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Ran is a small GTPase that is essential for nuclear transport, mRNA processing, main-
tenance of structural integrity of nuclei, and cell cycle control. RanBP1 is a highly
conserved Ran guanine nucleotide dissociation inhibitor. We sought to use Xenopus egg
extracts for the development of an in vitro assay for RanBP1 activity in nuclear assembly,
protein import, and DNA replication. Surprisingly, when we used anti-RanBP1 antibod-
ies to immunodeplete RanBP1 from Xenopus egg extracts, we found that the extracts were
also depleted of RCC1, Ran’s guanine nucleotide exchange factor, suggesting that these
proteins form a stable complex. In contrast to previous observations using extracts that
had been depleted of RCC1 only, extracts lacking both RanBP1 and RCC1 (codepleted
extracts) did not exhibit defects in assays of nuclear assembly, nuclear transport, or DNA
replication. Addition of either recombinant RanBP1 or RCC1 to codepleted extracts to
restore only one of the depleted proteins caused abnormal nuclear assembly and inhib-
ited nuclear transport and DNA replication in a manner that could be rescued by further
addition of RCC1 or RanBP1, respectively. Exogenous mutant Ran proteins could par-
tially rescue nuclear function in extracts without RanBP1 or without RCC1, in a manner
that was correlated with their nucleotide binding state. These results suggest that little
RanBP1 or RCC1 is required for nuclear assembly, nuclear import, or DNA replication in
the absence of the other protein. The results further suggest that the balance of GTP- and

GDP-Ran is critical for proper nuclear assembly and function in vitro.

INTRODUCTION

Ran is a small GTPase that is essential for nuclear
transport, mRNA processing, maintenance of struc-
tural integrity of nuclei, and cell cycle control (re-
viewed by Rush et al., 1996; Sazer, 1996). The most
characterized role of Ran is in nuclear protein import,
and multiple lines of evidence suggest that Ran is
required to sustain both active protein import (Mel-
chior et al., 1993; Moore and Blobel, 1993; Melchior et
al., 1995; Schlenstedt et al., 1995a) and export
(Moroianu and Blobel, 1995; Schlenstedt et al., 1995a).

Like Ran, RanBP1 is ubiquitously expressed and
highly conserved across species. RanBP1 is a gua-
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nine nucleotide dissociation inhibitor for GTP-Ran
(Bischoff et al., 1995b). RanBP1 acts a cofactor for
RanGAP1, a Ran GTPase-activating protein, increas-
ing Ran’s in vitro rate of GAP-mediated hydrolysis
by an order of magnitude (Bischoff et al., 1995a).
RanBP1 is encoded by an essential gene in yeast
(Ouspenski et al., 1995). Strains of Saccharomyces
cerevisiae carrying temperature-sensitive alleles of
the yeast RanBP1 homologue CST20/YRB1 show
nuclear transport defects at the restrictive tempera-
ture (Schlenstedt et al., 1995b). Yrblp overproduc-
tion results in cell cycle defects: Overproducing
strains undergo G; phase arrest and begin the inap-
propriate expression of mRNAs for proteins in-
volved in mating (Hayashi et al., 1995). This pheno-
type is strikingly similar to that of a mutant in the S.
cerevisize homologue of RCC1, srml (Clark and
Sprague, 1989). RCC1 is the guanine nucleotide ex-
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change factor (GEF) for Ran (Bischoff and Ponsting],
1991a). Yrblp overproduction also results in in-
creased sensitivity to the DNA replication inhibitor
hydroxyurea and elevated mitotic recombination
(Ouspenski et al., 1995), consistent with overproduc-
tion affecting some aspect of DNA metabolism. Fi-
nally, Yrblp overproduction causes increased sen-
sitivity to the microtubule-depolymerizing drug
benomyl and increased rates of mitotic chromosome
nondisjunction, possibly indicating a requirement
for RanBP1 in mitotic regulation (Ouspenski et al.,
1995).

Bischoff et al. (1995b) have analyzed the interac-
tions of RanBP1, Ran, and RCC1 by using purified
proteins. They found that RanBP1 has a high affinity
for GTP-bound Ran and a low affinity for GDP-
bound Ran. RanBP1 does not interact strongly with
RCC1 in the absence of Ran. However, when Ran is
in a nucleotide-free state RanBP1 forms a stable
heterotrimeric complex with RCC1 and Ran. This
complex rapidly dissociates with the addition of
magnesium and GTP but not GDP. The association
between GTP-Ran and RanBP1 stabilizes the bound
nucleotide and inhibits further RCC1-induced ex-
change. It is still uncertain what role these interac-
tions play in vivo, because Ran and RCC1 are pre-
dominantly nuclear proteins (Ohtsubo et al., 1989;
Bischoff and Ponstingl, 1991b) and RanBP1 is local-
ized to the cytosol of yeast (Schlenstedt et al., 1995b),
mammalian cells (Richards et al., 1996), and amphib-
ian cells (our unpublished results). On the other
hand, recent experiments have indicated that
RanBP1 has both a nuclear export sequence and a
cytosolic retention sequence, raising the question of
whether RanBP1 may shuttle between the cytosol
and the nucleus (Richards et al., 1996).

A number of experiments have also examined the
associations among RanBP1, Ran, RanGAP1, importin
a, and importin $ in vitro. Importin « and importin 8
form a heterodimeric complex, and they target pro-
teins containing nuclear localization signals to the nu-
clear pore during protein import (reviewed by Gorlich
and Mattaj, 1996). GTP-Ran binds avidly to importin
B, causing it to dissociate from importin « (Rexach and
Blobel, 1995; Nehrbass and Blobel, 1996). The associa-
tion of GTP-Ran with importin B strongly inhibits
RanGAP1-mediated GTP-Ran hydrolysis (Floer and
Blobel 1996; Lounsbury and Macara, 1997). Lounsbury
and Macara (1997) have suggested RanBP1 relieves
the inhibition of RanGAP1 by importin 8 and thereby
allows the release of importin 8 from its tight associ-
ation with GTP-Ran. However, other studies did not
find that RanBP1 significantly restored RanGAP1 ac-
tivity in the presence of importin B (Gorlich et al.,
1996). GDP-Ran binds poorly to either RanBP1 or im-
portin B individually, but Chi et al. (1996) have re-
ported the efficient formation of complexes containing
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GDP-Ran, importin 8, and RanBP1. The association of
importin 8, GDP-Ran, and RanBP1 does not appear to
require the dissociation of the importin «/f het-
erodimer (Chi et al., 1997). It has not yet been clearly
established how these interactions promote nuclear
transport.

Xenopus extracts offer an excellent system for the
study of the Ran GTPase pathway (Smythe and
Newport, 1991). Nuclei assembled in Xenopus egg
extracts are both morphologically normal and func-
tional for DNA replication and nuclear transport.
The formation of functional nuclei in egg extracts
has previously allowed the examination of the roles
of RCC1 and Ran in interphase nuclei (Dasso et al.,
1992; Dasso et al., 1994). After the immunodepletion
of RCC1, nuclear assembly is highly abnormal, nu-
clear import is inhibited, and DNA replication does
not occur. Similar results are observed when a dom-
inant negative Ran mutant (RanT24N) that blocks
RCC1’s GEF activity is added to extracts. Egg ex-
tracts can also mimic cell cycle transitions of the
early embryo, allowing an examination of the effects
of mutant Ran proteins on the regulation of mitosis
(Kornbluth et al., 1994; Clarke et al., 1995). In cycling
extracts, mutant Ran proteins block the activation of
cyclin B/p34°d<2 as a mitotic kinase in the absence of
DNA, indicating that Ran regulates mitosis in a
manner that does not depend on nuclear transport.

