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Mammalian Ran-binding protein-1 (RanBP1) and its fission yeast homologue, sbplp, are
cytosolic proteins that interact with the GTP-charged form of Ran GTPase through a
conserved Ran-binding domain (RBD). In vitro, this interaction can accelerate the Ran
GTPase-activating protein-mediated hydrolysis of GTP on Ran and the turnover of
nuclear import and export complexes. To analyze RanBP1 function in vivo, we expressed
exogenous RanBP1, sbplp, and the RBD of each in mammalian cells, in wild-type fission
yeast, and in yeast whose endogenous sbpl gene was disrupted. Mammalian cells and
wild-type yeast expressing moderate levels of each protein were viable and displayed
normal nuclear protein import. shpl ~ yeast were inviable but could be rescued by all four
exogenous proteins. Two RBDs of the mammalian nucleoporin RanBP2 also rescued
sbpl~ yeast. In mammalian cells, wild-type yeast, and rescued mutant yeast, exogenous
full-length RanBP1 and sbplp localized predominantly to the cytosol, whereas exoge-
nous RBDs localized predominantly to the cell nucleus. These results suggest that only
the RBD of sbplp is required for its function in fission yeast, and that this function may
not require confinement of the RBD to the cytosol. The results also indicate that the polar
amino-terminal portion of sbplp mediates cytosolic localization of the protein in both

yeast and mammalian cells.

INTRODUCTION

Proteins to be transported across the eukaryotic nu-
clear membrane often contain sequence motifs that
function as nuclear import or export signals (Nigg,
1997). Transport requires both insoluble components,
associated with the nuclear pore, and soluble compo-
nents that interact with the transport cargo and/or
pore. Among the soluble factors are members of the
karyopherin 8 family, the small GTPase Ran, Ran-
binding protein-1 (RanBP1), and nuclear transport fac-
tor 2 (Mattaj and Englmeier, 1998). Components of the
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nuclear pore complex, termed nucleoporins, have
been identified by biochemical analysis of partially
purified pore complexes and by genetic analysis of
nuclear transport in budding yeast (Fabre and Hurt,
1997; Ohno et al., 1998). A pore component that ap-
pears to play a central role in interactions with the
soluble factors is RanBP2 (also known as Nup358)
(Wu et al., 1995; Yokoyama et al., 1995).

Many models of nuclear transport have been pro-
posed, and central to them all is the control exerted by
Ran in regulating the association and dissociation of
transport complexes, linked to the hydrolysis and
turnover of Ran-bound guanine nucleotides (Koepp
and Silver, 1996; Panté and Aebi, 1996; Rush et al.,
1996; Gorlich, 1997; Nakielny and Dreyfuss, 1997;
Nigg, 1997; Yoneda, 1997; Izaurralde and Adam, 1998;
Mattaj and Englmeier, 1998; Melchior and Gerace,
1998; Moore, 1998). The intrinsic rates of GTP hydro-
lysis and guanine nucleotide release by Ran are slow
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and are accelerated in vivo by a Ran GTPase-activat-
ing protein (RanGAP) and a guanine nucleotide re-
lease protein, regulator of chromosome condensation
1 (RCC1), respectively (Bischoff and Ponstingl, 1991;
Bischoff et al., 1994). RanGAP activity decreases the
Ran ‘GTP/Ran‘GDP ratio, whereas RCC1 activity in-
creases it. (GTP is at least 10 times more abundant
than GDP in vivo.) RanGAP appears to be located in
the cytosol and on the cytosolic face of nuclear pores
(Mahajan et al., 1997; Saitoh et al., 1997; Matunis et al.,
1998; Saitoh et al., 1998), whereas RCC1 appears to be
located in the nucleus (Ohtsubo ef al., 1989), so the
Ran‘GTP/Ran-GDP ratio is expected to be low in the
cytosol and high in the nucleus.

This difference could explain directionality in the
movement of transport complexes. For nuclear im-
port, a member of the karyopherin 8 importin sub-
family binds to the import substrate directly or via an
adapter, such as karyopherin «, specific for import
substrates containing a nuclear localization signal
(NLS) sequence motif, and this complex docks at the
cytosolic face of the nuclear pore (Gorlich et al., 1994;
Chi et al., 1995; Gorlich et al., 1995; Imamoto et al., 1995;
Radu et al., 1995; Pollard et al., 1996; Fridell et al., 1997).
The docked complex is then transported through the
nuclear pore. Once in the nucleus, the complex could
be disrupted by Ran‘GTP, which in vitro can bind to
karyopherin 8 and displace the import substrate (Rex-
ach and Blobel, 1995; Chi et al., 1996, 1997; Gorlich et
al., 1996; lzaurralde et al., 1997; Lounsbury and
Macara, 1997; Siomi et al., 1997). Complex assembly
would thus be favored in the cytosol (low [Ran-GTP]),
and disassembly would be favored in the nucleus
(high [Ran'GTP]). For nuclear export, members of the
karyopherin B exportin subfamily bind to Ran-GTP
and export substrates (Fornerod et al., 1997; Fukuda et
al., 1997; Gorlich et al., 1997; Stade et al., 1997). Forma-
tion of these exportin—-Ran‘GTP-export substrate com-
plexes requires Ran‘GTP, so assembly would be fa-
vored in the nucleus (high [Ran‘GTP]). After the
complexes traverse the nuclear pore, RanGAP-stimu-
lated conversion of Ran‘GTP to Ran‘GDP in the cy-
tosol could drive the complexes to disassemble (Gor-
lich, 1997; Lounsbury and Macara, 1997). The same
mechanism could explain the efficient recycling to the
cytosol of karyopherin 8 importins as Ran‘GTP com-
plexes (Floer et al., 1997).

A limitation of this simple model is that Ran-GTP
complexed to karyopherin B (importin or exportin)
exhibits a decreased rate of nucleotide release and is
almost completely resistant to RanGAP-stimulated
GTP hydrolysis. This resistance could prevent efficient
RanGAP-mediated disruption of Ran‘GTP-importin
and Ran'GTP-exportin—-export substrate complexes in
the cytosol. Two other cytosolic proteins, RanBP1 and
RanBP2, appear to be critically important for efficient
disassembly of these complexes. RanBP1 is a small
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hydrophilic protein present in both yeast and higher
eukaryotes (Coutavas et al., 1993), and RanBP2 is a
large nucleoporin (present in higher eukaryotes but
absent in yeasts) located on cytoplasmic nuclear pore
tibrils (Wilken et al., 1995; Wu et al., 1995; Yokoyama et
al., 1995). Both proteins bind specifically to Ran-GTP
but not Ran‘GDP, via well-conserved Ran-binding do-
main (RBD) sequence motifs (Vetter et al., 1999). These
RBD sequences are ~130 aa long; RanBP1 has one and
RanBP2 has four (Figure 1). Ran‘GTP complexed to the
RBDs of RanBP1 or RanBP2 exhibits a decreased rate
of nucleotide release (Lounsbury et al., 1994) but an
~10-fold increase in RanGAP-mediated GTP hydroly-
sis (Bischoff et al., 1995). In vitro, RanBP1 and RanBPP2
interact with the karyopherin B complexes through
Ran'GTP (Delphin et al., 1997) and stimulate dissocia-
tion of the complexes in one or more steps coupled to
the hydrolysis of GTP on Ran (Bischoff and Gorlich,
1997; Chi et al., 1996, 1997).

