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Abstract. Nuclear protein import requires a nuclear lo-
calization signal (NLS) receptor and at least three other
cytoplasmic factors. The « subunit of the NLS receptor,
Rag cohort 1 (Rchl), enters the nucleus, probably in a
complex with the B subunit of the receptor, as well as
other import factors and the import substrate. To learn
more about which factors and/or events end the import
reaction and how the import factors return to the cyto-
plasm, we have studied nucleocytoplasmic shuttling of
Rchl1 in vivo. Recombinant Rch1 microinjected into
Vero or tsBN2 cells was found primarily in the cyto-
plasm. Rch1 injected into the nucleus was rapidly ex-
ported in a temperature-dependent manner. In con-
trast, a mutant of Rch1 lacking the first 243 residues
accumulated in the nuclei of Vero cells after cytoplas-
mic injection. After nuclear injection, the truncated
Rchl was retained in the nucleus, but either Rchl resi-

dues 207-217 or a heterologous nuclear export signal,
but not a mutant form of residues 207-217, restored nu-
clear export. Loss of the nuclear transport factor RCC1
(regulator of chromosome condensation) at the non-
permissive temperature in the thermosensitive mutant
cell line tsBN2 caused nuclear accumulation of wild-
type Rchl injected into the cytoplasm. However, free
Rchl injected into nuclei of tsBN2 cells at the nonper-
missive temperature was exported. These results sug-
gested that RCC1 acts at an earlier step in Rch1 recy-
cling, possibly the disassembly of an import complex
that contains Rch1 and the import substrate. Consistent
with this possibility, incubation of purified RanGTP
and RCCI1 with NLS receptor and import substrate pre-
vented assembly of receptor/substrate complexes or
stimulated their disassembly.

UCLEAR protein import in eukaryotic cells occurs
N through openings in the nuclear envelope that
are spanned by nuclear pore complexes (NPC)!
(Forbes, 1992; Rout and Wente, 1994) and is characterized
by an energy requirement, signal dependence, and recep-
tor involvement. In vitro assays using semipermeabilized
cells have allowed the identification of the soluble factors
essential for nuclear protein import (Adam et al., 1990;
Newmeyer and Forbes, 1990; Moore and Blobel, 1992),
and studies of their interactions with each other and with
nuclear pore proteins have led to models of the protein
import pathway that suggest several distinct steps. In the
cytoplasm, the o subunit of the karyopherin heterodimer,
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also called importin «a, recognizes the nuclear localization
signal (NLS) (for review see Dingwall and Laskey, 1991,
Garcia-Bustos et al., 1991) of a karyophilic protein in a
temperature- and hence energy-independent manner. Sub-
sequently the karyopherin B subunit mediates docking of
the complex to the cytoplasmic periphery of the nuclear
pore (Adam and Adam, 1994; Gorlich et al., 1994, 1995a;
Imamoto et al., 1995a,b; Moroianu et al., 19954,b; Radu et
al., 1995; Weis et al., 1995). Ran, a member of the Ras su-
perfamily of guanine nucleotide binding proteins, binds in
its GTP form to RanBP2 close to this initial docking site
(Melchior et al., 1995). GTP hydrolysis of RanGTP, which
has been shown to be necessary for translocation of the
import substrate (Melchior et al., 1993; Moore and Blobel,
1993; Schlenstedt et al., 1995), occurs at the same site and
probably allows the undocking of the karyopherin/sub-
strate complex. This GTP hydrolysis is stimulated by
RanGAP1 at the nuclear envelope (Bischoff et al., 1994,
1995a,b; Corbett et al., 1995; Matunis et al., 1996; Mahajan
et al., 1997). Possible links between Ran and the karyo-
pherin/substrate complex are ppl5 (Grundmann et al.,
1988; Moore and Blobel, 1994; Paschal and Gerace, 1995;
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Nehrbass and Blobel, 1996; Paschal et al., 1996) and
RanBP1 (Chi et al., 1996). The import complex is proposed
to move to the immediate vicinity of the nuclear pore before
translocation into the nucleus via several binding sites for
ppl5 and karyopherin 8 (Moroianu et al., 1995b; Paschal
and Gerace, 1995; Radu et al., 1995; Nehrbass and Blobel,
1996).

It is likely that all of the soluble transport factors men-
tioned above enter the nucleus in a complex with the cargo
protein, although this has not been demonstrated directly.
While karyopherin 8 remains bound to the nuclear side of
the NPC and is very rapidly reexported (Gorlich et al.,
1995b; Moroianu et al., 1995b), the transport substrate,
karyopherin «, RanGDP, and ppl5 appear to enter the
nucleoplasm. However, it is not known how or when the
dissociation of the import complex is induced. Considering
that directionality must be maintained during transport,
dissociation may occur solely as the termination step of
the import reaction in the nucleus (Melchior and Gerace,
1995; Gorlich and Mattaj, 1996). Alternatively, reiterated
dissociation and association reactions may occur during
translocation through the pore (Rexach and Blobel, 1995;
Gorlich et al., 1996b). Recent data show that RanGTP de-
stabilizes the a3-heterodimer of karyopherin (Rexach and
Blobel, 1995). Exchange of GDP for GTP on Ran in the
nucleus could therefore induce the dissociation of the im-
port complex. The now free import substrate would be re-
tained in the nucleus by association with, for example,
DNA or chromatin, while the import factors could be re-
cycled. The GDP/GTP exchange factor for Ran in the nu-
cleus is RCC1 (regulator of chromosome condensation)
(Bischoff and Ponstingl, 1991a,b; for review see Dasso,
1993), first identified as the mutant gene in tsBN2 cells, a
thermosensitive mutant line derived from BHK21 cells
(Nishimoto and Basilico, 1978; Nishimoto et al., 1978).

The mechanism by which the NLS receptor subunits are
returned to the cytoplasm after completion of the import
reaction is still unknown. Export of karyopherin { is faster
and therefore apparently distinct from that of karyopherin
o (Gorlich et al., 1995b; Moroianu et al., 1995b). Both sub-
units are too large to return to the cytoplasm by simple dif-
fusion and must migrate against a concentration gradient
since the NLS receptor resides mostly in the cytoplasm.
These observations suggest that they probably require ac-
tive reexport. It is also clear that the mechanism of nuclear
exit of karyopherin « must be different from its entry, as it
returns to the cytoplasm without the NLS-bearing protein.
Consistent with this, the importin B-binding domain (IBB
domain) of karyopherin a is responsible for nuclear entry
of the NLS receptor a subunit but does not mediate its ex-
port (Gorlich et al., 1996a; Weis et al., 1996).