To examine RanBP1’s role in reconstituted nuclei,
we cloned a Xenopus RanBP1 homologue and used it
to generate recombinant RanBP1 protein and anti-
RanBP1 antibodies. We removed RanBP1 from egg
extracts by serial depletion with affinity-purified anti-
RanBP1 antibodies. Surprisingly, immunodepletion of
RanBP1 resulted in codepletion of RCC1, suggesting
that RanBP1 and RCC1 can form a stable complex in
extracts. Nuclei formed in extracts lacking both pro-
teins (codepleted extracts) did not exhibit defects in
assays of assembly, DNA replication, or nuclear trans-
port. Nuclei from codepleted extracts also entered mi-
tosis normally in response to the addition of recombi-
nant cyclin B protein. Addition of either recombinant
RanBP1 or RCC1 to codepleted interphase extracts
blocked nuclear assembly, nuclear transport, and
DNA replication in a manner that could be rescued by
further addition of RCC1 or RanBP1, respectively. Al-
though the abnormal nuclei formed in extracts lacking
either RanBP1 or RCC1 appeared to be morphologi-
cally similar, their defects could be distinguished by
their response to exogenous mutant Ran proteins. Our
results demonstrate that little, if any, RanBP1 or RCC1
are required for interphase nuclear functions in the
absence of the other protein. However, the results also
suggest that the balance of RCC1 and RanBP1 is nor-
mally critical for proper nuclear assembly and func-
tion.
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MATERIALS AND METHODS

Buffers and Reagents

The 1X SDS sample buffer contains 80 mM Tris-HCI, pH 6.8, 350
mM 2-mercaptoethanol, 2% SDS, 0.1% bromophenol blue, and 10%
glycerol. PBS contains 1.7 mM KH,PO,, 5 mM Na,HPO,, and 150
mM NaCl, pH 7.4. Wash buffer contains 50 mM Tris-HCI, pH 8.0, 80
mM NaCl, 10% glycerol, 2 mM MgCl,, and 0.1% Triton X-100. XB
contains 50 mM sucrose, 100 mM KCl, 1 mM MgCl,, 0.1 mM CaCl,,
and 10 mM K-HEPES, pH 7.7. In all figures, proteins were analyzed
on 4-20% gradient SDS-polyacrylamide gels (Novex, San Diego,
CA). Protein concentrations were determined by using a protein
assay kit from Bio-Rad Laboratories (Hercules, CA). Affinity-puri-
fied anti-Xenopus RCC1 antibodies were prepared as described in
Dasso et al. (1992). Anti-B4 antibodies were prepared as described in
Dimitrov ef al. (1993). (B4 is a Xenopus early embryonic linker
histone.) The anti-human RanBP1 antibodies were the kind gift of
Dr. Mark Rush (NYU Medical Center, NY). The anti-Ran antibodies
were as described in Kornbluth et al. (1994). The RanGAP1 antibod-
ies were described in Saitoh et al. (1997). Anti-importin 3 is the kind
gift of Dr. D. Gorlich (Universitit Heidelberg, Germany). Other
reagents were from Sigma (St. Louis, MO) unless otherwise stated.

¢DNA Library Screening and Sequencing

Degenerate oligonucleotides corresponding to two well-conserved
RanBP1 protein sequences (EWKERG and LKICAN) were designed.
A reverse transcription-coupled PCR was performed with Xenopus
oocyte RNA as a template under standard conditions with Tagq
polymerase (Perkin Elmer-Cetus, Foster City, CA). The amplified
DNA fragment was subcloned into a pCR-I plasmid vector by using
a TA cloning kit (Invitrogen, San Diego, CA). The fragment was
radiolabeled by using a random primer labeling kit (Life Technol-
ogies-BRL, Gaithersburg, MD), and used to probe a Lambda-ZAP-
based Xenopus oocyte cDNA library (the gift of D. Patterton and A.
Wolffe, LME, NICHD, NIH). Primary and secondary screenings
were performed by standard methods (Sambrook et al., 1989), and
13 positive single plaques were purified. One clone (10-2-2) that
contained the entire coding region of RanBP1 was sequenced on
both strands using commercially available and custom synthesized
primers. DNA sequence analysis and protein sequence alignment
were performed by using the DNA Strider program and the GCG
pileup program, respectively.

Construction of Plasmids for the Expression of
RanBP1

The coding region of Xenopus RanBP1 in clone 10-2-2 was amplified
by PCR using 5'-CCCAAGCTTCCATGGCCGATACCAAGGAT-3’
as the 5’ primer and a T7 promoter primer 5'-GTAATACGACT-
CACTATAGGGC-3' as the 3’ primer. The PCR fragment was di-
gested with Ncol/Xhol or HindIll/Xhol, and the resultant DNA
fragments were subcloned into Ncol/Xhol- or HindIIl/XhoI-cut
pET28a plasmid vectors, respectively. The first plasmid allows the
expression in Escherichia coli of RanBP1 from its own authentic
initiation codon. The second plasmid construct gives a protein with
a 43-amino acid N-terminal extension, including a 6-amino acid
histidine tag. The plasmid constructs were sequenced to ensure that
there was no change in the coding sequence due to mutations
during PCR amplification. The plasmids were transformed into E.
coli (strain BL21 DE3, pLysS), and RanBP1 expression was induced
with 0.4 mM isopropyl B-p-thiogalactoside in cultures growing
exponentially at 37°C (ODgy, = 0.4-0.6). The incubations were
continued for 4 h, and cells were harvested by centrifugation and
kept at —80°C.
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Production of Recombinant Proteins and Antibody
Generation

For nontagged RanBP1 purification, frozen bacterial cells from 11 of
culture were thawed and resuspended in 20 ml of 50 mM Tris-HCI,
pH 8.0, and 2 mM EDTA. Cells were then sonicated and centrifuged
at 39,000 X g to separate soluble and insoluble fractions. Recombi-
nant RanBP1 was found in the soluble fraction and such soluble
bacterial extracts were used for the experiment shown in Figure 2B.
Nontagged RanBP1 was further purified by 35-55% (NH,),SO,
precipitation, followed by separation on SDS-PAGE. The purified
protein was excised from the gel and used as the immunogen for
antibody production in two rabbits (Research Genetics, Huntsville,
AL). His-tagged RanBP1 was purified on a Ni*>*-agarose column
using a protein purification kit according to the manufacturer’s
instructions (Novagen, Madison, WI). After elution from the Ni?*-
agarose column, the protein was dialyzed into XB buffer. The pro-
tein was frozen and stored —80°C. Purified His-tagged RanBP1
were coupled to CNBr-activated Sepharose according to the manu-
facturer’s suggestions (Pharmacia, New Brunswick, NJ), and used
as a matrix for antibodies purification (Harlow and Lane, 1988). The
glutathione S-transferase (GST)-Ran constructs used were as de-
scribed (Dasso et al., 1994). The GST moiety alone was expressed
from a pGEX-KG vector without insert (Guan and Dixon, 1991). The
GST-Ran and GST proteins were produced as described previously
(Saitoh et al., 1996). The bacterially expressed Ran proteins in Figure
7 were prepared as described in Dasso et al. (1994).

Ran and RanBP1 Interaction Assay

Approximately 100 pug of GST-Ran or GST and either 10 ul of
soluble extracts of bacteria expressing recombinant RanBP1 protein
or 35 ul of Xenopus egg extracts were incubated on ice for 1 hin 1 ml
of wash buffer in the presence of 200 uM GTP. Glutathione-Sepha-
rose beads (25-30 ul) were added, and the incubation was continued
for 30 min with gentle rocking at 4°C. The beads were collected by
centrifugation and washed three times with 1 ml of wash buffer.
After the final wash, the beads were suspended in 30 ul of wash
buffer and 50 ul of 2X SDS sample buffer were added. One-tenth of
the sample was analyzed by SDS-PAGE followed by Western blot-
ting and visualization using a LumiGLO chemiluminescence kit
(Kirkegaard & Perry Laboratories, Gaithersburg, MD). For the ex-
periment shown in Figure 2B, a rabbit anti-human RanBP1 antibody
was used as the primary antibody at a dilution of 1:500 followed by
a 1:30,000 dilution anti-rabbit secondary antibody conjugated to
horseradish peroxidase.