The essential role of RanBP1 in nuclear-cytosolic
transport may not be limited to disruption of export
complexes. RanBP1 has been reported to stimulate the
formation of a stable RanBP1-Ran-GDP-karyopherin
B trimeric complex, even though Ran‘GDP does not
interact singly with either of these proteins (Chi et al.,
1996, 1997). Such a complex may be an intermediate in
the nuclear protein import pathway, a possibility sup-
ported by the observation that RanBP1 stimulates im-
port in a digitonin-permeabilized cell assay supple-
mented with karyopherin «, karyopherin 8, and Ran
(Chi et al., 1996).

RanBP1 has also been implicated in cellular pro-
cesses that are independent of nuclear transport
(Dasso, 1995; Avis and Clarke, 1996; Pu and Dasso,
1997; Hughes et al., 1998). Overexpression of RanBP1
in either yeast or mammalian cells inhibits cell divi-
sion. In the fission yeast Schizosaccharomyces pombe,
overexpression results in a defective mitotic exit phe-
notype: cells undergo cell cycle arrest with condensed
chromosomes, a wide medial septum, and a frag-
mented nuclear envelope (He et al., 1998). In mamma-
lian cells, overexpression in GO results in an inhibition
of G1 progression, whereas overexpression at the
G2-M boundary results in an inhibition of mitotic exit
and a cell cycle arrest phenotype similar to fission
yeast (Battistoni et al., 1997). An excess of RanBP1 in
Xenopus egg extracts blocks assembly of replication-
and import-competent nuclei (Nicolas et al., 1997; Pu
and Dasso, 1997). All these data suggest that a proper
balance between RanBP1 and other components of the
Ran pathway may be required for normal function,
but the molecular basis of the disruptions caused by
excess RanBP1 remains unclear. It is also unclear how
RanBP1 can have a constitutive role in nuclear—cyto-
solic transport yet be expressed predominantly in the
S, G2, and M phases of the mammalian cell cycle
(Battistoni et al., 1997; Guarguaglini et al., 1997).
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Like endogenous protein, full-length exogenously
expressed RanBP1 localizes predominantly to the cy-
tosol. This localization appears to be an active process,
because the isolated RBD of RanBP1 localizes predom-
inantly to the nucleus and the presence of a leucine-
rich nuclear export signal (NES) motif in the carboxyl-
terminal portion of the full-length protein is required
for its cytosolic localization (Richards et al., 1996; Zo-
lotukhin and Felber, 1997). It is unclear whether the
NES mediates normal shuttling of RanBP1 between
nuclear and cytosolic compartments or whether it
serves to ensure confinement of RanBP1 to the cytosol.
However, ectopic nuclear expression of the RanBP1-
RBD in mammalian cells or microinjection of full-
length RanBP1 into the nuclei of Xenopus oocytes in-
hibits nuclear protein import and export, respectively
(Richards et al., 1996; Izaurralde et al., 1997). Both the
amount and localization of RanBP1 thus appear to be
critical for its biological function(s).

RanBP1 homologues have been described for di-
verse eukaryotic species, including human, mouse,
Xenopus laevis, budding yeast, and fission yeast
(Coutavas et al., 1993; Bischoff et al., 1995; Ouspenski et
al., 1995; Schlenstedt et al., 1995; Pu and Dasso, 1997;
He et al., 1998). Given its essential and apparently
well-conserved role in nuclear—cytosolic transport and
other eukaryotic cellular processes, the substantial di-
vergence in the primary structure of RanBP1 between
vertebrates and yeasts is surprising (Figure 1). Aside
from their overall lengths (200215 aa) and their RBD
sequences (~50-60% identical), vertebrate and yeast
RanBP1s are quite different. The yeast proteins (Yrblp
in S. cerevisiae and sbplp in S. pombe) contain a polar
amino-terminal segment not found in vertebrate pro-
teins, whereas the vertebrate proteins contain a car-
boxyl-terminal sequence including the leucine-rich
NES motif not found in yeast.

To better define the roles of specific domains of
RanBP1 in nuclear protein import and other cellular
functions, we have studied the effects of exogenous
full-length RanBP1 proteins and isolated RBDs on vi-
ability and nuclear protein import in mammalian and
S. pombe cells. We have also tested the abilities of these
proteins to rescue S. pombe cells whose endogenous
sbpl gene was disrupted. Our results suggest that only
the well-conserved RBD of mammalian RanBP1 or
yeast sbplp is required for yeast cell viability, that the
RBDs of RanBP2 can substitute for RanBP1, and that
these RBDs can localize predominantly to the cell nu-
cleus without disrupting cell function.

MATERIALS AND METHODS

Plasmid Construction

Mammalian Cell Expression Plasmids. ORFs encoding full-length
RanBP1 (mouse, aa 1-203) and sbp1p (S. pombe RanBP1 homologue,
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aa 1-215), and the RBDs of RanBP1 (aa 38-159) and sbplp (aa
75-215), were amplified by PCR and subcloned in frame down-
stream of a T7 epitope tag under the control of a cytomegalovirus
promoter. To accomplish this, the pPCGTVP16AC plasmid (Wilson et
al., 1997) was digested with Xbal and BamHI to delete the VP16
insert, which was replaced with the PCR fragment.

Fission Yeast Expression Plasmids. ORFs were expressed under the
control of the thiamine-repressible promoter of the S. pombe nmtl
gene. PCR products encoding T7-tagged full-length RanBP1
(mouse) and sbplp (S. pombe), and the RBD of mouse RanBP1 were
subcloned into the Ndel and BamHI sites of plasmids pREP1 (nmt
full-strength promoter), pREP41 (nmt* medium-strength promoter),
and pREP81 (nmt** low-strength promoter) (Basi et al., 1993). Plas-
mids pSLF173 (nmt full-strength promoter), pSLF273 (nmt* medi-
um-strength promoter), and pSLE373 (nmt** low strength-promoter)
(Forsburg and Sherman, 1997) were modified to have a leu2*
marker instead of the ura4"* marker (pSLFleul73, pSLFleu273, and
pSLFleu373, respectively). These plasmids allow the expression of a
protein fused to a triple HA epitope tag under the control of
different-strength nmt promoters. The RBD of sbplp and RBDs 2 (aa
2013-2142) and 4 (aa 2912-3040) of Nup 358/RanBP2 were PCR
amplified and cloned into the Sall-Bg/II sites of the pSLFleu plas-
mids.

Construction of the GST-GFP-NLS Protein Import
Reporter Gene

Plasmid pEGFP-C3 (Clontech, Palo Alto, CA) was used as a tem-
plate to amplify by PCR a green fluorescent protein (GFP) ORF
followed by the NLS of SV40 large T antigen (aa 126-132,
PKKKRKYV) (Kalderon et al., 1984). A 5" end primer with an Ndel site
hybridizing to the amino-terminal region of GFP and a set of two
overlapping primers encoding the carboxyl-terminal region of GFP
fused to the SV40 large T antigen NLS with a BamHI site were used
to amplify a GFP-NLS PCR product. The GST coding sequence
(plasmid pGEX-5X-1; Pharmacia, Piscataway, NJ) was amplified
with a PstI site added to its 5" end and a Ndel site added to its 3" end
and then ligated in frame to the amino-terminus of the GFP-NLS
coding sequence. The vector pART1 (McLeod ef al., 1987) was
modified to replace the leu2" marker by an ade2™ marker, and the
new pARTade vector was digested with PstI and BamHI and ligated
to the two PCR products to obtain the GST-GFP-NLS gene under the
control of the adh promoter. To express the same protein in mam-
malian cells, the pSVL vector (Pharmacia) digested with Xhol and
BamHI was ligated to the GST gene amplified with an Xhol site at its
5" end (instead of a Pstl site), and the GFP-NLS sequence was
generated with restriction enzyme sites as described above. As a
control, a GST-GFP protein without the NLS was also constructed in
both vectors (pARTade and pSVL).