To study the requirements for nucleocytoplasmic shut-
tling of the NLS receptor a subunit in vivo, we used two
forms of this protein, Rchls; 559 and Rchlyyy 5,9. Both were
originally identified through their interaction with the
RAG-1 recombination-activating protein (Cuomo et al.,
1994) and have been shown to interact directly and specifi-
cally with NLSs (Cuomo et al., 1994; Gallay et al., 1996).
Rchls; 5,9 was reported to substitute for karyopherin al in
an in vitro nuclear import assay (Moroianu et al., 1995b),
whereas Rchl,y, 5,9 inhibited nuclear transport of HIV-1
matrix protein when coexpressed in human 293 cells with
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HIV-1 matrix protein cDNA (Gallay et al., 1996) and also
inhibited RAG-1-mediated recombination in vivo (Cuomo
et al., 1994). The mechanism of this inhibition is not known.
We show here that recycling of Rchl to the cytoplasm is
dependent on a nuclear export signal within residues 207
and 217 and on temperature. Loss of RCC1 activity leads
to accumulation of the receptor in the nuclei of microin-
jected tsBN2 cells, although RCC1 is not necessary for the
export reaction itself. We propose that the RCC1-catalyzed
exchange of GDP for GTP on Ran is necessary to destabi-
lize or disassemble the import complex and is therefore re-
quired for recycling of karyopherin « to the cytoplasm.

Materials and Methods

Plasmids and Proteins

Bacterial expression constructs for human Rchl were derived by subclon-
ing the Rch1l ¢cDNAs coding for amino acids (aa) 33-529 or aa 244-529
(Cuomo et al., 1994) from a pET21a vector into pET19a using Ndel and
Xhol sites from the pET19a multiple cloning site. The resulting fusion
constructs contained NH,-terminal T7- and His-tags. The Rch1 cDNA en-
coding for aa 185-529 (Cuomo et al., 1994) was cloned from a yeast ex-
pression vector (Cuomo et al., 1994) into the pET21a vector using EcoRI
and Xhol restriction sites and subsequently into the pET19a vector using
Ndel and Xhol restriction, resulting in a construct analogous to that for aa
33-529 or aa 244-529. For nuclera export signal (NES)-Rch1 constructs,
the following oligonucleotides were used: 5'-TAT GCT CCC TCC TCT
AGA ACG ACT CAC GCT ACA and 5'-TAT GTA GCG TGA GCT
GTT CTA GAG GAG GGA GCA for HIVNES-Rchl,y, 59; 5'-TAT
GGC AGT GGA TCC ACT GTT GGC TCT CCT TGC AGT TCCTCA
and 5'-TAT GAG GAA CTG CAA GGA GAG CCA ACA GTG GAT
CCA CTG CCA for RchINES-Rchlyy 59 5'-TAT GGC AGT GGA
TCC ACT GGC AGC TGG ACT TGC AGT TCC TCA and 5'-TAT
GAG GAA CTG CAA GTC CAG CTG CCA GTG GAT CCA CTG
CCA for Rchines-Rchl,y, s5. They were constructed by annealing the
two complementary oligonucleotides and cloning them into the Ndel site
of pET19a containing the Rch1,y 5,0 cDNA. Correct orientation of the in-
serted fragment was verified by DNA sequencing. The karyopherin
c¢DNA in pET30a (Chi et al., 1995) was a generous gift from S. Adam
(Northwestern University, Chicago, IL). Ran wt cDNA (Ren et al., 1993)
was cloned from pET9c into pET15a using Ndel and BamHI restriction.
The RCC1 cDNA (Ohtsubo et al., 1987) was cloned from pET3b (T. Dob-
ner, University of Regensburg, Regensburg, Germany) into the pET15a
vector via Ndel and BamHI restriction sites.

Maltose binding protein (MBP)-Rch1 fusion constructs were obtained
by PCR amplifying DNA encoding Rchl residues 197-221 with the prim-
ers 5'-TTT GAA TTC GAC TTG GTT ATT AAG TAC GGT G and
5'-TTT TCT AGA TAA AGA TGA CAT ATC AGG AAC TG and res-
idues 218-244 using the primers 5'-TTT GAA TTC ATG TCA TCT TTA
GCA TGT GGC and 5'-TTT TCT AGA GGT GCA GGA TTC TTG
TTG C. The cDNA encoding Rchls; 559 in pET19 served as the template.
The PCR fragments were cloned into the pMal-Vector (New England Bio-
labs, Beverly, MA) using EcoRI and Xbal restriction sites. The DNA
fragments were sequenced and plasmids containing the correct sequence
were transformed into BL21 bacteria for expression.

SV40 T-antigen was purified from insect cells as described by Schnei-
der et al. (1994).

Bacterial Expression and Purification of Proteins

To purify nearly full-length (aa 33-529) and truncated (aa 244-529) Rchl
peptides, Ran, RCC1, and karyopherin B, the corresponding pET plas-
mids were transformed into Escherichia coli BL21 (DE3) containing the
pLys plasmid. Bacteria were grown in 1000 ml Luria-Bertani broth to an
ODyg of 0.7 at 30°C (37°C for Ran wt and RCC1) and expression was in-
duced by addition of 2 mM IPTG for 3 h. Cells were harvested by centrif-
ugation and frozen in 0.2 M Tris-HCI, pH 8.0, 0.5 M NaCl, 20 pg/ml leu-
peptin, 2 mM PMSF, and 1 mg/ml aprotinin. Cells were thawed at 37°C
and disrupted by ultrasonification after a 15-min incubation at 4°C. To the
cleared supernatant of the cell lysates, imidazole, pH 7.6, was added to a
final concentration of 30 mM and the solution was loaded on 0.5 ml Ni-
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NTA-Sepharose (Qiagen, Chatsworth, CA) equilibrated in 0.5 M NaCl
and 30 mM imidazole, pH 7.6. After extensive washing with 30 and 60 mM
imidazole, pH 7.6, and 0.5 M NaCl, proteins were eluted by step elution
with 0.5 M imidazole, pH 7.0, and 0.5 M NaCl, and pooled fractions were
dialyzed overnight against 20 mM Hepes/KOH, pH 7.6 (Rch1 derivatives,
Ran, karyopherin B), or 20 mM Tris-HCI, pH 7.6 (RCC1), 10% glycerol,
and 5 mM mercaptoethanol.