Immunodepletion of RanBP1

Fractionated Xenopus egg extracts were prepared as described in
Smythe and Newport (1991). The depletion of RanBP1 was carried
out as follows: 200 ul of protein A-Sepharose beads (Pharmacia)
were blocked by two 15-min incubations with 3.5 volumes of 10
mg/ml bovine serum albumin (BSA) in PBS. The beads were
washed three times in PBS and incubated with 1.2 mg of affinity-
purified anti-RanBP1 antibodies. The mixture was incubated for 1 h
at room temperature with rotation and washed three times with XB.
Beads for mock depletion were produced by coupling a similar
amount of IgG from preimmune sera to beads instead of affinity-
purified antibodies. To deplete cytosol, 4 volumes of cytosol and 1
volume of beads were incubated at 4°C for 1.5 h with rotation. The
beads were pelleted by centrifugation, and the cytosol was removed
and reincubated for an additional 1.5 h with 1 volume of fresh
beads. After depletion, extracts were aliquoted and kept at —80°C
until use.

Nuclear Assembly, DNA Replication, Histone H1
Kinase, and Nuclear Protein Import Assays

Assays for nuclear assembly, DNA replication, and histone H1
kinase activity were performed according to Smythe and Newport
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(1991). In all cases, nuclear assembly reactions contained approxi-
mately 1000 sperm nuclei per ul of reaction mixture. Induction of
mitosis was carried out by addition of nondegradable cyclin B (final
concentration, 10 pg/ml) to assembled nuclei, and chromosome
condensation and nuclear envelope breakdown (NEBD) were mon-
itored. Nuclear protein import was assayed as described in Dasso et
al. (1994).

GTP-Ran Overlay Assay

Ran overlay assays were performed according to the method of
Lounsbury et al. (1994): Extracts were subjected to SDS-PAGE and
proteins were transferred to a polyvinylidene difluoride (PVDF)
filter in 20 mM phosphate buffer. The filter was then blocked by 4%
BSA in PBST (PBS plus 0.2% Tween 20, 2.5 mM MgCl,, and 1 mM
dithiothreitol) for 1.5 h followed by three washes in PBST. The filter
was incubated at room temperature for 20 min with 100 mg of
GST-Ran preloaded with 50 uCi of [a-**P]GTP. The filter was
washed at least three times with PBST and autoradiographed.

RESULTS

Cloning and Expression of Xenopus laevis RanBP1
and Production of Anti-RanBP1 Antibodies

As a first step toward examining RanBP1’s function in
Xenopus egg extracts, we cloned the Xenopus homo-
logue of RanBP1 (see MATERIALS AND METHODS).
The clone encoded a peptide with a single open read-
ing frame of 209 amino acids (Figure 1A). We believe
that the ATG indicated in Figure 1A is the authentic
initiation codon for this cDNA because of upstream
termination codons in the same reading frame. Align-
ment of the encoded peptide with human, murine,
and S.cerevisine RanBP1 protein sequences reveals a
high level of homology between species (80% identity
to human and mouse; Figure 1B), and we will thus
refer to the protein as Xenopus RanBP1l. Two con-
structs were made by subcloning the full coding re-
gion of the cDNA into a pET28a plasmid vector, al-
lowing the expression of RanBP1 protein with or
without a histidine tag at its N terminus. Recombinant
RanBP1 without the histidine tag was expressed in E.
coli, purified, and used to produce affinity-purified
polyclonal rabbit anti-RanBP1 antibodies. The anti-
RanBP1 antibodies recognized a single band with an
apparent molecular weight of 34 kDa on Western blots
that was found almost exclusively in the soluble (cy-
toplasmic) fraction from Xenopus high-speed egg ex-
tracts (Figure 2A). RanBP1 was undetectable in sperm
chromatin preparations by Western blotting, and it
was present in the membrane fraction at less than
one-tenth the level found in the cytoplasmic fraction.
The ratio of the membrane to cytoplasmic fractions in
nuclear assembly reactions is 1:10, and the membrane
fraction, therefore, contributes less than 1% of the
RanBP1 in assembly assays. Fortunately, this distribu-
tion allowed us to remove RanBP1 from nuclear as-
sembly assays by immunodepletion from the soluble
fraction without subjecting the membrane fraction to
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manipulations that might cause it to lose activity (see
below).

We confirmed that bacterially expressed Xenopus
RanBP1 bound to GTP-Ran (Figure 2B). To assay for
Ran binding, soluble extracts from bacteria expressing
either wild-type or His-tagged RanBP1 were incu-
bated with a GST-Ran fusion protein (GST-RanG19V,
a mutant Ran that is constitutively in GTP form) or
GST. Bacterially expressed RanBP1 and GST-RanG19V
or GST were incubated for 1 h. Glutathione-Sepharose
beads were added to the samples, and the incubation
continued for 30 min. The beads were removed by
centrifugation and washed. The bound proteins were
analyzed on Western blots using anti-RanBP1 antibod-
ies. Both wild-type RanBP1 (Figure 2B) and His-
tagged RanBP1 (our unpublished results) bound to
GST-RanG19V with high affinity but did not bind to
GST. Xenopus RanBP1 from egg extracts specifically
bound to GST-RanG19V in similarly prepared sam-
ples where the bacterial lysates were replaced by the
cytoplasmic fraction from Xenopus egg high-speed ex-
tracts, and it showed the same electrophoretic mobil-
ity as the bacterially expressed protein (Figure 2B).
These results confirmed that the recombinant RanBP1
behaved like the endogenous RanBP1 in egg extracts.
Our results further indicated that the addition of a
His-tag to the N terminus of the recombinant protein
did not interfere with Ran binding, so we chose to use
this protein for the studies described below because it
could be easily purified in large quantities.

Immunofluorescent staining of interphase Xenopus
A6 tissue culture cells with anti-RanBP1 antibodies
showed a distribution similar to that observed in yeast
(Schlenstedt et al., 1995b) and mammalian cells (Rich-
ards et al., 1996). Anti-RanBP1 antibodies give a diffuse
pattern of cytosolic staining without obvious colocal-
ization to cytoplasmic organelles or to distinct regions
of the cytosol, as judged by either conventional or
confocal microscopy (our unpublished results). In mi-
totic cells, RanBP1 was dispersed throughout the cell.
These patterns suggest that RanBP1 may associate
with nuclear proteins during mitosis but that the bulk
of the RanBP1 does not colocalize with nuclear com-
ponents during interphase. Thus, our data suggest
that Xenopus RanBP1’s biochemical behavior and sub-
cellular localization are similar to those of RanBP1
homologues in other species.