Mammalian Cell Transfection and Immunostaining

Mammalian cells were grown in Dulbecco’s modified Eagle’s me-
dium supplemented with 10% FBS. Cells were transfected with
LipofectAMINE reagent (Life Technologies, Gaithersburg, MD) fol-
lowing the manufacturer’s protocol. Approximately 48 h after trans-
fection, cells were fixed with 3% paraformaldehyde in PBS for 15
min at room temperature, washed three times with PBS plus 0.1 M
glycine, permeabilized in 0.2% Triton X-100 in PBS for 15 min, and
incubated for 30 min in blocking buffer (2% BSA in PBS). Cells were
then incubated 1 h with a 1:500 dilution of anti-T7 tag mAb (Nova-
gen, Madison, WI) in blocking buffer, washed three times with
blocking buffer, incubated 1 h with a 1:700 dilution of TRITC-
conjugated goat anti-mouse IgG (Sigma, St. Louis, MO) in blocking
buffer, washed three times in blocking buffer, incubated for a few
seconds with 1 pug/ml DAPI (Sigma) in PBS, washed three times
with PBS, mounted with an antibleaching agent (FITC-Guard;
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Testog, Chicago, IL), and examined using an Axiophot microscope
(Carl Zeiss, Thornwood, NY).

Yeast Strains and Cell Culture

Yeast strains were grown by standard procedures (Moreno et al.,
1991), and transformations were carried out by the lithium acetate
method (Okazaki et al., 1990). Total yeast DNA for Southern analysis
was prepared by a standard method (Alfa et al., 1993). The haploid
strain h%0 leu1-32 ura4-D18 ade6-M216 was used for overexpression
of RanBP1 (mouse), sbplp (S. pombe), and the RBD of each, under
the control of nmt promoters of various strengths (Maundrell, 1990;
Basi et al., 1993). Thiamine was added to Edinburgh minimal me-
dium to a concentration of 5 ug/ml to repress the nmt promoter.

Protein Extracts of S. pombe

Proteins were extracted in lysis buffer (1% Triton X-100, 0.1% SDS,
4 pg/ml leupeptin, and 1 mM PMSF in PBS) using glass beads, as
described by Moreno et al. (1991). Expression of epitope-tagged
proteins was analyzed by immunoblotting of protein extracts sep-
arated in 15% SDS-PAGE. T7- and hemagglutinin (HA)-tagged pro-
teins were detected with anti-T7 mAb (1:10,000 dilution; Novagen)
and anti-HA antibody (1:1000 dilution; Babco, Richmond, CA), re-
spectively, in 1% nonfat dry milk and 0.1% Tween 20 in PBS plus
peroxidase-coupled anti-mouse Ig (1:5000 dilution; Amersham, Ar-
lington Heights, IL) in the same buffer. Chemiluminescent detection
was carried out with the LumiGLO kit (Kirkegaard & Perry, Gaith-
ersburg, MD) following the manufacturer’s instructions.

Disruption of sbpl and Rescue of sbpl~ Mutant
Cells

A 5.2-kb Hindlll fragment of S. pombe genomic DNA that spanned
the sbpl gene was cloned from an S. pombe genomic DNA library
(from Dr. David Frendeway, New York University School of Med-
icine). To disrupt the sbp1 gene, the 300-bp Xbal-PstI fragment that
extends from the first intron of the gene into its second exon (He et
al., 1998) was replaced with the ura4 gene, and this construct was
used to transform diploid h%°/h%° leu1-32/leu1-32 ura4-D18/ura4-D18
ade6-M210/ade6-M216 S. pombe cells. ura® transformants were ana-
lyzed by Southern blotting to identify ones heterozygous for sbpl
disruption (h%°/h%° sbpl::urad* /sbpl leul-32/leul-32 ura4-D18/ura4-
D18 ade6-M210/ade6-M216), and lethality of the disruption was con-
firmed by random spore analysis. Heterozygous diploid cells were
transformed with pREP41 and pSLFleu constructs (Okazaki et al.,
1990). Leu* ura™ transformants were sporulated, digested with
Zymolase 20-T (ICN, Costa Mesa, CA), and plated on Edinburgh
minimal medium supplemented with adenine.

S. pombe Immunostaining and Fluorescence
Microscopy

Epitope-tagged proteins were localized in paraformaldehyde-fixed
cells following the protocol of Alfa et al. (1993), except that cell walls
were digested with 0.25 mg/ml lysing enzymes from Trichoderma
harzianum (Sigma) plus 0.3 mg/ml Zymolase 20-T for ~4 min at
37°C. Monoclonal anti-T7 and anti-HA antibodies were used at
dilutions of 1:250 and 1:50, respectively, and FITC-conjugated anti-
mouse IgG was used at a dilution of 1:250. After staining, cells were
mounted in Vectashield mounting medium (Vector Laboratories,
Burlingame, CA) plus antifade and DAPI (Alfa ef al., 1993) and
examined using an Axiophot microscope. GST-GFP-NLS localiza-
tion was carried out in methanol-fixed cells (Alfa et al., 1993).
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RESULTS

Exogenously Expressed RanBP1 and sbplp Localize
to the Cytosol of Transfected Mammalian Cells,
Whereas Their RBDs Localize Predominantly to the
Nucleus

Full-length RanBP1 (mouse) is known to localize to the
cytoplasm, but its RBD localizes predominantly to the
nucleus (Richards et al., 1996). To compare the protein
sequence motifs responsible for subcellular localiza-
tion of sbplp (S. pombe) and mammalian RanBP1, COS
cells were transfected with constructs encoding full-
length mouse or S. pombe proteins or the RBD of each.
The RBD of mouse RanBP1 consisted of amino acids
38-159. The sbplp RBD construct consisted of amino
acids 75-204, the region homologous to vertebrate
RBDs (Figure 1), plus the carboxyl-terminal 11 amino
acids of the protein (aa 205-215). Each of these pro-
teins was subcloned with a T7 epitope tag in frame at
its amino terminus (see MATERIALS AND METH-
ODS). Consistent with previous studies (Richards et
al., 1996; Zolotukhin and Felber, 1997), cells trans-
fected with a construct expressing T7-tagged full-
length mouse RanBP1 showed largely cytoplasmic
staining (Figure 2, left panels). In contrast, in cells
expressing the T7-tagged mouse RBD, which lacks the
NES motif (Figure 1), staining was largely nuclear
(Figure 2, left panels). Likewise, full-length and RBD
forms of sbplp localized mostly to the cytoplasm and
nuclei, respectively (Figure 2, left panels), despite the
lack of any discernible NES motif in the intact S. pombe
protein (Figure 1). The same subcellular distributions
were observed for all four proteins in transfected
HeLa cells (our unpublished results). These results
suggest that the amino-terminal 74 residues of the S.
pombe RanBP1 homologue include a sequence that
mediates cytoplasmic localization in mammalian cells
and that is distinct from the leucine-rich NES of mouse
RanBP1.

