp allowing complex formation, which is indicated by com-
plete GTPase inhibition. Subsequent addition of Yrblp re-
sulted in an efficient stimulation of GTP hydrolysis by Gsp1p.
Since Cselp (see below) and Yrblp (63, 64) have no detectable
affinity for GsplpGDP, Yrblp will cause a complete disassem-
bly of the complex when Rnalp is also present.

Since it can be expected that Srplp will return to the cyto-
plasm after it has released the NLS substrate into the nucleus,
we next investigated whether Srplp, like the vertebrate impor-
tin a (44), preferentially binds to Cselp in its NLS-free form.
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FIG. 8. GsplpGTP complexed to Cselp and Srplp is resistant to Rnalp-
induced GTP hydrolysis. (A) Srplp is required for efficient binding of
GsplpGTP to Cselp. Gsplp[y->*P]GTP (50 pM) was incubated for 30 min with
buffer, with Cselp at the final concentrations indicated, or with Cselp and Srplp
(400 nM). Yrb1p (300 nM) was then added to the indicated samples. After 1 min,
the GTPase reaction was started by addition of Rnalp (20 nM). Hydrolysis of
GTP by Gsplp was determined as released [**P]phosphate after 2 min by the
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To test this, we preincubated GsplpGTP and Srplp with syn-
thetic peptides corresponding to the SV40 large-T-antigen
NLS or a nonfunctional mutated NLS as a control (27). In this
experiment, we used limiting concentrations of Srplp. Addi-
tion of Cselp resulted in complete GTPase inhibition in the
absence of peptides. NLS peptides, however, prevented the
GTPase block in a concentration-dependent manner by se-
questering Srplp (Fig. 8C). Relatively high concentrations of
NLS peptides were needed to drive Srplp quantitatively to the
NLS-bound form. This might be due to the low NLS binding
affinity of importin « in the absence of importin 8 (14, 30, 56).
A 1,000-fold-higher concentration of mutant NLS peptides was
required to achieve a similar extent of GTPase activation (Fig.
8C). We conclude that Cselp preferentially binds to NLS-free
Srplp. The observed inhibition of the complex formation could
also arise from direct binding of NLS peptides to Cselp. We
consider this very unlikely, since the mutant NLS has nearly no
effect.

To investigate the formation of the trimeric Gsplp-Cselp-
Srplp complex in the absence of Rnalp, we performed solu-
tion binding assays. A fusion protein consisting of GST and
Gsplp was immobilized via the GST tag to glutathione-Sepha-
rose. We then added Cselp and/or Srplp and tested for bind-
ing to Gsplp. GST-GsplpGTP did not efficiently bind to either
Cselp or Srplp alone (Fig. 9A, lanes 6 and 7). However, when
Cselp and Srplp were added together, they both bound effi-
ciently (Fig. 9A, lane 8). No binding to GST-Gsp1pGDP was
observed (Fig. 9A, lane 9), indicating that complex formation
is specific for the GTP-bound form of Gsplp. Preincubation of
Srplp with NLS peptides strongly inhibited binding of Srplp
and Cselp, whereas mutant NLS peptides did not disturb com-
plex formation (Fig. 9A, lanes 10 and 11). The concentration of
Cselp in these assays was 18 wM (for comparison, we esti-
mated that the concentration of Cselp in the nuclei of living
cells is approximately 12 wuM). We then examined the effect of
Yrblp and Rnalp on the dissociation of the trimeric complex.
To test this, Cselp and Srplp were prebound to immobilized
GST-GsplpGTP, unbound proteins were removed by washing,
and then Rnalp or Yrblp was added. Remarkably, Yrblp
alone released the majority of Cselp and Srplp. As expected,
Yrblp itself bound efficiently to GsplpGTP (Fig. 9A, lane 13).
Rnalp alone had no effect, which confirms that Gsplp-bound
GTP is inaccessible to the GTPase-activating protein (Fig. 9A,
lane 15). When Yrblp and Rnalp combined were added to the
preformed complex, Cselp and Srplp were completely re-
leased. Yrblp was also released, indicating that now GTP
hydrolysis had occurred (Fig. 9A, lane 14). Very similar results
were obtained when immobilized GST-Srplp was used instead
of GST-Gsplp (Fig. 9B). Cselp binding required simultaneous
binding of GsplpGTP but not GsplpGDP. NLS peptides abol-
ished trimer formation, and Yrblp alone disassembled the
complex. Complex dissociation by Yrblp alone required
roughly equimolar amounts (Fig. 9B, lane 9). However, in the