Immunodepletion of RanBP1 Results in the
Codepletion of RCC1

We were interested in determining what role RanBP1
has in nuclear assembly, nuclear transport, and other
interphase functions. To address this question, we
removed RanBP1 from cytosol by serial immu-
nodepletions with affinity-purified anti-RanBP1 anti-
bodies coupled to protein A-Sepharose beads (anti-
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Figure 1. DNA and protein se-
quences of Xenopus RanBP1. (A)
DNA sequence of Xenopus RanBP1
cDNA. Lowercase type at both
ends of the nucleotide sequence
shows the restriction sites for EcoRI
(5") and Xhol (3'). The numbers cor-
respond to nucleotide sequences
(normal type) and amino acid se-
quences (boldface type). The un-
derlined nucleotides indicate stop
codons preceding the putative ini-
tiation codon. (B) Alignment of
RanBP1 homologues. The protein
encoded by the open reading frame
for the Xenopus RanBP1 sequence
(XenBP1, GenBank  accession
number AF015303) was aligned
with RanBP1 proteins of human
(HumBP1, GenBank accession
number X83617), mouse (MusBP1,
accession number 1.25255), and S.
cerevisiae (Yrb1p, accession number
X65925). Amino acids that are iden-
tical among the four homologues
are indicated by type in the consen-
sus sequence (CONSEN). The star
indicates the amino acids that are
identical among human, mouse,
and Xenopus RanBP1 and the tilde
indicates the other amino acids that
are identical in any three homo-
logues. Gaps inserted for optimal
sequence alignment are indicated
by periods.
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A B Figure 2. Xenopus RanBP1 is a
soluble Ran-binding protein. (A)

n kDa RanBP1 is found in the cytosolic
fraction of reconstituted extracts.
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1, 1000 sperm nuclei; lane 2, 0.1

» - — 34 GST + + + wl of membranes; lane 3, 0.9 ul of

> . 4 — o9 cytosol). Lane 4 contains 1.0 ul of
- = 17 Bacterial Ext. o B R - & the membrane fraction. The filter

- = was stained with India ink (left

. — 73 Egg Ext. + + Tt % lanes) followed by Western blot-

ting with anti-Xenopus RanBP1

123 4M 12 3 4 antibodies (right lanes). M repre-

sents protein molecular size stan-
dards in kilodaltons. (B) Xenopus

RanBP1 binds GST-RanG19V. Egg cytosol (lanes 1 and 2), extracts of bacteria expressing Xenopus RanBP1 (lanes 3 and 4), or both (lane 5 and
6) were incubated with GST-RanG19V (lanes 1, 3, and 5) or GST (lanes 2, 4, and 6). Glutathione-Sepharose was added to the incubations to
remove the GST-RanG19V- and GST-associated proteins. Proteins bound to the beads were eluted with sample buffer and separated by
SDS-PAGE. Proteins from the gel were transferred to a PVDF membrane, and Western blotting analysis was performed with anti-human
RanBP1 antibodies. (Identical results were obtained when the experiment was performed with anti-Xenopus RanBP1 antibodies; our
unpublished results). Lane 7 contained 1 ul of egg cytosol. GST-RanG19V was preloaded with GTP prior to this experiment. Both wild-type
and his-tagged RanBP1 proteins also bound to wild-type GST-Ran but with a lower affinity that probably reflects the fact that wild-type Ran
would exist as a mixed population of GTP- and GDP-bound forms (our unpublished results).

RanBP1 beads; see MATERIALS AND METHODS).
We confirmed that more than 98% of the RanBP1 had
been removed in two ways: First, we analyzed the
immunoprecipitates and depleted cytosol on Western
blots. We found that RanBP1 was specifically and
quantitatively immunoprecipitated by affinity-puri-
fied anti-RanBP1 antibody but not by preimmune se-
rum (Figure 3). Second, we performed a Ran overlay
blot (Figure 3C). [a-*P]GTP-Ran binds to renatured
Ran-binding proteins from mammalian cells that have
been separated by SDS-PAGE and blotted to PVDF
membrane (Lounsbury et al.,, 1994; Beddow et al,
1995). Two prominent bands corresponding to
RanBP1 and RanBP2 are found on blots when similar
experiments are performed with Xenopus egg extracts
(Saitoh et al., 1996). [a-3?P]GTP-Ran overlay blots re-
vealed equal amounts of RanBP2 in mock- and
RanBP1-depleted extracts (Figure 3C), and we con-
firmed that the concentration of RanBP2 was the same
in both extracts by Western blotting (our unpublished
results). By contrast, the RanBP1 band was absent in
depleted extracts (Figure 3C). This experiment inde-
pendently demonstrated that all RanBP1 was depleted
from the cytosol and that there were no RanBP1-like
proteins remaining that failed to cross-react with our
antibodies.

As controls for the specificity of RanBP1 depletion,
we examined whether the concentrations of importin
B, RanGAP1, RCC1, histone B4, and Ran were altered
when RanBP1 was immunodepleted. The levels of
importin 8, RanGAP1, histone B4, and Ran were in-
distinguishable in RanBP1- and mock-depleted ex-
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tracts, indicating that the concentrations of these pro-
teins were not significantly affected by the removal of
RanBP1 (Figure 3B). RanGAP1 has two forms in egg
extracts: an unmodified form with an apparent molec-
ular weight of 65 kDa and a more abundant modified
form that migrates with an apparent molecular weight
of 88 kDa (Matinus et al., 1996, Mahajan et al., 1997;
Saitoh et al., 1997). Depletion of RanBP1 did not influ-
ence the distribution of RanGAP1 between the higher
and lower molecular weight forms. In contrast, RCC1
was removed during the immunodepletion process
(Figure 3). Biochemical analysis has shown that puri-
fied RanBP1 can form heterotrimeric complexes with
Ran and RCC1 under conditions where Ran is nucle-
otide free but has also suggested that these complexes
dissociate after the addition of magnesium and GTP
(Bischoff et al., 1995b). Because egg extracts contain
magnesium and GTP, we had not anticipated that
RCC1 would be removed in association with RanBP1.
On the other hand, RanBP1 was found in a two-hybrid
screen using RCC1 (Hayashi et al., 1995), suggesting
that complexes containing RCC1 and RanBP1 may be
considerably more stable in vivo than would be antic-
ipated from in vitro observations.

The unexpected codepletion of RCC1 indicates ei-
ther that it can form stable complexes with RanBP1 in
egg extracts or that the antibodies used to immunode-
plete RanBP1 may have promoted formation of an
artificially stable complex containing RCC1 and
RanBP1. It is unlikely that the anti-RanBP1 antibodies
bound to RCC1 directly, because they neither recog-
nized RCC1 on Western blots (Figure 2A) nor were
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Figure 3. Depletion of RanBP1 re-

sults in the cgdepletion of RCC1. A B C

(A) Anti-RanBP1 antibodies immu- i

noprecipitate both RanBP1 and kDa !._ g Imeoap mq RanBP2
RCC1. Immunoprecipitates of anti- '

RanBP1 (lane 2) or preimmune sera 203 — W
(lane 1) were analyzed by SDS- 116 — - i
PAGE together with 1 ul egg ex- ¢ RanGAP1

tract (lane 3). M indicates molecular 86 — :

weight marker. Top, a silver 52 .q RCC1

stained gel of the samples, with the

positiongof RCC1 and%anBPl indi- 34 — - RanBP1 - ™ RCC1

cated. Bottom, duplicate samples e

analyzed by Western blotting with 29 - - RanBP1
anti-RCC1 and anti-RanBP1 anti- 17 — @ = RanBP1

bodies. The faint band in lane 1 of — B o

the anti-RCC1 Western blot is the 7.5 Y -
immunoglobulin heavy chain. (B) :

RCC1 is specifically and quantita- M 123 ... Histone B4

tively codepleted with RanBP1. 12 3
One pul of control (lane 1), immu- aé

nodepleted (lane 2), and mock de- o RCC1

pleted (lane 3) cytosol were sub- - Ran

jected to SDS-PAGE and Western o. RanBP1 -~

blotting analysis with antibodies
against importin B, RanGAPI,

123

RCC1, RanBP1, histone B4, and Ran as indicated. (C) No RanBP1-like proteins remain in Xenopus egg cytosol after RanBP1 immunodepletion.
One-microliter samples of control (lane 1), immunodepleted (lane 2), and mock-depleted extracts were subjected to SDS-PAGE and
transferred to a PVDF membrane. The filter was incubated with [a-3?P]GTP-bound GST-Ran to allow RanBP1 detection (see MATERIALS
AND METHODS). RanBP1-depleted extracts show no low molecular weight Ran-binding proteins in this assay.

able to immunoprecipitate purified Xenopus RCC1
protein in the absence of other extract components
(our unpublished results). We believe that RCC1 was
depleted as part of a complex containing Ran, because
Ran could also be detected in association with the
anti-RanBP1 beads (our unpublished results). How-
ever, the amount of Ran in the anti-RanBP1 immuno-
precipitates was small compared with the total Ran in
the cytosol, consistent with the fact that Ran is in a
large molar excess over the other two proteins in egg
extracts.