Exogenously Expressed RanBP1, sbplp, or Their
RBDs Do Not Block NLS-mediated Nuclear Protein
Import in Mammalian Cells

Previous studies had suggested that mislocalization of
the RBD of RanBP1 to the nucleus blocked NLS-me-
diated nuclear protein import (Richards et al., 1996).
To determine the effects of our constructs on nuclear
protein import, COS cells were cotransfected with a
construct encoding a GST-GFP-NLS chimeric protein
and with constructs encoding full-length mouse (m)
RanBP1 or S. pombe (Sp) sbplp or the RBD of each. As
shown in Figure 2, center panels, the NLS protein
localized efficiently to nuclei in all cases. These results
suggest that full-length RanBP1 and sbplp and their
respective RBDs do not interfere with NLS-mediated
nuclear import in mammalian cells, even though the
RBDs are predominantly mislocalized to the nucleus.
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Sp 1 msaeqgekktqggttkeegkssfasedvaskgteeakavigdgvakgenksgastndekkpaegdedaepaspevh

Sc 1 msse-dkkpvvdkkeeaapkppssavis--------- mfggkkaekpetkkdeedtkeetkkegddapespdih
X1 1 madtkdtgeehetsvdnteesnhdpg
Mm 1 maaakdshedhdtstenadesnhdpg
Hs 1 maaakdthedhdtstentdesnhdpg

Sp 75 FEPiVklsav-etktnEEeEtvefkmRaKLfRfdkaas--eWKERGtGdar1LkhketgktR1VMRRAkt1KvCANH] lmpemkLtpnvgsdrswywtvaabvsegeptaet fAirFansenAnlFKenFeky
S¢ 65 FEPvVhlekv-dvktmEEdEevlykvRaKLEfRfdadak--eWKERGtGdckfLknkktnkvRi1MRRAkt1KiCANHiiapeytLkpnvgsdrswvyactaDiaegeaeaftfAirFgskenAdkFRKeeFeka
X1 27 FEPiVslpeq-eiktlEEdEeelfkmRaKLfRfasendppeWKERGtGAvklLkhkergtiR11IMRRAkt1KiCANHyitplmeLkpnagsdrawvwntyaDyadespkpellAirFlnaenAgkFKakFeec
Mm 27 FEPiVsvpeq-eiktlEEdEeelfkmRaKLfRfasendl peWKERGtGAvk]lLkhkekgt iR11MRRAkt1KiCANHyitpmmeLkpnagsdrawvwnthaDfadecpkpellAirFinaenAgkFKtkFeac
Hs 27 FEPiVslpeq-eiktlEEdEeelfkmRaKLfRfasendlpeWKERGtGdvklLkhkekgaiR11MRRAkt1KiCANHyitpmmeLkpnagsdrawvwnthaDfadecpkpellAirFlnaenAqkFKtkFeec

RBD1 1172 FEPvVplpdkievktgEEdEeeffcnRaKLEfRfdvesk--eWKERGiGnvkiLrhktsgkiR11MRReqvlKiCANHyispdmkLtpnagsdrsfvwha-1DyadelpkpeglAirFktpeeAal FRckFeea
RBD2 2013 FEPvVampekvelvtgEEdEkvlysqRvVKLERfdaevs--gWKERGLGnlkiLknevngklRmlMRRequlKvCANHwitttmnLkplsgsdrawmwla-sDisdgdakleqlAakFkipel AeeFRgkFeec
RBD3 2310 FEPvVplpdlvevssgEEnEqvvEshRaKLyRydkdvg--gWKERG1GAikiLgnydnkgvRivMRRAQVIKICANHr itpdmtLanmkgtervwlwta-cDfadgerkvehlAvrFklqdvAdsFRkiFdea
RBD4 2912 FEPiVslpev-evksgEEdEeilfkeRaKLyRwdrdvs--gWKERGVGdikiLwhtmknyyRi1MRRAqviKvCANHvitktmeLkplnvsnnalvwta-sDyadgeakveqlAvrFktkevAdcFRktFeec

Sp 205 geenakilkkn* 215

Sc 195 geinkka* 201

X1 159 rnemkrnkekdttkndsadXKVAEKLEeLSVkEakagdkgedakgdkaeekqg* 209
Mm 159 rkeieerekkgpgkndnaeKVAEKLEaLSVrEar------ eeaeekseekg* 203
Hs 159 rkeieerekkgsgkndhaeKVAEKLEaLSVKE-—===---~ etkedaeekg* 200

Figure 1. Conserved sequences of RBDs. Alignment of the predicted sequence of S. pombe sbplp (Sp, D86381) with S. cerevisiae Yrblp (Sc,
P41920), the RanBP1 proteins of Xenopus laevis (X1, Y09128), mouse (Mm, X56046), and human (Hs, D38076), and RBDs 1-4 (RBD], .. ., 4) of
human RanBP2 (P49792). Asterisks indicate termination codons, and dashes indicate gaps introduced to maximize homology. Residues
identical in five or more of the sequences are shown in boldface type, and residues identical in all nine sequences are shown in uppercase
boldface type. The NES motif of the human, mouse, and Xenopus RanBP1 proteins is shown in uppercase italics.

Expression of RanBP1 (m), sbplp, or RBD (Sp) Can
Inhibit Cell Division in S. pombe

To examine the effects of overexpression of these pro-
teins in S. pombe, thiamine-repressible expression vec-
tors based on the nmt promoter (nmt = no message in
thiamine) for fission yeast were used (Maundrell,
1990; Basi et al., 1993). The TATA box of the nmt
promoter has been mutated to yield promoters that
have three different strengths in the absence of thia-
mine: nmt (full strength), nmt* (medium strength), and
nmt** (low strength) (Basi et al., 1993). Full-length
RanBP1 (mouse) and sbplp, and the mouse RBD were
expressed with an amino-terminal T7 epitope tag,
whereas the S. pombe RBD was expressed with an
amino-terminal influenza HA epitope tag (see MATE-
RIALS AND METHODS) (Forsburg and Sherman,
1997).

Transformed S. pombe cells were grown in liquid
media in the presence (repressed) or absence (dere-
pressed) of thiamine to determine the effect of exoge-
nous RanBP1 protein expression on cell growth (Fig-
ure 3). Division of cells transformed with sbplp,
RanBP1 (m) and RBD (Sp) constructs in full-strength
(nmt) plasmids was strongly inhibited in the absence
of thiamine (Figure 3, A-C), whereas transformation
of cells with medium-strength (nmt*) and low-strength
(nmt**) promoter plasmids had little or no effect.
Growth inhibition was correlated with high levels of
protein detected by immunoblotting (Figure 3, A-C).
Relatively low amounts of exogenous protein were
observed in cells transformed with RBD (m) even
under control of the full-strength nmt promoter (Fig-
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ure 3D), which may explain the normal growth of
these cells irrespective of the expression vector.

The lethality associated with high levels of sbplp in
S. pombe cells is consistent with the results of previous
studies of sbplp, including overexpression, and stud-
ies of defects in other elements of the spilp GTPase
system (S. pombe Ran homologue). Growth-arrested
cells exhibit the characteristic phenotype of condensed
chromosomes, fragmentation of the nuclear envelope,
and an increase in the number of septated cells (Deme-
ter et al., 1995; Matynia et al., 1996; He et al., 1998). Our
data show that this phenotype is also associated with
high levels of full-length mouse RanBP1 or sbplp
RBD.