Rchlygs_sp9, RchINES-Rchl,yy 509, Rchines-Rchlyyy 59, and HIVNES-
Rchl,44 559 were purified as insoluble proteins. pET19 plasmids containing
the corresponding genes were transformed into BL21 (DE3). Expression
of the proteins, harvesting, and disruption of the cells were performed as
described above. The cell suspension was centrifuged, and proteins were
solubilized from the cell pellet in 8 M urea according to Podust et al.
(1995). Solubilized proteins were dialyzed to remove the urea, and the
protein-containing solution was applied to Ni-NTA-agarose as described
above. The eluate was adjusted to 5% glycerol and then dialyzed against
20 mM Hepes/KOH, pH 7.6, 10% glycerol, and 5 mM mercaptoethanol.

MBP fusion proteins were expressed and purified according to a New
England Biolabs protocol (1994). After purification, proteins were dia-
lyzed against 20 mM Hepes/KOH, pH 7.6, 10% glycerol, and 5 mM mer-
captoethanol.

Cell Culture

BHK21 (Stoker and MacPherson, 1964), tsBN2 cells, a temperature-sensi-
tive mutant line derived from BHK21 cells (Nishimoto and Basilico,
1978), and Vero cells (Earley and Johnson, 1988) were grown in DME
(GIBCO BRL, Gaithersburg, MD) supplemented with antibiotics, 10%
FCS (5% for BHK21 cells) (GIBCO BRL), and (for Vero cells) nonessen-
tial amino acids (GIBCO BRL) in a humidified incubator at 37°C (Vero)
or 33.5°C (tsBN2 and BHK21) under a 10% CO, atmosphere.

Microinjection

For microinjection experiments, cells were plated for at least 24 h (Vero)
or 36 h (tsBN2 and BHK21) before microinjection on glass coverslips. A
microinjector and a manipulator (models 5246 and 5171, respectively; Ep-
pendorf Scientific, Inc., Madison, WI) mounted on an inverted microscope
(model IM35; Carl Zeiss, Oberkochen, Germany) were used to deliver
samples. All proteins were used at a concentration of 2—4 mg/ml and the
solutions were centrifuged for 30 min at 14,000 g before injection. Micro-
injection needles were pulled from glass capillaries (Clark Electromedical
Instruments, Reading, UK) on an automatic pipette puller (Zeitz Instru-
ments, Augsburg, Germany).

Immunofluorescent Staining

Microinjected cells were washed three times with PBS, fixed in 4% ice-
cold paraformaldehyde in PBS for 15 min, permeabilized for 15 min in
0.2% Triton X-100, and blocked for 1 h in 10% FCS in PBS. T7-tagged
Rchl proteins were visualized by staining for 2 h at room temperature
with a mouse monoclonal anti-T7 antibody (Novagen Corp., Madison,
WI) at a 1:500 dilution and a Cy3-linked secondary anti-mouse antibody
(Jackson ImmunoResearch Laboratories, West Grove, PA) at 1:200 for 1 h
at room temperature. MBP fusion proteins were detected with a poly-
clonal anti-MBP serum (New England Biolabs) at a 1:100 dilution fol-
lowed by a Cy3-conjugated anti-rabbit antibody (Jackson ImmunoRe-
search Laboratories) at 1:200 for 1 h at room temperature. The coverslips
were mounted in 90% glycerol containing 0.1 mg/ml paraphenylenedi-
amine in PBS (Johnson and Araujo, 1981) and viewed on a fluorescence
microscope (model Axiovert 35; Carl Zeiss) using a 63X objective.

Quantification

Quantification was done by capturing images of fluorescent cells with a
digital camera (CCD camera, model C 4880; Hamamatsu Phototonics,
Bridgewater, NJ). The amount of fluorescence in each fixed cell or in the
nucleus of the cell was evaluated using the Image-/MetaMorph Imaging
System (Universal Imaging Corp., West Chester, PA). Background mea-
surements were obtained by evaluating the fluorescence of noninjected
fixed cells or nuclei.

In Vitro Assembly of NLS Receptor-Import
Substrate Complexes

Assembly of complexes was performed according to an ELISA protocol
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(Goding, 1983). ELISA immunoplates (Nunc, Rochester, NY) were
coated with 2 pg of karyopherin B in 50 .l of PBS for 2 h at room temper-
ature, followed by saturation of residual nonspecific binding sites with 3%
BSA in PBS for 1 h at room temperature. The soluble proteins were
added in the following amounts: 1 pg of Rchlsz 55, 1 g SV-40 T-antigen,
2 g of Ran (RanGDP, RanGTP, or RanGTP-yS), and 2 pg of RCC1, as
indicated in the figure legend. Additionally, the corresponding nucle-
otides were present at 2 mM. The binding reaction was performed for 2 h
at room temperature in binding buffer (Bischoff and Ponstingl, 199156) (20
mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM DTT, and 5 mM MgCl,). The
plates were washed three times briefly and three times for 10 min each,
and either anti-T-antigen antibody Pab101 (Gurney et al., 1980) (1 pg/
well in 50 wl of PBS) or anti-T7 antibody (0.1 wl/well in 50 pl of PBS) was
added and incubated overnight, followed by washing of the plates as
above and incubation with 1 pl/well peroxidase-coupled anti-mouse sec-
ondary antibody (Jackson ImmunoResearch) in 100 wl of PBS for 1 h at
room temperature. Plates were washed again and the ELISA was developed
by adding 100 wl of peroxidase substrate (50 mM potassium phosphate,
pH 5.7, 0.03% H,0,, 2 mM 2,2'-azino-bis(3-ethylbenzthiazoline-6-sulfonic
acid; Sigma Chemical Co., St. Louis, MO) for 5 min. The absorbance of the
reaction product was measured at 405 nm using a reference filter at 595 nm
in an ELISA reader (model MR5000; DYNEX Technologies, Chantilly, VA).

Results

Subcellular Localization of Rchl;; sy and Rchl;yy 539

To determine the subcellular localization of Rch1s; 559 and
Rchl,, 559, €ach protein was microinjected into the cyto-
sol of Vero cells. The cells were either fixed immediately
after injection or after a 2.5-h incubation at 37°C. The ex-
ogenous Rchl was visualized by staining its T7-tag with
anti-T7 antibodies. As shown in Fig. 1 A, a and b, Rchls3 59
was localized predominantly in the cytoplasm at both time
points. Although cells injected with Rchl,44 5,9 showed cy-
toplasmic staining immediately after injection (Fig. 1 A, ¢),
strong nuclear staining was observed 2.5 h later (Fig. 1 A,
d). The time course of nuclear uptake of the two proteins
was followed by injecting cells with either Rchls; 59 Or
Rchl,44 559, fixing them at various time points as indicated
(Fig. 1 B), and determining the amount of nuclear fluores-
cence as a percentage of the total cell fluorescence in the
injected cells. The graph shows that the fraction of nuclear
Rchls;5_55 remained at ~20% over a period of 2.5 h, con-
sistent with the predominantly cytoplasmic importin o ob-
served in Xenopus cells (Gorlich et al., 1996a). However,
nuclear staining of Rchl,, s, increased slowly from 12 to
38% over the same period of time. Since nuclear protein
import took place over the entire 2.5-h period, these re-
sults suggest that Rchls; 559 was rapidly recycled to the cy-
toplasm, but Rchl,4, 5,9 Was not.