RanBP1 was not removed to a detectable extent
when we depleted RCC1 by using previously pub-
lished protocols (our unpublished results; Dasso et al.,
1992) nor could we detect RanBP1 in anti-RCC1 im-
munoprecipitates (our unpublished results). We pre-
viously found that RanBP1 can associate at least tran-
siently with GST-RCC1 in egg extracts (Saitoh and
Dasso, 1995), so we suspect that RanBP1 was not
precipitated by our anti-RCC1 antibodies because
those antibodies disrupted complexes between RCC1
and other proteins. We also note that RCC1-depleted
extracts might have retained significant concentrations
of RanBP1 because the RanBP1 pools are considerably
larger than RCC1 pools in Xenopus extracts. (We esti-
mate that RanBP1 is in a five- to sevenfold molar
excess over RCC1 [our unpublished results].) Given
the larger RanBP1 pools, only a small fraction of the
total RanBP1 may be associated with RCC1 and thus
subject to codepletion.
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We performed Western blot analysis to test whether
anti-RanBP1 beads precipitated either RanGAP1 or
importin B, because both of these proteins have been
reported to form complexes with RanBP1 (Lounsbury
et al., 1995; Lounsbury and Macara, 1997). We could
detect some RanGAP1 and importin 8 in the anti-
RanBP1 immunoprecipitates but at levels that were
very low compared with those found in egg extracts
(our unpublished results). The relative amounts of
modified and unmodified RanGAP1 associated with
anti-RanBP1 beads were roughly proportional to the
distribution between these forms in egg extracts, ar-
guing against a preferential association of either form
with RanBP1. However, we do not wish to draw any
broad conclusions regarding the association of
RanBP1 with RanGAP1 or importin 3, because it is
difficult to estimate the stoichiometry of components
in any putative RanBP1-containing complexes, given
the different titers of the antisera used and difficulty
assuring that the complexes remain stable when the
beads are removed from the extract and washed.

Thus, these data indicate that RanBP1 was quanti-
tatively immunodepleted from egg extracts by anti-
RanBP1 beads and that RCC1 was also quantitatively
removed in association with RanBP1. This gave us a
convenient way to examine defects created by the
absence of both proteins (see below). By contrast, the
concentrations of importin 3, RanGAP1, histone B4,
and Ran in the cytosol were essentially unaffected by
depletion (Figure 3B). It is therefore not possible to
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ascribe any defects of depleted extracts to a lack of any
of these proteins. On the basis of results described
below, we do not believe that any other proteins re-
quired for nuclear assembly or function are signifi-
cantly removed in association with anti-RanBP1
beads.

Extracts Depleted of RanBP1 and RCC1 Retain
Their Capacity for Interphase Nuclear Assembly,
Mitotic NEBD, and Chromosome Condensation

The co- and mock-depleted cytosol were used in a
standard nuclear assembly assay (Smythe and New-
port, 1991). Sperm chromatin decondenses when
added to reconstituted egg extracts and forms nuclei
that are competent for nuclear growth, nuclear trans-
port, and DNA replication. Surprisingly, there were
no detectable defects in any aspects of the nuclear
assembly assay when depleted extracts were com-
pared with the control and mock-treated extracts: The
rate of nuclear assembly and the final nuclear mor-
phology were indistinguishable among these extracts
(Figure 4A and see Figure 6A). DNA replication was
not affected by the loss of both proteins, as measured
by incorporation of [a-**P]dCTP into high molecular
weight DNA (Figure 4B), nor was nuclear protein
import diminished by their depletion (see Figure 6, A,
row 1, and B). Although a very small amount of
RanBP1 or RCC1 may remain in our depleted extracts
(we estimate <2%), these observation clearly demon-
strate that little of either protein is required for inter-
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Figure 4. Normal nuclear as-
sembly and function in the ab-
sence of RanBP1 and RCC1. (A)
Nuclear assembly occurs nor-
mally in the absence of both
RanBP1 and RCC1. Control (top),
codepleted (middle), and mock-
depleted (bottom) cytosol were
used for a standard nuclear as-
sembly assays. After 30, 60, and
120 min of incubation, nuclei
were stained with Hoechst 33258
DNA dye. Bar, 2.6 X 107° m. (B)
DNA replication occurs normally
in the absence of both RanBP1
and RCC1. Nuclei assembled as
in A were allowed to carry out
DNA replication in the presence
of [a-**P]dCTP. At 90 min and 150
min, DNA samples from control
(row 1), codepleted (row 2), and
mock-depleted (row 3) reactions
were taken for analysis of 52P in-
corporation on agarose gels. The
samples were treated as previ-
ously described (Smythe and
Newport, 1991), and replication
was quantified using a Molecular
Dynamics Phosphorimager.

o M 150

1 2 3

phase nuclear assembly and function in egg ex-
tracts. These data also argue that no other protein
that is essential for nuclear assembly or function is
quantitatively removed by immunodepletion with
anti-RanBP1 beads. The formation of normal nuclei
after the removal of both proteins was striking be-
cause extracts lacking RCC1 have essentially no Ran
nucleotide exchange activity in Ran GEF assays
(Dasso et al., 1994) and because nuclear formation in
RCC1-depleted extracts is highly aberrant (Dasso et
al., 1992).

To determine whether RanBP1 or RCC1 are re-
quired for entry into mitosis or chromosome con-
densation, we assayed histone H1 kinase activation,
NEBD, and chromosome condensation in code-
pleted extracts in response to an added nondegrad-
able cyclin B protein (Figure 5). We found that his-
tone H1 kinase activity reached mitotic levels within
30 min after cyclin B addition in untreated, code-
pleted, and mock-depleted extracts, suggesting that
activation of the cyclin B/p34°d<2 kinase was indis-
tinguishable in the three reactions (Figure 5A). Nu-
clei that had been assembled in each of the three
reactions underwent NEBD with similar kinetics in
response to cyclin B. The level of chromosome con-
densation and morphology of chromosomes after
NEBD were also indistinguishable among the three
reactions (Figure 5B). These observations clearly ar-
gue against a role for RanBP1 or RCC1 in NEBD or
chromosome condensation.
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Figure 5. Cyclin B-induced mi-
totic events occur normally in
the absence of RanBP1 and
RCC1. (A) The activation of his-
tone H1 kinase is not affected by
the depletion of RanBP1 and
RCC1. Nuclear assembly reac-
tions were reconstituted with
untreated (row 1), codepleted
(row 2), or mock-depleted (row
3) cytosol. Nuclear formation
was allowed to proceed for 60 A
min before addition of nonde-
gradable cyclin B to initiate mi- 1
tosis in half of the reaction mix
(+ Cyclin B). The remainder of
the sample was allowed to con-

tinue in the absence of cyclin B 2
(= Cyclin B). At the times after
cyclin B addition indicated
(minutes), samples from each re- 3

action were assayed for the H1
kinase activity. We observed
that histone H1 kinase activity 0
was induced synchronously in

T ey — —

60 90 30 60 90 120

RanBP1 in Xenopus Extracts

+ Cyclin B

- Cyclin B

all of the reactions containing
cyclin B. (B) The induction of
NEBD and chromosome conden-
sation are not affected by the de-
pletion of RanBP1 and RCCl1.
Nuclear assembly was allowed
to proceed for 60 min in extracts
reconstituted with untreated
(top), codepleted (middle), or
mock-depleted (bottom) cytosol.
Nondegradable cyclin B was
added to half (left) of each nu-
clear assembly reaction, and
buffer was added to the other

-Cyclin B

+Cyclin B

half of the reaction (right). Nuclear breakdown occurred synchronously in the samples with cyclin B, and the nuclei remained intact
in the samples without cyclin B. Each sample was stained with Hoechst 33258 DNA dye 90 min after cyclin B addition and

photographed by fluorescence microscopy. Bar, 2.6 X 10 ¢ m.