Exogenously Expressed sbplp and RanBP1 Localize
to the Cytosol of S. pombe, Whereas RBD (Sp) and
RBD (m) Localize Predominantly to the Nucleus

To determine the subcellular distribution of exoge-
nous RanBP1 proteins in transformed S. pombe cells,
we performed indirect immunofluorescence using ei-
ther anti-T7 or anti-HA epitope tag mAbs. When T7-
tagged sbplp or RanBP1 (m) or HA-tagged RBD (Sp)
was expressed under the full-strength nmt promoter
(growth-inhibiting conditions; Figure 3, A-C), staining
was dispersed throughout the cells, and DAPI staining
tended to be diffuse (Figure 4A, nmt). When T7-tagged
RBD (m) was expressed under the full-strength nmt
promoter (normal growth; Figure 3D), staining was
mostly nuclear (Figure 4A), and DAPI staining was
more restricted. In control cells grown in the presence
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Figure 2. Localization of RanBP1 (m), sbplp, and their RBDs and
effect on nuclear protein import in transiently transfected COS cells.
COS cells grown in 35-mm dishes were cotransfected with ~0.5 ug
pSVL.GST-GFP-NLS (a plasmid encoding GST-GFP-NLS protein)
and with 0.5 pg of either DNA carrier (salmon sperm DNA), or
plasmids encoding T7-tagged RanBP1 (mouse, aa 1-203), sbplp (S.
pombe RanBP1 homologue, aa 1-215), the RBD of RanBP1 (mouse, aa
38-159), or the RBD of sbplp (S. pombe, aa 75-215). Approximately
48 h after transfection, cells were fixed, and RanBP1 proteins were
detected by immunofluorescence using a monoclonal anti-T7
epitope antibody and a TRITC-conjugated secondary antibody.
Cells were examined under the microscope using filters specific for
TRITC (exogenous RanBP1 proteins, left panels), GFP (GST-GFP-
NLS, center panels), and DAPI (DNA, right panels).

of thiamine (repressed conditions), no immunofluo-
rescence signal was detected after treatment with anti-
epitope mAbs (Figure 4C).

The localization of these proteins expressed from the
medium-strength promoter constructs (Figure 4B,
nmt*) was also analyzed, but we only detected a spe-
cific staining when T7-tagged sbplp or HA-tagged
RBD (Sp) was expressed. Although sbplp was mainly
cytosolic, the RBD (Sp) was predominantly nuclear
(Figure 4B, nmt*). The localization of the RanBP1 (m)
and RBD (m) expressed from the medium- and low-
strength nmt promoters could not be determined be-
cause of a signal below the level of detection by im-
munofluorescence, even though RanBP1 (m) was
readily detectable by immunoblotting (Figure 3C).
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The subcellular distribution of these proteins was
also analyzed by direct fusion of GFP to the N-termi-
nal region of each protein and direct fluorescence
analysis of cells fixed by paraformaldehyde (our un-
published results). In agreement with the T7 and HA
immunofluorescence data, the two RBDs expressed
from the medium-strength promoter were predomi-
nantly present in the nucleus, although not completely
excluded from the cytoplasm, and an increased
amount of RBD (Sp) in the cytoplasm was detected
when this protein was expressed with the full-strength
promoter. Full-length sbplp and RanBP1 (m) fused to
the GFP and expressed from the medium-strength
promoter were mainly cytoplasmic, but at higher lev-
els of expression the nuclei were not excluded. These
results suggest that the amino-terminal 74 residues of
sbplp mediate cytoplasmic localization in S. pombe
cells and that when isolated mouse or S. pombe RBDs
are expressed at nontoxic levels, they localize predom-
inantly to S. pombe cell nuclei as they do in mammalian
cells. When these proteins are produced at toxic levels
their diffuse localization probably reflects the disorga-
nized phenotype described for overexpression of
sbplp or rnalp (RanGAP homologue in S. pombe) in
which the nuclear envelope integrity is lost (Matynia
et al., 1996; He et al., 1998).

Exogenously Expressed RanBP1, sbplp, or Their
RBDs Do Not Block NLS-mediated Nuclear Protein
Import in S. pombe

To further analyze the phenotype of overexpression of
RanBP1 proteins in S. pombe, cells were transformed
with a plasmid expressing the GST-GFP-NLS protein
under the constitutive adh promoter (see MATERIALS
AND METHODS). The SV40 large T-antigen NLS is
functional in fission yeast (Shiozaki and Yanagida,
1992), and its fusion to GST-GFP causes efficient nu-
clear import of this normally cytoplasmic protein. Fig-
ure 5 shows the distribution of the GST-GFP-NLS
when S. pombe cells are expressing full-length sbplp,
RanBP1 (m), or their RBDs under different-strength
nmt promoters. Nuclear import proceeds normally, as
reflected by nuclear GFP staining, when proteins are
expressed from medium- and low-strength nmt pro-
moters (nmt* and nmt**, respectively). The signal re-
mains nuclear when the RBD (m) is expressed from
the full-strength nmt promoter (nmt), but in the pres-
ence of high levels of full-length sbplp, RanBP1 (m),
or RBD (Sp), the NLS protein is distributed through-
out the entire cell, presumably a result of fragmenta-
tion of the nuclear envelope (He et al., 1998).

RanBP1 (m), RBD (m), and RBD (Sp) Can All
Rescue an S. pombe sbp1 Null Mutant

The results of our studies on RanBP1 and RBDs in
wild-type S. pombe indicated that strong overexpres-
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Figure 3. Cell growth and expression of RanBP1 proteins in S. pombe. S. pombe cells transformed with the full-strength (nmt, filled and empty
circles), medium-strength (nmt*, filled and empty triangles), or low-strength (nmt**, filled and empty squares) nmt promoter plasmids
expressing full-length sbplp (A), RBD (Sp) (B), RanBP1 (m) (C), or RBD (m) (D) were grown in Edinburgh minimal medium in the presence
of 5 ug/ml thiamine (+, filled symbols) or in its absence (—, empty symbols). The optical density at 600 nm was monitored as a function of
time. Ten micrograms of protein extracts from cells grown to midlog phase in the presence of thiamine or for an equal amount of time in its
absence were analyzed by immunoblotting using mAbs against the T7 or HA epitope tags. Arrows indicate full-length proteins.

sion is lethal, whereas moderate overexpression is not,
even though much of the exogenous RBD protein is
mislocalized to the nucleus. To examine these findings
more rigorously, as well as to test RBD functionality in
vivo, we constructed an S. pombe mutation in which
the carboxyl-terminal portion of sbpl was replaced by
ura4™. As expected from the work of He et al. (1998),
this sbp1-AC mutation was lethal in haploid cells and
could be rescued by moderate-level (nmt*) but not
high-level (nmt) expression of plasmid-borne wild-
type sbpl (Figure 6). Under repressed conditions
(+thiamine), sbpI-AC cells containing the nmt* sbpl
plasmid showed a phenotype of condensed chromo-
somes and disrupted nuclei, indistinguishable from
that associated with sbpl overexpression in wild-type
cells (Figure 4).