Export OfRCh133_529 and RCh1244_529

To address the question of whether nuclear accumulation
of Rchl,44 509 could be due to a defect in recycling of this
protein to the cytoplasm, export of Rchls; 559 and Rchloyy sy
was examined more closely. The purified proteins were
microinjected into the nuclei of Vero cells, and the cells
were fixed either immediately after injection or after a 30-min
incubation at 37°C. Fig. 2 A shows that cells microinjected
with Rchls; 559 showed almost exclusively nuclear staining
initially (Fig. 2 A, a) and strong cytoplasmic staining after
a 30-min incubation (Fig. 2 A, b). In sharp contrast, the
staining pattern of cells injected with Rchl,4 5,9 Was nu-
clear at both time points (Fig. 2 A, ¢ and d). Analysis of
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Figure 1. (A) Rchlyy, 559 accumulates in the nuclei of Vero cells in vivo. Vero cells were injected into the cytoplasm with either Rchlsz 559
(a and b) or Rchlyy, 559 (c and d) and fixed immediately (a and ¢) and 2.5 h (b and d) after injection. Immunofluorescence was per-
formed using an antibody against the T7-tag of the extracellular Rchl proteins and a Cy3-coupled secondary antibody. Micrographs
were taken with a digital camera mounted on a fluorescence microscope. (B) Time course of nuclear accumulation of Rchl,y, s59. Vero
cells were injected either with Rchls; 59 or Rchl,y, 559 and fixed at various time points as indicated on the x-axis. Cells were immuno-
stained, and the amount of Rch1 fluorescence was measured as described in Materials and Methods. The staining of nuclear Rch1 is ex-
pressed as the percentage of total cell fluorescence residing in the nucleus and plotted against time after microinjection. For each time
point, the average value obtained from 10-20 cells in two to three independent experiments is shown; the standard deviation of the
mean is indicated by error bars. Bar, 25 pm.

the Rchl export kinetics (Fig. 2 B) demonstrated a rapid
decrease of nuclear fluorescence in cells injected with
Rchls;3_559. However, the amount of nuclear Rchl,yy 559 flu-
orescence remained constant over the entire time period
(Fig. 2 B). These observations indicate that Rchls; s, in-
jected into the nuclei of Vero cells was rapidly exported,
whereas Rchl,4, 559 was not. The results also suggest that a
polypeptide sequence between aa 1 and 244 of Rchl may
be necessary to allow nuclear export of Rchl.

Another Rchl deletion mutant, Rch1;gs_s59, was used to
narrow down the region that might contain the informa-
tion necessary for nuclear export of the NLS receptor sub-
unit. Rchlgs_559 was injected into the nuclei of Vero cells,
and the cells were fixed and stained either immediately af-

A Rch133.529

0 min 30 min

a bt
Reh1y44.509

0 min 30 min

ter injection or after a 30-min incubation at 37°C. Fig. 3 A
shows that shortly after injection, Rchlgs_59 Was still in
the nucleus of injected cells (Fig. 3 A, a), whereas 30 min
later, translocation to the cytoplasm had occurred (Fig. 3
A, b). Comparison of the export kinetics of Rchlgs_sy and
Rchl;; 559 (Fig. 3 B) confirmed that the rate of export of
Rch1,gs 59 Wwas comparable to that of Rchls;_59. These re-
sults support the idea that the sequence between aa 185
and 244 of Rchl is necessary to direct nuclear export of
Rchl.

Rch1 Contains a Nuclear Export Signal

To examine the possibility that a nuclear export signal
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Figure 2. (A) Rchlyyy sygis defective in nuclear export. Rchlss 559 (@ and b) and Rchl,yy sy (¢ and d) proteins were injected into nuclei of
Vero cells. Fluorescence micrographs show cells fixed and stained 0 min (2 and ¢) or 30 min (b and d) after injection. (B) Export kinetics
of Rchl. Vero cells were injected into the nucleus with either Rchls; 559 or Rechl,y, 559 and incubated for the indicated time periods.
Quantification was performed as in Fig. 1 B. Bar, 25 pm.
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Figure 3. (A) Rchlgs_sy is efficiently exported from the nucleus.
Rchlg5.559 Was injected into the nuclei of Vero cells, which were
fixed and immunostained 0 min (@) or 30 min (b) later. (B) Cells
were injected into the nucleus with either Rch1,gs 559 or Rchls; 559
to compare export kinetics of the two proteins. After injection,
cells were fixed and stained. Nuclear fluorescence was deter-
mined and plotted against time after microinjection as in Fig. 1 B.
Bar, 25 pm.

could reside in the region between amino acids 185-244,
the cDNA sequences of the mouse, human, Xenopus, and
yeast NLS receptor o subunit were first compared and
screened for conserved leucines in a hydrophobic environ-
ment, a motif common to several nuclear export sequences
(Gerace, 1995; Nigg, 1997). The region between aa 207
and 217 met these characteristics: DPLPLLALLAVPD.
The amino acids shown in bold are conserved and amino
acids shown in italics are similar among the species men-
tioned above.

To determine which sequence in the region between aa
185-244 was necessary to direct nuclear export of Rchl,
two DNA fragments from this region were chosen, one in-
cluding the putative NES (coding for aa 197-217) and a
second, downstream from the putative NES (coding for aa
218-244). The fragments were obtained by PCR and
cloned into the pMal-vector to allow expression of a fusion
construct between the MBP, a 42-kD bacterial protein,
and the Rch1 cDNA fragment.

The proteins MBP,g;.5;; and MBP,g 544 were then in-
jected into the nuclei of BHK?21 cells, and the cells were
fixed at different time points after injection to monitor the
export reaction. As a control, MBP was also injected. Im-
munofluorescence was performed using a polyclonal anti-
MBP serum and a secondary antibody coupled to Cy3.
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The amount of nuclear fluorescence was measured using
quantitative fluorescent microscopy.