The Depletion of RCC1 Compensates for the
Depletion of RanBP1

Given the surprising observation that codepleted ex-
tracts assembled functional nuclei, we wondered
whether the depletion of each protein compensated
for the depletion of the other, thereby allowing normal
nuclear assembly and transport. To test this idea, pu-
rified bacterially expressed RanBP1 and RCC1 were
added back separately or together to depleted extracts
lacking both proteins (Figure 6). After the addition of
either RCC1 or RanBP1 at concentrations roughly
equivalent to the original endogenous concentrations
(Figure 6C), nuclei did not form properly (Figure 6A).
In codepleted extracts with RCC1 added, sperm chro-
matin decondensed similarly to control extracts and
became enclosed within a nuclear envelope. However,
these nuclei did not grow significantly during the
course of the experiment (Figure 6, A, row 2, and B).
They were inhibited in their capacity to perform nu-
clear protein import, as measured by the uptake of a
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fluorescently labeled transport substrate (Figure 6B).
Their level of DNA replication was typically more
than 70% inhibited in comparison to that observed in
extracts lacking both RCC1 and RanBP1, as measured
by the incorporation of radiolabeled dCTP (Figure
6D). The same level of RCC1 addition did not inhibit
nuclear formation, protein import, or DNA replication
in untreated or mock-depleted extracts (Dasso et al.,
1992). When RanBP1 was added to the codepleted
extract, we found that the nuclei resembled those pre-
viously observed in extracts where RCC1 alone was
depleted (Dasso et al., 1992). The sperm chromatin
decondensed and formed an enclosed nuclear enve-
lope, but the nuclei did not grow during the course of
the experiment and they were inhibited in their capac-
ity for nuclear protein import (Figure 6, A, row 3, and
B). The replication of these nuclei was more than 80%
inhibited (Figure 6D), and a twofold higher concentra-
tion of exogenous RanBP1 completely abolished DNA
replication. There were no obvious defects in nuclear
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formation, transport, or DNA replication when the
same concentrations of RanBP1 were added to mock-
depleted or untreated extracts (our unpublished re-
sults).

When both proteins were simultaneously added to
codepleted extracts, the nuclei that formed were mor-
phologically and functionally indistinguishable from
those in control or mock-depleted extracts. Nuclei
grew at the same rate as those in codepleted extracts
and imported nuclear protein substrate similarly (Fig-
ure 6, A, row 4, and B), and they also replicated their
DNA to the same extent (Figure 6D). The capacity of
exogenous RanBP1 and RCC1 together to restore nu-
clear assembly and function argues against the possi-
bility that the loss of assembly observed with addition

Figure 6 (facing page). Balance of RCC1 and RanBP1 is critical for
nuclear assembly and function. (A) Imbalance of RanBP1 and RCC1
causes defects in nuclear assembly and protein import. Equal vol-
umes of XB Buffer (row 1), recombinant RCC1 (final concentration =
10 ug/ml; row 2), recombinant RanBP1 (final concentration = 50-70
pg/ml; row 3), or both RCC1 and RanBP1 (row 4) were added to
codepleted cytosol and incubated for 15 min on ice. The cytosol was
then used in nuclear assembly reactions. A rhodamine-labeled im-
port substrate was added 60 min after nuclear assembly began, and
120 min after the reaction began, each sample was assayed for
nuclear morphology and protein import. Phase-contrast images of
typical nuclei are shown on the left; corresponding photographs of
nuclear DNA (stained with Hoechst 33258) and protein import
assays are shown in the middle and right, respectively. Bar, 2.6 X
107° m. [As a control, BSA was added to codepleted extracts. BSA
neither inhibited nuclear assembly in codepleted extracts nor re-
stored nuclear assembly in codepleted extracts to which either
RanBP1 or RCC1 had been added (our unpublished results).] (B)
Quantitation of protein import and nuclear size among control and
experimental samples. A set of samples similar to those in A (bars
1-4) plus a control (bar C) was allowed to form nuclei under the
conditions described above. After 90 min, images of at least 25
nuclei from each sample were randomly selected and captured by
using an IP Labs Spectrum Imaging System with a Photometrics
cooled charge-coupled device camera. Capture was performed un-
der identical conditions for each sample and the intensity of the
signal was not saturating the imaging system. Nuclear size was
measured as the number of pixels occupied by the nucleus at its
maximal cross-sectional area. Import was measured as pixel inten-
sity within the nucleus, corrected for background fluorescence. The
mean and standard deviations were calculated to obtain the relative
levels of import (top) and nuclear size (bottom). (C) RanBP1 and
RCC1 protein levels. A 1-ul volume from each of the nuclear as-
sembly reactions shown in A was subjected to SDS-PAGE and
Western blot analysis with anti-RCC1 or anti-Xenopus RanBP1 an-
tibodies, as indicated. Lane C shows the amount and positions of
endogenous RCC1, RanBP1, and added recombinant RanBP1 (big-
ger than endogenous RanBP1 because of the tag). (D) DNA repli-
cation is inhibited by the addition of either RCC1 or RanBP1 but
restored by the addition of both. Reactions of a control extract and
those shown in A were allowed to undergo DNA replication in the
presence of [a-*?P]dCTP. At 180 min, samples from the control (bar
C) and reactions of codepleted extract containing XB buffer (bar 1),
recombinant RCC1 (bar 2), recombinant RanBP1 (bar 3), or both
RCC1 and RanBP1 (bar 4) were taken for analysis of **P incorpora-
tion. The samples were treated as previously described (Smythe and
Newport, 1991) and the amount of **P incorporated into high mo-
lecular weight DNA was quantified using a Phosphorimager.
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of either protein alone was due to nonspecific contam-
ination of the protein preparations used. It also argues
against the possibility that the nuclear assembly de-
fects arise from the loss of an unknown protein during
the depletion with anti-RanBP1 beads. It appears that
the relative level of these two proteins is critical for the
formation and function of nuclei: When intermedi-
ate concentrations of RCC1 or RanBP1 were sepa-
rately added to codepleted extracts, we observed
that nuclear assembly, nuclear transport, and DNA
replication were increasingly disrupted with in-
creasing concentrations of the exogenous proteins
(our unpublished results). Consistent with this no-
tion, we also found that inhibition of nuclear assem-
bly, nuclear transport, and DNA replication oc-
curred when very high concentrations of either
RanBP1 or RCC1 were added to untreated extracts
(our unpublished results).

Thus, these results demonstrate that RanBP1 and
RCC1 are each required for nuclear formation, nuclear
transport, and DNA replication in the presence of the
other protein and that the activity of these two pro-
teins must be correctly balanced for nuclei to assemble
and function properly. The concentrations of RCCl1
and RanBP1 can vary at least 50-fold without disrupt-
ing nuclear processes, as long as a balance between the
two proteins is maintained; indeed, it is possible that
neither protein would be required for nuclear pro-
cesses in the total absence of the other protein, al-
though it is functionally impossible to test this specu-
lation in egg extracts because a minute amount of
RanBP1 or RCC1 may always remain after even the
most rigorous immunodepletion protocols.