We then tested the ability of full-length mouse
RanBP1 and of the RBDs of the S. pombe and mouse
proteins to rescue the sbpl-AC mutant. The heterozy-
gous mutant diploid strain was transformed with
plasmids bearing the appropriate ORF under the con-
trol of the medium-strength nmt* promoter, ura™ leu™
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transformants were sporulated, and spores were
grown in selective medium. The full-length mouse
protein and both mouse and S. pombe RBDs were
capable of rescuing the sbpl knockout mutant (Figure
6), suggesting that RanBP1 function is conserved be-
tween mouse and S. pombe and showing that the
part(s) of that function required for viability in S.
pombe are contained within the RBD. (Others have
shown that full-length human RanBP1 can also rescue
an S. cerevisiae YRB1 disruptant [Noguchi et al., 1997]).
When transcription of the nmt promoter was turned
off by the presence of thiamine in the medium, growth
was inhibited, confirming that rescue was dependent
on the expression of each of these proteins (Figure 6).
The levels of expression of RanBP1 and sbp1p proteins
in the four rescued strains were measured by immu-
noblotting of whole-cell extracts, and as noted previ-
ously, the RBD of mouse RanBP1 was reproducibly
expressed at lower levels than the full-length sbplp,
RanBP1 (m), or RBD (Sp) proteins (Figure 6A).

Our strategy for disruption of the sbp1 gene replaced
only the carboxyl-terminal region of the sbpl ORF
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Figure 4. Localization of exogenous RanBP1 (m), sbplp, and their RBDs in transformed S. pombe by indirect immunofluorescence. S. pombe
cells transformed with full-strength (nmt) or medium-strength (nmt*) plasmids were grown to midlog phase in the presence of thiamine (C)
or for an equal amount of time in its absence (A and B). Cells were fixed with paraformaldehyde and permeabilized, and tagged proteins
were detected by immunofluorescence using a 1:250 dilution of anti-T7 [(sbp1lp, RanBP1 (m), and RBD (m)] or a 1:50 dilution of anti-HA [RBD
(Sp)] mAbs, followed by a 1:250 dilution of FITC-labeled anti-mouse secondary antibody. Cells were stained with DAPI before mounting.

with ura4. It was therefore possible that rescued S.
pombe sbpl-AC cells were viable because of
transcomplementation between a chromosomally en-
coded sbplp amino-terminal sequence and a plasmid-
encoded RBD. To examine this possibility, we tested
the previously described sbpl genomic mutant sbp1-Al
(a generous gift from Dr. S. Sazer, Baylor College of
Medicine; He et al., 1998), to see whether it could also
be rescued with the same plasmids. sbpI-Al was con-
structed by replacing the amino-terminal two-thirds of
the ORF with the ura4 gene. As shown in Figure 6B,
ura® leu™ sbp1-A1 haploid spores that expressed plas-
mid-borne sbplp, RanBP1 (m), RBD (Sp), or RBD (m)
were viable in the absence of thiamine. This result
supports the conclusion that each of these constructs
can rescue a functional null mutation in sbp1.

To compare the subcellular distribution of the
RanBP1 proteins in rescued null mutant cells with
those found when these proteins were expressed in
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wild-type S. pombe (Figure 4), haploid sbpl-AC
genomic mutants expressing T7 or HA epitope-tagged
forms of the four proteins were grown to midlog
phase in the absence of thiamine or for an equal
amount of time in its presence and examined by im-
munofluorescence microscopy (Figure 7). Full-length
mouse and S. pombe proteins were concentrated in the
cytoplasm, whereas the S. pombe RBD was predomi-
nantly localized to cell nuclei. We could not detect the
distribution of RBD (m) because of its low level of
expression. Cells grown in repressed conditions (+ thi-
amine) showed no specific antibody staining, and the
DAPI staining revealed condensed chromosomes (Fig-
ure 7).

The wild-type growth properties of S. pombe sbp1-AC
genomic mutant cells rescued with each of the four
constructs (Figure 6) implied that macromolecular
traffic between nuclear and cytoplasmic compart-
ments in these cells was normal. To examine the one

Molecular Biology of the Cell
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Figure 5. Nuclear protein import of GST-GFP-NLS in S. pombe
expressing sbplp, RanBP1 (m), or their RBDs. S. pombe cells were
cotransformed with a GST-GFP-NLS-expressing construct and with
nmt promoter plasmids expressing the indicated RanBP1 or RBD
proteins (nmt, full-; nmt*, medium-; and nmt**, low-strength pro-
moter). Cells were grown in the absence of thiamine and fixed by
methanol, and the NLS protein was visualized by fluorescence
microscopy. Vector indicates control transformations using nmt
plasmids lacking RanBP1 or RBD inserts.

aspect of this traffic that can readily be assayed di-
rectly in S. pombe, NLS-mediated nuclear protein im-
port was monitored by transforming the rescued S.
pombe sbpl-AC genomic mutants with a plasmid en-
coding GST-GFP-NLS under the constitutive adh pro-
moter. Cells grown to midlog phase in the absence of
thiamine or for an equal amount of time in its presence
were examined by fluorescence microscopy to deter-
mine the subcellular localization of the GST-GFP-NLS
reporter protein (Figure 8). In the absence of thiamine
(derepressed conditions), the reporter protein was
consistently localized to cell nuclei. In the presence of
thiamine (repressed conditions), cells were growth ar-
rested with a large fraction of septated, chromatin-
condensed cells, and the reporter protein was diffusely
localized. This mislocalization of the NLS protein,
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Figure 6. Cell growth and expression of RanBP1 proteins in the
rescued S. pombe sbp1-AC genomic mutant. (A) Growth of S. pombe
haploid sbpI-AC genomic mutant cells transformed with nmt* plas-
mids encoding T7-tagged sbplp, HA-tagged RBD (Sp), T7-tagged
RanBP1 (m), or T7-tagged RBD (m) in liquid media in the presence
(closed circles) or absence (open circles) of thiamine. Cell samples
(20 ug of protein) collected at midlog phase when grown in the
absence of thiamine or for an equal amount of time in its presence
were analyzed by immunoblotting using anti-T7 or anti-HA epitope
mAbs. (B) Growth of S. pombe haploid sbp1-AC and sbp1-Al genomic
mutants transformed with the plasmids encoding sbplp, RBD (Sp),
RanBP1 (m), or RBD (m) on Edinburgh minimal medium agar plates
supplemented with adenine in the absence (MMA) or presence
(MMAT) of thiamine and cultivated at 30° for 3 d.

when the plasmid-driven expression of sbplp,
RanBP1 (m), RBD (Sp), or RBD (m) is repressed, as
noted previously, is a consequence of the loss of the
nuclear envelope integrity (He et al., 1998).