The fluorescent micrographs (Fig. 4 A) show that both
MBP and MBP,,3_,4, were nuclear at the 0-min (Fig. 4 A, a
and c¢) and the 10-min (Fig. 4 A, b and d) time points. In
contrast, cells injected with MBP;q;,; showed nuclear
staining only at the 0-min time point (Fig. 4 A, e) and cyto-
plasmic staining after a 10-min incubation (Fig. 4 A, f).
The export kinetics shown in Fig. 4 B confirm that neither
MBP nor MBP,5 ,4, Were exported over the time period
monitored. However, MBP,y;_,;; was very rapidly exported
from the nucleus to the cytoplasm. We therefore conclude
that the amino acids 197-217, encompassing the putative
NES, were sufficient to direct nuclear export of MBP.

In another set of experiments, the putative nuclear export
signal was directly investigated. A cDNA fragment coding
for amino acids 207-217 was cloned into the Rchlyy sy
pET19-vector, fusing residues 207-217 to the amino termi-
nus of Rchlyy 59 and resulting in RchINES-Rchl,yy s59.
Similarly, a mutant form of the putative NES with the con-
served leucines 110 and 112 exchanged for alanine and gly-
cine (L110A, L112G) was fused to the amino terminus of
Rchl,yy 559, resulting in Rchines-Rchl,yy 559 As a positive
control for this experiment, sequences encoding the NES
of the HIV Rev protein were cloned into the same site of
Rchl,y4 559. It was shown earlier that the Rev NES, when
coupled to BSA, promoted its export after injection of
NES-BSA into Xenopus oocytes or mammalian cell nuclei
(Fischer et al., 1995).

Nuclear export of RchINES-Rch1,y 559, Rchines-Rchl,yy 50,
and HIVNES-Rchl,,, 5,9 was then assayed after injection
into nuclei of Vero cells. Cells were fixed either at a 0-min
time point or 30 min later, followed by immunofluorescent
staining of the exogenous protein. The fluorescent micro-
graphs in Fig. 5 A demonstrate that cells injected with ei-
ther RChZNES-RCh1244_529 or HIVNES-RCh1244_529 showed
nuclear staining immediately after injection (Fig. 5 A, a
and c) and cytoplasmic staining after a 30-min incubation
(Fig. 5 A, b and d), but cells injected with Rchlines-
Rchl,44 559 showed nuclear staining at both time points
(Fig. 5 A, e and f). To monitor the time course of the ex-
port reaction, cells were fixed at different time points after
injection, and immunofluorescence was performed using
the anti-T7 antibody. The amount of nuclear fluorescence
was determined and plotted against time after microinjec-
tion. As a control, Rchl,4 559 Was also injected. The export
kinetics in Fig. 5 B show that although Rchly, 5,9 and
Rchines-Rchl,y, 59 were not exported, RchINES-Rch1,4 59
was exported at a rate very similar to that of HIVNES-
Rchl,4 559. These results demonstrate that export of the
deletion mutant was restored not only by the established
nuclear export signal of HIV-Rev (Fischer et al., 1995),
but also by amino acids 207-217 of Rchl, indicating that
they function as a nuclear export signal. Leucines 110 and
112 of Rchl appear to be necessary for this function.

Export of Rchl Is Temperature Dependent

If export of Rchl from the nucleus depends on the nuclear
export signal that is deleted in Rchlyy, 5,9, one might also
expect the export process, like the nuclear import process,
to be temperature dependent. To address this question, we
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tested export of the NLS receptor a subunit at 0°C. Vero
cells were shifted to 0°C immediately before nuclear mi-
croinjection of Rchlsz 559, and Rchlyyy sy and then incu-
bated on ice for various time periods. Cells were fixed and
the exogenous tagged Rchl was visualized by immunoflu-
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Figure 4. (A) Export of MBP-Rchl fusion constructs. BHK21
cells were injected into the nucleus with purified proteins MBP (a
and b), MBP fused to Rchl residues 218-244 (¢ and d), or MBP
fused to Rchl residues 197-217 (e and f), fixed 0 min (a, ¢, and e)
or 10 min (b, d, and f) later, and examined by immunofluores-
cence. (B) Export kinetics of MBP-Rch1 fusion constructs. After
nuclear injection of MBP, MBP,5 544, and MBPyg;,7, the cells
were fixed and immunostained using an anti-MBP polyclonal se-
rum. Nuclear fluorescence at different times after injection was
determined and plotted against time as in Fig. 1 B. Bar, 25 pm.

orescence. Cells injected with both forms of Rchl showed
nuclear staining not only immediately after injection (Fig.
6 A, a and ¢), but also after a 30-min incubation on ice
(Fig. 6 A, b and d). Quantitative evaluation of nuclear flu-
orescence in cells injected with Rchls;_559 and Rchl,44 559

B —=a— HIVNES-Rch1(244-529)
70 —a— Rch1(244-529)
— o= = Rch1NES-Rch1(244-529)
==x==Rchines-Rch1(244-529)
D 60
£
£
@ 50T
et 4
7 L
S L
< 40 -
Q2
o E
3 30 r
c
X 20f
{1 J) SR AN SN B AVETIN AP SR VAT UUR S|

5 10 15 20 25 30 35
time after microinjection (min)

Figure 5. (A) Export of Rchl,y, 59 is restored by a nuclear ex-
port signal. HIVNES-Rchl,y, 559 (¢ and b), RchINES-Rch1,yy 559
(c and d), and RchlInes-Rchl,yy 559 (e and f) were injected into nu-
clei of Vero cells. Cells were fixed either at a 0-min time point (a,
¢, and e) or 30 min later (b, d, and f). Immunofluorescence
was performed using an anti-T7 antibody. (B) Export kinetics
of Rchl,yy sp9, HIVNES-Rchl,yy 559, RchINES-Rchl,44 559, and
Rchines-Rchl,yy 5. Nuclear fluorescence at different time points
after injection was determined as described (Fig. 1 B). Bar, 25 pm.
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Figure 6. (A) Export of Rchl is temperature dependent. Rch1s; 55 and Rchlyyy 5p9 were injected into the nuclei of Vero cells at 0°C. The
cells were either fixed (a and c) or incubated on ice for 30 min and then fixed (b and d). Cells were immunostained and fluorescent mi-
crographs were taken. (B) Export of Rchl is impaired at 0°C. The graph shows the quantification of the nuclear fluorescence of cells in-
jected into the nucleus with Rch1s3 559 or Rchl,44 509 and incubated on ice as indicated on the x-axis before fixing and immunostaining.

confirmed that the intensity of nuclear fluorescence was
constant over the 30-min time period (Fig. 6 B). These re-
sults support the idea that recycling of Rchl is tempera-
ture dependent and show that neither Rchls; 59 nor
Rch1,44 559 can exit the nucleus by simple diffusion.