Mutant Ran Proteins Partially Rescue Extract
without RCC1 or RanBP1

Although nuclei assembled in RanBP1-depleted ex-
tracts look similar to those assembled in RCC1-de-
pleted extracts, the molecular defects of the nuclei in
these two cases should be distinct: Extracts without
RCC1 should accumulate GDP-Ran, but extracts with-
out RanBP1 should be deficient in GAP-mediated
GTP-Ran hydrolysis and should have high levels of
GTP-Ran. We hypothesized that the distribution of
Ran between GTP- and GDP-bound pools may be
more important in egg extracts than the net flux be-
tween the two forms of Ran and that nuclear transport
may be defective if the ratio of GTP- to GDP-Ran is
imbalanced. In this case, removing both RanBP1 and
RCC1 might bring the GTP- and GDP-Ran pools into
balance and thereby allow normal nuclear transport.
To test this idea, we added bacterially expressed
RanG19V, a mutant Ran protein that is deficient in
GAP-mediated GTP hydrolysis (Schlenstedt et al.,
1995a), and RanT24N, a mutant Ran protein that be-
haves as a nucleotide free form of Ran and that, there-
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fore, binds exchange factors tightly and inhibits their
activity (Klebe et al., 1995).

RanG19V showed some inhibition of nuclear assem-
bly and DNA replication in codepleted extracts (Fig-
ure 7, A, part F, and B), although it did not have any
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+ RanG19V

+ RanT24N

Figure 7. Partial rescue of nuclear assembly and function in RCC1
or RanBP1 deficient extracts by Ran mutants. (A) Nuclear protein
import can be rescued by Ran mutants. XB buffer (second row from
top), RanBP1 (50 ug/ml; third row), or RCC1 (10 pg/ml; bottom
row) was added to codepleted extracts in the absence (two left
columns) or presence of RanG19V (middle two columns; 40 ug/ml)
or RanT24N (right two columns; 40 ug/ml) proteins. Similar sam-
ples were prepared with mock-depleted extracts (top row). The
extracts were incubated on ice for 15 min, and standard nuclear
assembly assays were performed. Rhodamine-labeled protein im-
port substrate were added after 60 min. The samples were examined
120 min after the start of the assembly reaction. The parts with
uppercase locants show typical nuclei from each reaction obtained
with Hoechst 33258 DNA dye and with the lowercase locants show
the accumulation of nuclear transport substrate in the same nuclei.
Bar, 3.0 X 10~° m. (B) DNA replication was partially restored by
Ran mutants. In the same nuclear assembly assay as in A, samples
were taken after 120 min for DNA replication assays and results
were quantified on a Phosphorimager.

detectable effect on mock depleted extracts (Figure 7,
part E; Kornbluth et al., 1994). These data suggest that
some GTP-Ran hydrolysis is required for nuclear as-
sembly and function and that codepleted extracts
showed enhanced sensitivity to inhibition by
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RanG19V, perhaps because they possessed a lowered
overall rate of GTP-Ran hydrolysis. Consistent with
this idea, RanG19V did not restore function in nuclei
lacking RanBP1 (Figure 7A, part H). By contrast, we
found that the addition of RanG19V to extracts lacking
RCC1 partially rescued both transport and DNA rep-
lication (Figure 7, A, part G, and B). This result was
striking because RanG19V could not compensate for
the lack of hydrolysis by wild-type GTP-bound Ran.
We consider two mechanisms to be the most likely
explanation of RanG19V’s positive effect on extracts
lacking RCC1: RanG19V could partially restore the
ratio of GTP- to GDP-bound Ran pools by inhibiting
GAP-mediated nucleotide hydrolysis or it could re-
store nuclear assembly and function by associating
with and activating some essential GTP-Ran-binding
protein.

RanT24N inhibited nuclear assembly and DNA rep-
lication in codepleted extracts in a manner similar to
its inhibition of mock-depleted extracts. Furthermore,
RanT24N inhibited nuclear transport more effectively
in codepleted extracts than in mock-depleted extracts
(Figure 7A, part J). These observations imply that
some GEF activity in codepleted extracts was required
for nuclear assembly and function and that RanT24N
blocked these processes by inhibiting it. The enhanced
sensitivity of codepleted extracts to RanT24N inhibi-
tion of transport may result from a lowered overall
level of RanGEF activity after the depletion of RCC1.
Consistent with this idea, RanT24N did not restore
transport, nuclear assembly, or DNA replication in
nuclei lacking RCC1 (Figure 7, A, part K, and B). On
the other hand, the addition of RanT24N to extracts
lacking RanBP1 partially rescued both transport and
DNA replication (Figure 7, A, part L, and B). This
result was interesting because RanT24N is very inhib-
itory for nuclear assembly and DNA replication in
undepleted extracts. The most likely explanation for
RanT24N’s capacity to restore nuclear function in ex-
tracts without RanBP1 is that it inhibits RCC1 or other
RanGEFs, restoring the balance between Ran nucleo-
tide exchange and hydrolysis. This result strongly
supports the conclusion that the levels of GTP- and
GDP-bound Ran must be carefully balanced for the
Ran GTPase pathway to support nuclear assembly,
transport, and other nuclear functions.

DISCUSSION

We sought to use RanBP1-immunodepleted Xenopus
egg extracts to develop an in vitro assay for RanBP1’s
activity in nuclei. Surprisingly, depletion of RanBP1
from Xenopus egg extracts resulted in codepletion of
RCC1, suggesting that these proteins could exist as a
stable complex in egg extracts. The capacity to remove
both proteins simultaneously may be a fortuitous con-
sequence of the way in which egg extracts are pre-
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pared—RCC1 and RanBP1 are normally localized to
different cellular compartments during interphase
(Ohtsubo et al., 1989; Richards et al., 1996), but both are
contained in the soluble fraction of egg extract, allow-
ing them to associate freely. We therefore do not wish
to interpret our findings as evidence supporting or
disproving a tight association between RanBP1 and
RCC1 during interphase in vivo. Rather, we took ad-
vantage of the codepletion of RanBP1 and RCC1 as a
convenient way to examine the functional conse-
quences of removing both proteins simultaneously
from egg extracts. Codepleted extracts, which con-
tained <2% of the normal levels of RanBP1 and RCC1,
were able to sustain nuclear assembly, DNA replica-
tion, and nuclear transport. When either RanBP1 or
RCC1 were added back to codepleted extracts, gener-
ating extracts lacking solely either RCC1 or RanBP1,
nuclei did not assemble properly, undergo DNA rep-
lication, or carry out nuclear protein import. These
observations showed that RanBP1 and RCC1 are nec-
essary for nuclear assembly and transport and that the
requirement for either protein is dependent upon the
concentration of the other protein. Codepleted extracts
also provide an in vitro assay for the analysis of how
RanBP1 and RCC1 function in nuclear assembly and
protein import. We have used this assay to examine
the effect of recombinant mutant Ran proteins on nu-
clei lacking RanBP1 or RCC1.