charcoal method. A 50% inhibition of GTP hydrolysis required 0.7 nM Cselp
(arrow). (B) Yrblp dissociates the Cselp-GsplpGTP-Srplp complex in the pres-
ence of Rnalp. Gsplp[y-**P]GTP (50 pM) was incubated for 30 min with Cselp
(10 nM) and Srplp (400 nM). Rnalp (20 nM) and then Yrblp at the final
concentrations indicated were added. Released [*>P]phosphate was determined
after further incubation for 2 min. (C) NLS peptides inhibit the formation of the
trimeric complex. Gsp1p[y->?P]GTP (50 pM) was preincubated for 30 min with
Srplp (3 nM) and peptides corresponding to the SV40 large-T-antigen NLS
(CTPPKKKRKYV) or mutant NLS peptides (CTPPKTKRKYV) at the concentra-
tions indicated. Cselp (90 nM) was then added, and the reaction mixtures were
further incubated for 5 min. The GTPase reaction was started by addition of
Rnalp (20 nM). After 2 min, released [*>P]phosphate was determined.
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FIG. 9. Formation and dissociation of the Cselp-GsplpGTP-Srplp complex.
(A) GST-GsplpGTP or GST-GsplpGDP (3 pg) immobilized to glutathione-
Sepharose was incubated with or without 6 wg of Cselp and 4 ug of Srplp in a
total volume of 300 pl (lanes 5 to 15). Srplp in lanes 10 and 11 was preincubated
with NLS peptides or mutant (mut.) NLS peptides (0.45 mg/ml), respectively, for
30 min. The reaction mixtures were incubated for 60 min, and unbound material
was removed by four washes. In lanes 12 to 15, the preformed Cselp-Gsp1pGTP-
Srplp complex was reisolated and further incubated for 10 min in a volume of 1
ml with or without 2 pg of Yrblp and 0.9 pg of Rnalp. Bound proteins were
analyzed by SDS gel electrophoresis and Coomassie blue staining. Lanes 2 to 4
contain Cselp, Srplp, and Yrblp, respectively, corresponding to 50% of the
load. The sizes of molecular weight markers (lane 1) (in thousands) are indi-
cated. (B) Immobilized GST-Srplp (3 pg) was incubated with 6 g of Cselp or
3 ug of Gsplp loaded with GTP or GDP and incubated as described for panel A.
In lanes 8 to 15, the preformed Cselp-GsplpGTP-Srplp complex was further
incubated for 20 min at 25°C with buffer, with 200 ng of Rnalp, or with the
indicated amounts of Yrblp. Bound proteins were analyzed by SDS gel electro-
phoresis and Coomassie blue staining. Lane 1, molecular weight markers.

presence of Rnalp, substoichiometric concentrations of Yrblp
induced complex disassembly (about 10-fold less Yrblp than
Gsplp was present in lane 13), indicating that Yrblp acts
catalytically.

DISCUSSION

The data presented suggest that Cselp represents the spe-
cific export receptor of Srplp. Our in vivo assays show that
Srplp but not Kap95p accumulates in the nuclei of csel-1
mutants. Nuclear accumulation is accompanied by an inhibi-
tion of NLS-dependent nuclear import, suggesting that Srplp
becomes limiting for NLS import in the cytoplasm. Other nu-
clear import pathways (import of Npl3p and L25) proceed
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normally in c¢sel mutants. This indicates that Srplp is a specific
transport substrate for Cselp, but we do not know if other
proteins are also exported by Cselp. Overexpression of SRPI
suppresses the temperature sensitivity of the cse/-1 mutant,
which demonstrates that the interaction with Srplp is an es-
sential function of CSEI. Cselp is localized mainly in the
nucleus but is also found in the cytoplasm and at the NPC.
Cselp belongs to the importin B superfamily and binds to
RanGTP, and the interaction with Ran regulates substrate
binding and release. Cselp is the functional homologue of
CAS, which mediates export of importin « in higher eu-
karyotes (44).

Cselp binds to Srplp and to RanGTP cooperatively; we did
not detect significant binding to Srplp or RanGTP alone.
However, Cselp was shown to bind to RanGTP in an overlay
assay (28). Several observations indicate that the Srp1p-Cselp-
RanGTP complex is formed in the nucleus and is subsequently
exported to the cytoplasm. Complex formation requires
RanGTP but not RanGDP, i.e., conditions which are found in
the nucleus. NLS-bound Srplp does not bind to Cselp and
RanGTP, probably because NLS-free Srplp and NLS-bound
Srplp differ in their conformational states. This indicates that
the NLS protein is not exported by Srplp and Cselp after
Srplp-mediated import and thus explains the unidirectionality
of NLS import (49, 66). Ran-bound GTP in the Srplp-Cselp-
RanGTP complex is protected from hydrolysis. This prevents
complex dissociation before the cytoplasmic environment is
reached. The trimeric complex is disassembled by the cytoplas-
mic protein Yrblp, which was shown to be essential for NLS
import, Npl3p import, and mRNA export in vivo (64). Yrblp
and its mammalian homologue RanBP1 bind strongly to
RanGTP and act as a coactivator of the Ran GTPase in vitro
(7, 64). Accumulating evidence defines the main function of
Yrblp/RanBP1 as the universal cytoplasmic dissociation factor
for complexes consisting of RanGTP and importin B-like re-
ceptors. Besides importin 8 and Cselp, also RanBP5, RanBP7,
RanBP8, Yrb4p/Kap123p, Pselp, transportin, exportin t, and
CAS complexed to RanGTP are targets for Yrblp/RanBP1 (4,
18, 28, 44, 46, 63). We show that Yrblp alone is sufficient for
the disassembly of the Srplp-Cselp-RanGTP complex and
that Yrblp acts catalytically when Rnalp is also present. This
indicates that Rnalp-mediated GTP hydrolysis serves to pre-
vent reformation of the complex in the cytoplasm.