Role of RCC1 in Receptor Recycling

Addition of RanGTP to the heterodimeric complex of
karyopherin « and { leads to the dissociation of the het-
erodimer in vitro (Rexach and Blobel, 1995; Gorlich et al.,
1996b). The fact that the nuclear protein RCC1 is the only
known Ran guanine exchange factor, and plays a role in
nuclear protein import in vivo (Tachibana et al., 1994;
Dickmanns et al., 1996), suggested that RCC1 could be in-
volved in the release of Rchl from the import complex by
providing RanGTP. Since the disassembly of the import
complex must be a prerequisite for the recycling of the im-
port factors, RCC1 would then indirectly affect the shut-
tling of the NLS receptor a subunit. To investigate the pos-
sible effect of RCC1 on receptor recycling, we used tsBN2
cells, mutant derivatives of BHK?21 cells that express ther-
molabile RCC1 (for review see Dasso, 1993). To compare
shuttling of Rchl in the presence and absence of RCCI1,
Rchls3 559 Was injected into the cytoplasm of tsBN2 cells.
The cells were then fixed immediately or incubated for 4 h
at either the restrictive or permissive temperature. The
subcellular distribution of Rchls; 559 was then determined
by immunofluorescent staining. Fig. 7 A shows that in the
presence of RCC1, cells displayed the predominantly cyto-
plasmic staining typical of injected Rchls; 559 (Fig. 7 A, a
and b). In contrast, Rch1 was predominantly nuclear in the
absence of RCC1 (Fig. 6 A, compare b [33.5°C] and d
[39.5°C)).

The import kinetics of Rchl in the presence of RCC1
demonstrated that Rchls;_s9 was mostly cytoplasmic in
tsBN2 cells incubated at 33.5°C (Fig. 7 B). The nuclear ac-
cumulation of Rchl in the absence of RCC1 (Fig. 7 B)
demonstrates that RCC1 is required directly or indirectly
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for recycling of Rchl to the cytoplasm. In a control experi-
ment using the parental cell line BHK21, Rchls; 5,9 was
mostly cytoplasmic at both temperatures (Fig. 7 B), dem-
onstrating that the altered distribution of Rchl at the re-
strictive temperature is caused by the RCC1 mutation
rather than by the elevated temperature.

RCC1 Is Not Required for Export of Rchl

Two simple alternatives can be proposed for the role of
RCCI1 in receptor recycling. In one model, transport of
Rch1 back into the cytoplasm might require RanGTP gen-
erated by RCC1. Loss of RCC1 would lead to depletion of
RanGTP in the nucleus, and subsequently to a defect in
receptor recycling. If this idea were correct, export of
Rch1 should be inhibited when Rchl was injected into nu-
clei of tsBN2 cells that had been incubated at 39.5°C be-
fore microinjection and therefore lacked active RCCI. In
the other model, RCC1 would act at a step before export
of Rchl, for example in the disassembly of the import
complex. Rchl accumulated in tsBN2 nuclei at the restric-
tive temperature after cytoplasmic injection would then be
part of a nondisassembled import complex. If this possibil-
ity were correct, free Rchl injected directly into the nu-
cleus should be exported in a fashion independent of RCC1.

To differentiate between these two possibilities, we in-
jected Rchlsz g9 into the nuclei of tsBN2 cells that had
been incubated at the permissive and restrictive tempera-
tures. The cells were fixed either immediately after injec-
tion (Fig. 8 A, a and ¢) or 30 min later (Fig. 8 A, b and d),
and Rchls; 5,9 was visualized by immunofluorescence. At
both temperatures, Rchls; sy injected into the nuclei was
found in the cytoplasm after a 30-min incubation. The time
course (Fig. 8 B) shows clearly that nuclear export kinetics
of Rchl were identical in the presence or absence of
RCCI1. In a control experiment in BHK21 cells, Rchl ex-
port kinetics were also identical at 33.5 and 39.5°C (Fig. 8
B). No export of Rchl to the cytoplasm was observed at
0°C (data not shown), consistent with the temperature de-
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pendence of the Rchl export reaction (Fig. 6). These re-
sults rule out a requirement for RCC1 in the export reac-
tion itself and support the idea that it is required in an
earlier step of receptor recycling.

RCCl1 Destabilizes the NLS Receptor/Substrate
Complex In Vitro

The results presented in Fig. 8 suggested that RCC1 was
not required for nuclear export of free Rchls; sy in vivo,
but rather for a step before export. One step that must oc-
cur before Rchl recycling is the disassembly of the NLS
receptor af3 complex with the imported cargo protein.
RanGTP was reported to disassemble the NLS receptor
af3 complex in vitro (Rexach and Blobel, 1995) by binding
to karyopherin B at a binding site that overlaps with the
karyopherin a binding site (Moroianu et al., 1996b; Gor-
lich et al., 1996b). These results supported the idea that the
role of RCC1 might be to destabilize an NLS receptor/sub-
strate complex in the nucleus.

To develop a method to test this possibility, we first as-
sembled NLS receptor/substrate complexes using purified
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Figure 7. (A) Effect of RCC1 depletion on Rchl recycling. tsBN2
cells were injected with Rch1s; sy into the cytoplasm followed by
incubation at 33.5°C (a and b) or 39.5°C (c and d). Fluorescence
micrographs show the localization of Rchl1 in cells that were fixed
after 0 min (a and ¢) or 4 h (b and d) of incubation under the con-
ditions indicated. (B) Time course of nuclear accumulation of cy-
toplasmically injected Rchlsz 559 in the absence and presence of
RCCI1. tsBN2 and BHK21 cells were injected into the cytoplasm
with Rchls; 559 and incubated at 39.5°C or, as a control, at 33.5°C
for various time periods, fixed and stained. Quantification was
done as in Fig. 1 B and the percentage of Rchl in the nucleus was
expressed as a function of time after injection. Bar, 25 pm.