The RBDs of Mammalian RanBP2 Can Also Rescue
an S. pombe sbp1 Null Mutant

As discussed in INTRODUCTION, mammalian
RanBP2, a component of the cytoplasmic fibrillar ex-
tensions of the nuclear pore complex, contains four
RBDs (Figure 1): RBDs 1 and 2 interact strongly with
Ran'GTP, whereas the interaction of RBDs 3 and 4 is
weaker (Yokoyama et al., 1995). To test whether any of
these RBDs can also functionally substitute for sbplp
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Figure 7. Localization of plasmid-encoded RanBP1, sbplp, and RBD (Sp) in S. pombe sbp1-AC genomic mutant cells. Cells transformed with
the indicated nmt* promoter-expressing constructs were grown to midlog phase in the absence of thiamine or for the same period in its
presence. Cells were fixed with paraformaldehyde, permeabilized, and stained with monoclonal anti-T7 antibody [sbplp, RanBP1 (m)] or
anti-HA antibody [RBD (Sp)], plus FITC-conjugated goat anti-mouse Ig. Cellular DNA was detected by DAPI staining.

in S. pombe, the sbplAC genomic mutant was trans-
formed with a plasmid bearing HA-tagged RBD2 or
RBD4 (strong and weak interaction with Ran‘GTP,
respectively) under the control of nmt promoters. Al-
though cells expressing moderate levels of these
RBDs, under the control of the medium-strength nmt*
promoter, were inviable, cells expressing high levels
of each protein driven by the full-strength nmt pro-
moter were rescued (Figure 9A). Immunoblot analysis
of sbp1-AC and wild-type S. pombe cells transformed
with the HA-tagged RBD2, RBD4, and RBD (Sp) under
the control of the full-strength nmt promoter revealed
that the levels of expression of all three proteins de-
tected with the HA-epitope mAb were similar (Figure
9A; our unpublished results). These Western blot anal-
yses confirmed that larger amounts of RBD2 and
RBD4 proteins were required to rescue the sbpl-AC
deletion mutant than were required of the RanBP1,
sbplp, RBD (m), and RBD (Sp) proteins (Figures 6A
and 9A). The sbp1-A1 mutant (He et al., 1998) was also
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rescued with full-strength nmt expression of the RBD2
or RBD4 of RanBP2 (our unpublished results).

The growth of cells rescued with RBD2 of RanBP2
was comparable to that of cells rescued with the RBDs
of RanBP1 (m) or sbplp (Figures 6A and 9A). Cultures
of cells rescued with RBD4 grew more slowly but to
the same final density. The distribution of RBD2 and
RBD4 and their effects on nuclear import of an NLS
reporter protein were also assayed. In the absence of
thiamine (derepressed conditions), RBD2 (detected
with HA epitope antibody) was mostly localized in
the nucleus, whereas RBD4 was dispersed over the
cytoplasm and nucleus (Figure 9B). Under these con-
ditions, both rescued genomic mutants exhibit efficient
transport of the NLS reporter protein to cell nuclei
(Figure 9C). As expected, in the presence of thiamine
(repressed conditions) the NLS protein was distrib-
uted throughout the cell. These results show that two
RanBP2 RBDs, despite their different affinities for
Ran‘GTP, can complement the genomic disruption of

Molecular Biology of the Cell
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Figure 8. NLS nuclear protein import in rescued S. pombe sbpl-AC genomic mutant cells. sbpI-AC mutant cells rescued with the indicated
nmt* constructs were transformed with a GST-GFP-NLS expressing construct. Cells were grown to midlog phase in the absence of thiamine
or for an equal amount of time in its presence, fixed in methanol, and stained with DAPI before mounting. The GFP signal was analyzed by

direct fluorescence microscopy.

sbpl, although very high levels of each protein are
required. It is possible that the lower Ran°GTP binding
affinity of RBD4 is responsible for the different distri-
bution of RBD4 compared with RBD2 and thus affects
the growth of rescued cells.

DISCUSSION

The small cytosolic Ran binding protein, RanBP1, is as
ubiquitous as Ran, although not as well conserved. As
discussed in INTRODUCTION, the precise role of
RanBP1 in overall Ran function has not been eluci-
dated unambiguously, but most data strongly suggest
that RanBP1 is required in the cytosol both to disrupt
Ran‘GTP-karyopherin 8 (importin and exportin) com-
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plexes, and to promote RanGAP-stimulated GTP hy-
drolysis. The proper directionality of nuclear import
and export processes would appear to depend on such
RanBP1 function being restricted to the cytosol, and it
has been suggested that nuclear mislocalization of
RanBP1 would interfere significantly, perhaps le-
thally, with nuclear-cytosolic trafficking. In this com-
munication we demonstrate that, at least in the case of
S. pombe, this is clearly not the case.

In both transfected mammalian cells and trans-
formed S. pombe, exogenous RanBP1 (m) and sbplp
proteins localized to the cytosol, whereas their RBDs
localized to the nucleus. In previous studies of mam-
malian RanBP1 proteins, a carboxyl-terminal leucine-
rich NES has been identified, distinct from the pro-
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tein’s RBD (residues 178-189 and 27-158, respectively;
Figure 1), which mediates the cytosolic localization of
RanBP1 (Richards ef al., 1996; Zolotukhin and Felber,
1997). The RanBP1 NES is well conserved among ver-
tebrate proteins but is absent from the homologous
yeast proteins (Figure 1). Despite its lack of a canonical
NES, however, exogenous full-length sbplp localized
predominantly to the cytosol of both mammalian and
S. pombe cells (Figures 2 and 4). In contrast, the isolated
RBD of sbplp localized predominantly to the nuclei of
both cell types. This result suggests that the polar,
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pressed, open circles) of thiamine
and detection by immunoblotting
of HA-tagged proteins present in 20
ung of total cell extracts. sbpl-AC
was rescued with HA-tagged RBD2
or RBD4 expressed from full-
strength nmt promoter plasmids.
(B) Immunodetection of HA-tagged
RBD2 and RBD4 of RanBP2, and
DAPI staining of cellular DNA, in
cells grown in the presence or ab-
sence of thiamine. (C) GST-GFP-
NLS localization in sbpl-AC cells
rescued by RBD2 or RBD4, grown
in the presence or absence of thia-
mine, and analyzed as described in
the legend to Figure 8.

leucine-free 74-residue amino-terminal portion of
sbplp mediates the cytosolic localization of the pro-
tein, via a mechanism that operates in both yeast and
mammalian cells. This result also suggests that the
carboxyl-terminal 11 residues of sbplp, which appear
not to form part of its RBD based on sequence homol-
ogy, do not play a role in subcellular localization of the
protein in either yeast or mammalian cells, inasmuch
as they were retained in our sbplp-RBD construct
(Figure 1). Mutagenesis and protein—protein interac-
tion studies will be needed to identify the protein
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sequence motif(s) responsible for this novel localiza-
tion process and to work out its mechanism. S. pombe
cells are nevertheless capable of recognizing the ca-
nonical NES motif, as shown by the predominantly
cytosolic localization of full-length mouse RanBP1,
and the predominantly nuclear localization of its NES-
free RBD in transformed S. pombe cells (Figure 4).

Expression of high levels of exogenous sbplp inhib-
ited cell proliferation in S. pombe (Figure 3), consistent
with the previous result of He et al. (1998). Expression
of high levels of exogenous RanBP1 (m) and RBD (Sp)
also inhibited cell proliferation (Figure 3). The toxicity
of mouse RanBP1 is consistent with the hypothesis
that RanBP1 function is well conserved. The effects of
high levels of exogenous mouse RBD could not be
tested, because none of our expression constructs
yielded high steady-state levels of this polypeptide in
yeast cells. The epitope-tagged mouse RBD polypep-
tide may be less efficiently translated or less stable
than its yeast homologue or either full-length protein.