An inhibition of export of importin « from the nucleus was
observed before in mutants other than csel-/ mutants. Condi-
tions that inhibit the Ran-specific GDP/GTP exchange factor
also resulted in a nuclear accumulation of importin « (8, 42).
This is explained by a decrease of the nuclear concentration of
RanGTP, which impairs the formation of the trimeric export
complex. Srplp export was also inhibited in an RSL1/KAP95
mutant defective in nuclear export (38). We observed that
overexpression of CSEI blocks mRNA export but does not
affect Kap95p export, Srplp export, NES export, or several
import pathways. However, overexpression of RSLI/KAP95
primarily inhibits several protein import pathways. This indi-
cates that excess amounts of Kap95p might compete with other
import receptors for NPC binding sites. It is unclear why CSE!
overexpression selectively inhibits mRNA export and not ex-
port of, e.g., Srplp. The mRNA export pathway might be more
sensitive to certain mutant conditions than other transport
pathways. Interestingly, we did not detect nuclear accumula-
tion of Srplp in the rat2-1 mutant, which was identified in an
mRNA mislocalization screen (35). This nucleoporin mutant
and the RAT2/NUPI120 deletion mutant show very similar phe-
notypes. However, nuclear accumulation of Srplp was re-
ported for the deletion mutant (2). This indicates that the
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RAT2/NUPI120 gene product affects Srplp export and mRNA
export at different levels.

In cell lysates, about one-third of Srplp was found in a stable
complex with the shuttling but mainly nucleus-located cap
binding complex (CBC), which consists of yCBP80 (Gcr3p)
and yCBP20 (Mud13p). The strong Srplp-CBC interaction is
mediated by an NLS in CBP80 (31). This raises the question
whether Srplp is also exported from the nucleus complexed to
CBC. Since only NLS-free Srplp will be exported by Cselp, a
fraction of Srplp could be exported by another pathway. U
snRNA export from the nucleus to the cytoplasm is mediated
by an interaction with CBC (41) and by the NES export recep-
tor Crm1p (23). In contrast to export of Rev and U snRNA,
however, importin « export is not affected by the potent Crm1
inhibitor leptomycin B in Xenopus oocytes (23). On the other
hand, human importin o contains a sequence similar to a
leucine-rich NES which functions as an export signal when
fused to a reporter (8), but it is unclear whether Crm1p inter-
acts with this NES-like signal. We observed complete nuclear
accumulation of yeast importin « in cse/-1 mutants but did not
detect even partial nuclear accumulation in xpol-1 cells (shift-
ed for up to 3 h to the nonpermissive temperature) which are
mutated in yeast CRM1 (70). Furthermore, we did not detect
binding of Srplp to Xpolp/Crmlp in the presence or absence
of RanGTP (69). These observations together suggest that in
contrast to CBC complexed to U snRNA, importin « is not
exported by the CRMI pathway.

Cselp was reported to be involved in chromosome segrega-
tion during mitosis (77). We did not test whether Cselp plays
a role in spindle association (60) and/or chromosome segrega-
tion (77). Cell cycle defects, which were also observed for the
srpI-31 mutant (47), can be explained by the failure to import
certain proteins into the nucleus. Cselp was also described to
be involved in cyclin degradation. However, we found geneti-
cally that the mutant designated csel-22 in this report (39)
carries a temperature-sensitive mutation outside CSEI (not
shown).

Our in vivo and in vitro experiments show that Cselp is the
functional homologue of the human CAS protein, which me-
diates export of importin o from the nucleus in a reconstituted
in vitro system with permeabilized cells and recombinant trans-
port factors (44). Complex formation of Cselp/CAS with
RanGTP and NLS-free importin o as well as disassembly by
Yrblp/RanBP1 have been conserved during evolution. The
major factors involved in the importin « transport cycle are
importin 3, Ran and its regulators, Cse1p/CAS, and a number
of nucleoporins. NLS recognition by importin « starts in the
cytoplasm. NLS-bound importin « is imported into the nucleus
by importin . RanGTP binds to importin 3 and thereby re-
leases the importin «-NLS protein complex. It is still unknown
how the NLS substrate dissociates from importin o. It seems
that not phosphorylation, as previously proposed (3), but again
Ran regulates this event. First, RanGTP-mediated release of
importin B weakens the NLS-importin « interaction. Second,
NLS-free importin « binds cooperatively to Cselp/CAS and
RanGTP, both of which are very abundant in the nucleus.
Thus, the trimeric complex constitutes a trap for NLS-free
importin « destined for export. In the cytoplasm, disassembly
of the trimeric complex is induced by Yrblp/RanBP1. Rnalp-
mediated GTP hydrolysis then guarantees complete dissocia-
tion and allows importin « to enter the next import cycle.
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