proteins in a solid phase assay. Karyopherin 8 and, as a
control, BSA were immobilized on ELISA plates and sol-
uble Rchlj; 5,9 was added. After washing, bound Rchls;_sy9
was detected using the anti-T7 antibody and a peroxidase-
coupled secondary antibody. Fig. 9 A shows that Rchls; 559
was bound in the presence of karyopherin §, but not in the
presence of BSA, indicating that Rchl1s; 5,9 bound specifi-
cally to karyopherin B. To test whether the immobilized
Rchls;3 spo/karyopherin B complexes were able to bind
T-antigen as an NLS-bearing protein, we immobilized
karyopherin B in the ELISA plate and then added either
T-antigen alone or T-antigen together with Rchlss s50.
Bound T-antigen was detected using a specific monoclonal
antibody and a peroxidase-coupled second antibody. Fig. 9
B shows that bound T-antigen was detectable in the pres-
ence of karyopherin B and Rchls; 559 but not with karyo-
pherin B alone, indicating the assembly of an af§ NLS re-
ceptor complex with the transport substrate T-antigen.
The influence of RanGDP and RanGTP on the assem-
bly or stability of the NLS receptor/substrate complexes
was then tested. RanGDP in the presence of GDP and
Mg?* did not affect the assembly of NLS receptor/sub-
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strate complexes (Fig. 9 C, compare column / with column
3). When RanGTP was added, NLS receptor/T-antigen
complex formation was slightly reduced in the presence of
Mg?* and GTP (Fig. 9 C, column 5). If Ran was loaded
with GTPy-S, a nonhydrolyzable GTP analogue, complex
formation was strongly inhibited in the presence of Mg?*
and GTPy-S (Fig. 9 C, compare columns 5 and 6). How-
ever, if RCC1 and GTP were present, NLS receptor com-
plex formation was inhibited by ~60% (Fig. 9 C, column
7), while RCC1 in the presence of GDP had no effect (Fig.
9 C, column 4). These results indicate that when RanGTP
was added without RCC1, GTP hydrolysis on Ran oc-
curred, but GDP bound to Ran was not exchanged for
GTP in the presence of Mg>" (Bischoff and Ponstingl,
1991b), and therefore did not destabilize or impair forma-
tion of the NLS receptor/T-antigen complex. On the other
hand, when RanGTP, RCC1, and GTP were added, GDP
bound to Ran after GTP hydrolysis was exchanged for GTP.

These results confirm that RanGTP prevents formation
of the NLS receptor complex or induces its disruption as
reported (Rexach and Blobel, 1995; Moroianu et al., 1996b)
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Figure 8. (A) Export of free Rchl is not dependent on RCC1.
Rchl;; 559 was injected into the nuclei of tsBN2 cells preincubated
for 4 h at 33.5 or 39.5°C. Cells were fixed and stained immediately
after injection (a and c) or incubated for 30 min before fixing and
immunostaining (b and d). (B) Export of free Rchl is indepen-
dent of RCC1. tsBN2 and, as a control, BHK21 cells, were incu-
bated for 4 h at 33.5 or 39.5°C before nuclear injection with
Rchl;; s59. For injections at 0°C, cells were first incubated at
33.5°C, but shifted to 0°C immediately before injection. After in-
cubation at the indicated temperatures for the indicated time pe-
riods, cells were fixed and stained. Quantification was performed
as described in Fig. 1 B. Bar, 25 pm.

and demonstrate that RCC1-catalyzed exchange of GDP
for GTP on Ran inhibited formation of the NLS receptor/
substrate complex or dissociated the existing complexes.

Discussion

Karyopherin o Sequences Required for Recycling to
the Cytoplasm

In this report, we have investigated the requirements in
vivo for recycling of the o subunit of the NLS receptor
(Rchl) from the nucleus to the cytoplasm. Rch1 was found
predominantly in the cytoplasm with only ~20% of the ex-
ogenous « subunit localized to the nucleus in Vero cells
and ~30% in tsBN2 cells. These results are in accordance
with the subcellular distribution of the endogenous « sub-
unit, which was found in higher concentrations in the cyto-
plasm than in the nucleus in Xenopus X1177 cells (Gorlich
et al., 1996a). This similarity indicates that Rchls;_syg be-
haves in these assays much like the endogenous a subunit.

The importin B-binding domain of karyopherin a (G6r-
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lich et al., 1996a; Weis et al., 1996) was mapped to residues
1-65 of importin a and required aa 21-65 or 1-52. In con-
trast, Rchlss 559 Was reported to support nuclear import in
vitro as efficiently as full-length karyopherin al (Mor-
oianu et al., 1995b), and even a karyopherin ol mutant
lacking the first 49 amino acids was reported to bind to
karyopherin B in vitro, albeit with reduced efficiency
(Moroianu et al., 1996a). Another group observed nuclear
entry of Rchls; sy in vivo (Gallay et al., 1996), consistent
with nuclear import activity. The experimental variables
that give rise to the discrepancies between these reports
have not been resolved. However, our experiments showed
nuclear entry and exit of Rchls; s5591in vivo (Figs. 1, 2, and
7), as expected for an « subunit active in nuclear protein
import, and our in vitro binding assays confirmed interac-
tion of Rchls;_sp9 with both karyopherin B and an NLS-
bearing cargo protein as expected for an NLS receptor
complex (Fig. 9).

The IBB domain is completely absent in the Rchl,y, 559
deletion mutant, precluding its activity in nuclear protein
import. Nevertheless, nuclear entry of this protein was still
observed. One possible explanation for this apparent con-
tradiction is that Rch1,4, 559 might enter the nucleus piggy-
back on a protein with more than one NLS. Rchl,4 sy is
capable of binding to NLSs in a transport substrate (Cuomo
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Figure 9. RCC1 inhibits formation of the NLS receptor/substrate
complex. (A) Karyopherin B was immobilized on an ELISA plate
before addition of different amounts of Rchls; 5,9, as indicated
on the x-axis of the graph. Plates were washed and Rch1 bound to
the solid phase was detected in a colorimetric reaction. (B)
Karyopherin  was immobilized on ELISA plates. T-antigen was
added in the amounts indicated on the x-axis of the graph, either
alone or together with Rchls; s59. Plates were washed, and the
amount of T-antigen bound to the solid phase was determined in
a colorimetric reaction. (C) Karyopherin 8 was immobilized on
ELISA immunoplates before addition of either Rchls; 559 and
T-antigen (columns / and 3-7) or T-antigen alone (column 2).
The binding reactions were then supplemented with RanGDP
and GDP (column 3); RanGDP, GDP, and RCC1 (column 4);
RanGTP and GTP (column 5); RanGTP-yS and GTP-yS (col-
umn 6); or RanGTP, GTP, and RCC1 (column 7). MgCl, was
present in all reactions at 5 mM. The T-antigen bound to each
solid phase was determined in a colorimetric reaction. The columns
depict the mean values from at least two separate experiments;
the standard deviation of the mean is indicated by error bars.

et al., 1994), and a substrate with multiple NLSs could still
interact with endogenous karyopherin a after binding one
molecule of Rchl,yy 559. The endogenous NLS receptor o
subunit could thus mediate the transport reaction. How-
ever, our data do not rule out the possibility that Rchl,44 559
could enter the nucleus via diffusion.