The phenotype associated with overexpression of
RanBP1, sbplp, or RBD (Sp) in S. pombe cells (Figures
4 and 5) was indistinguible from that described pre-
viously for S. pombe cells in which the endogenous
piml (S. pombe Ran guanine nucleotide exchange fac-
tor) gene had been inactivated or in which the sbp1 or
rnal (RanGAP) genes had either been inactivated or
overexpressed (Demeter et al., 1995; Matynia et al.,
1996; He et al., 1998). In contrast, expression of mod-
erate levels of exogenous RanBP1 (m), sbplp, or their
RBDs had no measurable effect on either viability or
NLS-mediated nuclear protein import in mammalian
or S. pombe cells (Figures 2, 3, and 5). This result was
unexpected, inasmuch as previous studies had sug-
gested that mislocalization of RanBP1 to the nucleus in
mammalian and Xenopus assay systems disrupted
trafficking of macromolecules between the nucleus
and the cytosol (Richards et al., 1996; 1zaurralde et al.,
1997). Interpretation of these results, however, may be
complicated by the presence of endogenous RanBP1
or sbplp.

Elimination of functional endogenous RanBP1 in the
sbp1-AC mutant strain of S. pombe allowed us to cir-
cumvent these complications. Haploid mutant cells
were inviable but could be rescued by expression of
moderate levels of wild-type sbplp, by expression of
moderate levels of full-length mouse RanBP1 (m) or
RBD (m) or RBD (Sp), or by expression of high levels
of RBD2 or -4 of the human nucleoporin RanBP2 (Fig-
ures 6 and 9). In all cases, rescued S. pombe cells
exhibited wild-type levels of nuclear protein import.
sbpl~ mutant cells rescued with RBDs or with full-
length mouse RanBP1 grew to the same density as did
sbpl™ cells or mutant cells rescued with full-length
sbplp, and all cultures except those rescued with
RBD4 of human RanBP2 grew at rates similar to wild
type. These results suggest that all functions of sbplp
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essential for the viability of S. pombe can be mediated
by the isolated RBD of the protein. The results also
suggest that these functions are evolutionarily well
conserved, inasmuch as RBDs of human RanBP2 can
also substitute for sbplp to restore wild-type function.

In the rescued sbpl~ mutant cells, exogenous RBDs
localized predominantly to cell nuclei, and exogenous
full-length proteins localized predominantly to the cy-
tosol, the same patterns as were observed when the
proteins were expressed in sbpl™ S. pombe cells (Fig-
ures 4, 7, and 9; our unpublished results). These re-
sults are consistent with the previous predictions that
RanBP1/RBD function is carried out in the cytosol,
inasmuch as rescued S. pombe cells contained signifi-
cant amounts of exogenous protein in that compart-
ment. It remains necessary to explain how the cells can
tolerate high nuclear levels of a protein that is nor-
mally confined to the cytoplasm and that, when
present in the nucleus either as an isolated RBD or in
its full-length form, disrupts nuclear—cytoplasmic traf-
ficking (Richards et al., 1996; Izaurralde et al., 1997).
Although we cannot exclude the possibility that nu-
clear RBD is somehow inactivated in our expression
studies in yeast and mammalian cells, a more plausi-
ble hypothesis is that nuclear RanBP1/sbplp or their
RBDs might disrupt several processes, by different
mechanisms and with different toxic concentration
thresholds. In the nucleus, full-length RanBP1 or RBD
might compete for factors such as RanGTP required
for nuclear protein export, might perturb guanine nu-
cleotide turnover on Ran, or might perturb the turn-
over of transport complexes. Assessing the effects of
these processes on the successful rescue of sbp1-AC S.
pombe and the reported functional disruption of Xeno-
pus and mammalian nuclei will require additional
work in each case to determine the functional states of
the exogenous proteins, their concentrations, and their
localizations within the nucleus. At the same time, our
results are difficult to reconcile with models that re-
quire the maintenance of a fixed ratio of cytosolic to
nuclear RanBP1 and would appear to be inconsistent
with the specific hypothesis that the function of
RanBP1/RBD in nuclear protein import (or any other
essential cell process) requires it to be excluded from
the cell nucleus.

Indeed, RanBP1/sbplp may normally enter cell nu-
clei. Human RanBP1 proteins in which single leucine
or valine residues within the carboxyl-terminal NES
are replaced by alanine accumulate in the cell nucleus
(Richards et al., 1996; Zolotukhin and Felber, 1997),
suggesting that RanBP1 can readily enter the cell nu-
cleus, and that an efficient export mechanism is re-
quired to maintain its predominantly cytoplasmic lo-
calization. The localization of mammalian RanGAP/
yeast Rnalp to the cytoplasm appears likewise to be
dynamic. Both mammalian and yeast proteins contain
NES and NLS motifs, and Rnalp accumulates in the

2187



I. Novoa ef al.

nuclei of Crmlp (exportin)-deficient S. cerevisiae cells
(Matunis et al., 1998; Feng et al., 1999). The NES motifs
in both RanGAP and RanBP1 proteins could simply
facilitate the efficient purging of these molecules from
the nucleus when the nuclear membrane reforms at
the end of mitosis. Even in yeast cells, whose nuclear
membranes remain grossly intact during mitosis, such
purging might be needed to restore high-level nucle-
ar—cytoplasmic trafficking at the onset of interphase.
At the same time, the interphase nucleus contains
multiple functionally distinct subregions (Lamond
and Earnshaw, 1998). It is possible that in some of
these, presumably well separated from nuclear pores,
controlled amounts of RanBP1 and RanGAP generate
local high concentrations of Ran‘GDP.

Besides RanBP1 and RanBP2, other mammalian and
yeast proteins that contain RBDs have been described:
S. pombe hbalp, budding yeast Yrb2p, and human
RanBP3. All three proteins are predominantly nuclear
and share a sequence motif with limited but signifi-
cant similarities to the RBD motif of RanBP1 and
RanBP2. In assays in vitro, RanBP3 and Yrb2p bind
Ran‘GTP. The function of hbalp is unknown, but it is
essential for cell viability in S. pombe. The budding
yeast protein Yrb2p interacts in vivo with the budding
yeast homologues of RanGAP (Rnalp) and RCC1 (Ran
guanine nucleotide exchange factor, Prp20p) and ap-
pears to have a role in nuclear protein export (Turi et
al., 1996, Noguchi et al., 1997; Taura et al., 1997, 1998;
Mueller et al., 1998). However, two results suggest
indirectly that Ran may not be the target GTPase of
hbalp/Yrb2p/RanBP3. First, interactions between
RanBP3 family proteins and Ran‘GTP are weak and
may not occur to a significant extent in vivo (Turi et al.,
1996; Mueller et al., 1998). Second, in budding yeast,
mutations in the YRB2 gene were deleterious but not
lethal and had no measurable effects on nuclear pro-
tein import or mRNA export. The defects in yrb2-
mutant cells were not affected by expression of a chi-
meric Yrb2 protein containing the RBD of Yrblp
(budding yeast RanBP1) (Noguchi et al., 1997; Taura et
al., 1997). It is thus not surprising that hbal™ function
cannot substitute for sbplp in sbpl~ S. pombe cells and
unlikely that hbal™ function could contribute partially
to the rescue of mutant S. pombe cells transformed with
exogenous yeast and mammalian RBD constructs.

It is possible, however, perhaps even likely, that the
rescue of sbpl~ S. pombe by isolated RBDs is incom-
plete. Analysis of cell growth under conditions of
stress or genome-wide scans for differences in patterns
of gene expression (Brown and Botstein, 1999) may
well reveal important physiological differences be-
tween cells using full-length sbplp and cells using
various RBDs. Indeed, a search for such differences
could provide a useful systematic complement to mu-
tational analysis of the amino-terminal region of
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sbplp in studies to characterize the full range of func-
tions of this protein in S. pombe.
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