Our experiments show that the relative levels of
RCC1 and RanBP1 must be carefully balanced. Ge-
netic data from both mammalian tissue culture cells
and yeast have also suggested that the activities of
RanBP1 and RCC1 must be balanced. Hayashi et al.
(1995) demonstrated that the overexpression of
RanBP1 in tsBN2 cells, a mutant BHK cell line that has
a temperature-sensitive allele of RCC1, results in an
inhibition of cell growth even at the permissive tem-
perature. A similar level of RanBP1 overexpression in
wild-type BHK cells does not inhibit growth, indicat-
ing that defects caused by RanBP1 expression are en-
hanced when the level of RCC1 activity is lowered. In
yeast, overexpression of RanBP1 gives a phenotype
that is remarkably similar to that of a temperature-
sensitive RCC1 mutant, srml: The cells undergo G,
phase arrest and induce the expression of FUS1, a
mating-specific transcript (Hayashi et al., 1995). These
results were interpreted as showing that RanBP1 in-
hibits RCC1 through a heterotrimeric complex con-
taining Ran. However, our finding that nuclear assem-
bly and protein import occur normally when both
proteins are depleted is not consistent with a simple
model wherein RanBP1 works predominantly by as-
sociating with and inhibiting RCC1. If RanBP1 worked
simply by inhibition of RCC1, we would have antici-
pated that codepleted extracts would be unable to
assemble functional nuclei.
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Consistent with the fact that both the homologues of
RanBP1 and RCC1 are essential in yeast (Clark et al.,
1991; Ouspenski et al., 1995), our experiments show
that a lack of either protein causes abnormal nuclear
assembly, inhibits transport, and blocks DNA replica-
tion. However, we had not expected the finding that
nuclear assembly, transport, and DNA replication
were normal when both proteins were depleted from
the extract. Because we estimate that both proteins
were >98% depleted, this result implies that a 50-fold
reduction in the activity of the Ran GTPase pathway
has little effect on the assembly and function of nuclei.
It also poses the following paradox: If extracts lacking
either RanBP1 or RCC1 individually cannot assemble
nuclei or promote transport, how can extracts lacking
both proteins be fully functional? One hypothesis that
might explain our findings is that the net flux through
the Ran GTPase pathway may be less important than
the balance of the GTP- and GDP-bound forms of Ran.
Consistent with this idea, we find that addition of
RanG19V (a constitutively GTP-bound mutant Ran
protein; Schlenstedt et al., 1995a) partially rescued nu-
clear transport and DNA replication in extracts lack-
ing RCC1 (Figure 7). Further, addition of RanT24N (a
mutant Ran protein with a reduced affinity for nucle-
otides; Klebe et al., 1995) partially restored transport
and replication in extracts lacking RanBP1 (Figure 7).
It is likely that RanG19V and RanT24N restored nu-
clear function by inhibiting RanGAP1 and RCC1, re-
spectively, thereby restoring the balance of Ran nucle-
otide hydrolysis and exchange, rather than by
substituting for the endogenous Ran protein.

Small GTPases of the Ras superfamily act as molec-
ular switches to couple the binding and hydrolysis of
GTP to multiple cellular processes. Two mechanisms
for this coupling have been shown for members of this
superfamily (reviewed in Rush et al., 1996): Some Ras-
like GTPases involved in signal transduction (i.e., Ras)
associate with and activate effector molecules when
they are in the GTP-bound form. The GAP-stimulated
hydrolysis of GTP releases these GTPases from the
effector and thereby leads to its inactivation. In this
case, although the GEF and GAP activities regulate the
activity of the GTPase, the strength of the signal is
ultimately determined by the absolute level of the
GTP-bound form. For these proteins, mutations that
block GTP hydrolysis cause the signal transduction
pathway to be perpetually active. Other members of
the Ras superfamily directly couple the hydrolysis of
GTP to processes such as the unidirectional transport
of cellular proteins (i.e., Rab). In this case, blocking the
GTPase pathway at any point will prevent the GTPase
from accomplishing its function, such that GTPase
deficient mutants are inactive. GAP and GEF mutants
for this class of Ras-like GTPases would be predicted
to show very similar phenotypes. A number of previ-
ous reports on Ran suggest that it functions according
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to the latter mechanism of action (Rush ef al., 1996):
Mutants in RCC1 and RanGAP1 block nuclear trans-
port and show very similar phenotypes (Matynia et al.,
1996). GTPase-deficient Ran mutants inhibit both im-
port and export (Ren et al.,, 1994; Schlenstedt et al.,
1995a), and nonhydrolyzable GTP analogs inhibit pro-
tein import (Melchior et al., 1993). Our findings that
extracts lacking RCC1 or RanBP1 individually showed
very similar nuclear assembly defects was also consis-
tent with a Rab-like mechanism for Ran’s action.

However, the normal assembly of functional nuclei
in extracts lacking both proteins is inconsistent with a
Rab-like mechanism, as was the capacity of RanG19V
to restore nuclear function to extracts lacking RCC1
only and the capacity of RanT24N to restore nuclear
function to extracts lacking RanBP1 only. We do not
have an explanation to easily reconcile these observa-
tions with previously proposed models for the Ran
GTPase pathway. Proposing a model for Ran’s role in
protein import is also difficult because reports in the
literature show conflicting requirements for GTP- and
GDP-bound Ran and because the sites of Ran nucleo-
tide exchange and hydrolysis remain controversial.
For instance, Melchior et al. (1995) have presented data
indicating that GTP-Ran hydrolysis occurs on the cy-
tosolic face of the nuclear pore and that it is required
for the translocation of transport substrates into the
nucleus. On the other hand, Gorlich et al. (1996) have
found that GTP-Ran causes the abortive release of
transport substrates docked at the nuclear pore and
that GDP-Ran promotes translocation of nuclear im-
port substrates. They have also observed that a mutant
form of importin 8 that is unable to bind Ran can
translocate to the nuclear face of the pore, suggesting
that it is unlikely that an importin 8-Ran interaction is
required for the actual translocation of import sub-
strates into the nucleus (Gorlich et al., 1996). We sus-
pect that the conflicting conclusions reached in differ-
ent experiments reflect divergent experimental
conditions and Ran concentrations, and we feel that
experiments in the Xenopus egg extract system are
valuable because they are undertaken with roughly
physiological levels of all of the components of the
nucleus and cytosolic transport factors, as well as any
accessory factors that may modulate the activity of the
Ran pathway.

Although it is currently difficult to present a defin-
itive model for the Ran GTPase pathway, it is possible
to speculate why the GTP-Ran to GDP-Ran ratio might
be critical for nuclear assembly and transport. One
possibility that has been suggested is that the high
concentration of nuclear GTP-Ran may serve to define
compartmental identity between the nucleus and the
cytosol (Gorlich et al., 1996). Loss of RCC1 activity in
temperature-sensitive mammalian cell lines or overex-
pression of RanGAP1 in Schizosaccharomyces pombe re-
sults in redistribution of Ran protein from the nucleus
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to the cytosol (Ren et al., 1993; Matynia et al., 1996).
These observations imply that GTP-Ran generated by
RCC1 is largely restricted to the nucleus and that
decay of GTP-Ran to GDP-Ran resultant from RCC1
inactivation or RanGAP1 overexpression allows the
diffusion or transport of Ran to the cytosol. Rexach
and Blobel (1995) recently reported that GTP-Ran dis-
rupts complexes between importin o and 8 by binding
tightly to importin 8. They proposed that the cytosolic
concentration of GTP-Ran would, therefore, normally
be low, because high levels of GTP-Ran would cause
the dissociation of the importin heterodimer and
thereby abort nuclear transport prematurely. Con-
versely, the high levels of GTP-Ran within the nucleus
may serve to keep the importin subunits dissociated
from each other and facilitate their recycling back to
the cytosol after each round of protein import. Such a
role for GTP-Ran would be supported by recent ob-
servations in S. cerevisiae, where mutants in the RCC1
homologue prp20 specifically sequester importin «
within their nuclei (Koepp et al., 1996). The accumu-
lation of importin a does not simply result from a lack
of transport but from a lack of RCC1 per se, because
other transport deficient mutants do not show this
phenotype. Our data may suggest that both GTP-Ran
and GDP-Ran play essential roles in defining compart-
mental identity and that the absence of either form of
Ran results in deficient nuclear transport.
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