In our experiments, Rchl,,y 5,9 Wwas found to accumulate
in the nuclei over a 2.5-h period (Fig. 1), while Gallay et al.
(1996) reported that Rchl,y, 59 Wwas exclusively cytoplas-
mic at ~48 h after the corresponding cDNA was trans-
fected into 293S cells. This discrepancy might be explained
by the very different times at which localization was as-
sayed. When cells were microinjected with cDNA encod-
ing Rchl,y 559 and incubated for extended time periods,
nuclear accumulation of the protein was initially observed
for ~4-5 h, but after that nuclear staining was reduced
(data not shown). Slow leaking from the nucleus has been
observed with other proteins. For example, pyruvate ki-
nase injected into the nuclei of Xenopus oocytes was grad-
ually transported out of the nucleus (Schmidt-Zachmann
et al., 1993).

Compared with the nuclear export of pyruvate kinase,
nuclear export of Rchls; 559 was very rapid (Fig. 2). The
high concentration of NLS receptor « subunit in the cyto-
plasm, which probably depends on the fast export reaction
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from the nucleus, could be very important in maintaining
directionality in the import reaction. Rchl,y 5,9, however,
proved to be deficient in this fast nuclear export reaction
(Fig. 2). The fast nuclear exit of Rch1 is mediated by a se-
quence in the region between aa 207 and 217 (Figs. 4 and
5) that probably carries an NES since the HIV Rev NES
fused to Rchl,4, sy restored nuclear export of the deletion
mutant to a very similar extent as aa 207-217 (Fig. 5). Typ-
ically, NESs contain several Leu-residues and are rich in
hydrophobic amino acids (for review see Gerace, 1995;
Nigg, 1997). The region 207-217 in Rchl shows similar
characteristics: Rchl, DPLPLLALLAVPD; PKI NES,
LALKLAGLDI (Wen et al., 1995); and Rev NES, LPPL-
ERLTL (Fischer et al., 1995; Wen et al., 1995). Interest-
ingly, the leucine residues indicated in bold are conserved
among human Rch1, mouse importin, Xenopus importin 1,
and yeast SRP1p « subunits, and residues indicated in ital-
ics are similar (Yano et al., 1992; Cuomo et al., 1994; Gor-
lich et al., 1994; Imamoto et al., 1995a), consistent with
their probable importance in Rchl function. We have
shown here that the conserved leucines are necessary for
the NES activity of amino acids 207-217.

The pathway of karyopherin « recycling must be differ-
ent from that for its entry into the nucleus to achieve accu-
mulation of nuclear proteins in the nucleus. One mecha-
nistic difference probably lies in the proteins that accompany
karyopherin a during the transport through the pore in the
import and export reactions. Import of karyopherin « is
mediated by karyopherin B, whereas export is not, since
the IBB domain of karyopherin a supports only nuclear
entry, but not exit of karyopherin « (Gorlich et al., 19964;
Weis et al., 1996). Our data indicate that Rchl export de-
pends on an NES and on energy, suggesting a receptor-
mediated export reaction. However, the putative export
receptor and other proteins required for recycling remain
to be identified. Interestingly, Aitchinson et al. (1995) re-
ported that a yeast mutant that lacked Nup120p and dis-
played defects in mRNA export also accumulated impor-
tin « in the nucleus, pointing to a possible role for NPC
proteins in receptor recycling.

A Role for RCC1 in Rch1 Recycling to the Cytoplasm

RCC1 was also found to be a requirement for the recycling
of the NLS receptor a subunit. Loss of RCC1 in tsBN2
cells led to nuclear accumulation of cytoplasmically in-
jected Rchls;_sy9 (Fig. 7). The time course of nuclear accu-
mulation of Rchls;_sy9 depicted in Fig. 7 B shows that when
tsBN2 cells were shifted to the restrictive temperature di-
rectly after the injection, the Rchl distribution was pre-
dominantly cytoplasmic for about the first hour. By 2 h af-
ter the shift-up, however, the intensity of nuclear staining
of Rchls;_ 5,9 was markedly increased and continued to in-
crease over the time period monitored. We speculate that
during the first hour after shift-up, active RCC1 was still
present. This time course is consistent with the observa-
tion that inhibition of nuclear protein import in vivo in
tsBN2 cells was first detectable after 2 h at the restrictive
temperature (Dickmanns et al., 1996). Trapping of Rch1 in
the nucleus, as observed here, may well be responsible for
the nuclear protein import defect of tsBN2 cells at the re-
strictive temperature.
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On the other hand, export of free receptor from the nu-
cleus to the cytoplasm was not dependent on RCC1 (Fig.
8). Since inactivation of the RCC1 homologue prp20 in
yeast also resulted in nuclear accumulation of the yeast
Rch1 homologue (Koepp at al., 1996), the authors specu-
lated that RanGTP supplied by prp20 might be necessary
for the exit of the yeast NLS receptor a subunit from the
nucleus. However, we demonstrate here that at least for
tsBN2 cells, the exit event itself was not affected by the
loss of RCC1 (Fig. 8). While this manuscript was under re-
vision, Richards et al. (1997) independently demonstrated
that RCC1 was not necessary for nuclear export of an
NES-bearing protein. Nevertheless, RanGTP did appear
to be necessary for export. These findings are consistent
with our proposal that RCCI1 plays a role in an earlier step
of NLS receptor recycling.

RanGTP, but not RanGDP, was reported to destabilize
the karyopherin a8 heterodimer in vitro (Rexach and Blo-
bel, 1995; Moroianu et al., 1996b). We confirm this result
here using a solid phase assay and show that Ran, GTP,
and RCCI release an NLS-bearing protein from an NLS
receptor/substrate complex or prevent formation of these
complexes (Fig. 9 C). These results, taken together with
our in vivo data, suggest that RCC1 could induce the disas-
sembly of the import complex by providing RanGTP,
which dissociates karyopherin 8 from the import complex,
thereby lowering the affinity of karyopherin o to NLSs
(Rexach and Blobel, 1995). RanGTP will therefore facili-
tate the release of the imported protein from the NLS re-
ceptor a subunit, which in turn would be a prerequisite for
the recycling of the « subunit. Interaction of the imported
protein with other nuclear proteins or DNA, and/or asso-
ciation of karyopherin a with other proteins involved in
the recycling process, could then promote the dissociation
of import substrate from the o subunit.
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