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ABSTRACT Using binding assays, we discovered an in-
teraction between karyopherin a2 and the nucleoporin
Nup153 and mapped their interacting domains. We also
isolated a 15-kDa tryptic fragment of karyopherin 81, termed
B1*, that contains a determinant for binding to the peptide
repeat containing nucleoporin Nup98. In an in vitro assay in
which export of endogenous nuclear karyopherin a from
nuclei of digitonin-permeabilized cells was quantitatively
monitored by indirect immunofluorescence with anti-
karyopherin « antibodies, we found that karyopherin «
export was stimulated by added GTPase Ran, required GTP
hydrolysis, and was inhibited by wheat germ agglutinin.
RanGTP-mediated export of karyopherin « was inhibited by
peptides representing the interacting domains of Nup153 and
karyopherin a2, indicating that the binding reactions detected
in vitro are physiologically relevant and verifying our mapping
data. Moreover, 1%, although it inhibited import, did not
inhibit export of karyopherin . Hence, karyopherin « import
into and export from nuclei are asymmetric processes.

Macromolecular export from the nucleus has been studied pri-
marily by in vivo assays. The most widely employed of these assays
uses microinjection of a reporter substrate into nuclei of intact
amphibian oocytes with export of the reporter into the cytoplasm
subsequently detected after manual dissection of the oocyte into
cytoplasmic and nuclear fractions. Another in vivo assay, primar-
ily employed in yeast, is to detect poly(A) containing mRNA by
in situ hybridization with oligo(dT) probes; in various conditional
mutants defects in export show up at the restrictive temperature
as accumulation of poly(A) containing mRNA in the nucleus (for
review see ref. 1). While many important insights have been
gained from these in vivo assays they are of limited suitability for
a step by step biochemical dissection of the many reactions
involved in nuclear export.

So far only one in vitro assay for nuclear export has been
described. In this assay, nuclei of digitonin-permeabilized cells
were first loaded with a reporter substrate (fluorescently labeled
human serum albumin [HSA] coupled to a nuclear localization
sequence [NLS]) during a 30 min import reaction, then were
washed to remove excess reporter, and finally were incubated
again in a 30 min export reaction after which the nuclear
fluorescence of the reporter was quantitated. Export of NLS/
HSA was observed to be dependent on Ran and on GTP
hydrolysis and was inhibited by wheat germ agglutinin (2).
However, it is not yet clear, whether export of NLS proteins from
the nucleus is physiologically relevant (for contradictory results
see refs. 3 and 4). Moreover, although nuclear envelopes of
digitonin-permeabilized cells remained intact during the 30 min
incubation for import, we recently found that some nuclei became
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leaky during subsequent manipulations, i.e., either during wash-
ing or the 30 min incubation period for export. Leakiness of the
envelope was surmised because the normally transport factor-
dependent uptake of a fluorescently labeled reporter occurred in
the absence of added transport factors (J.M. and G.B., unpub-
lished data).

We therefore modified the previously developed export
assay. Instead of assaying for export of an in vitro imported
reporter, we assayed for export of an endogenous protein from
nuclei of digitonin-permeabilized cells, thereby reducing ma-
nipulations to a single 30 min incubation for export during
which the nuclear envelope remained intact. Export of the
given endogenous nuclear protein was assessed by quantita-
tively monitoring the reduction of the indirect nuclear immu-
nofluorescence elicited with cognate antibodies. The endog-
enous nuclear protein that we have chosen for our export
studies here is karyopherin «. In the cytoplasm, this protein
forms a heterodimeric complex with karyopherin B1. The
heterodimer binds to an NLS protein via its « subunit and to
a subgroup of peptide repeat containing nucleoporins via its 8
subunit (5-16). Following Ran and p10-mediated import (17—
22), the NLS protein is translocated into the nucleus, along
with karyopherin «, whereas karyopherin 81 stays behind at
the NPC (8, 16). To mediate another round of import, karyo-
pherin « must be recycled into the cytoplasm. Hence karyo-
pherin «a is a protein that shuttles between the cytoplasm and
the nucleus and export of endogenous nuclear karyopherin «
therefore is a physiologically relevant process.

To learn more about the events that might be involved in
export of karyopherin «, we undertook binding studies to
identify putative binding partners for karyopherin a. We
discovered that karyopherin o2 bound directly to Nup153. This
nucleoporin is located on the nucleoplasmic side of the NPC
(23) and is associated with fibers that extend from the NPC
into the interior of the nucleus (24-26). We mapped the
domains of karyopherin &2 and of Nup153 interacting with
each other. We also identified a domain of karyopherin 1 that
interacts with the repeat domain of Nup98, another nucleo-
plasmically located nucleoporin. Taking advantage of the fact
that peptides representing these domains readily gain access to
the nucleus via diffusion across the central tube of the nuclear
pore complex (NPC) (27), we investigated their effects on in
vitro export of karyopherin «2. We found that export of
karyopherin a2 involves its direct interaction with Nup153. In
contrast, the domain of karyopherin B1 that interacts with
peptide repeat nucleoporins does not affect export, while it
completely inhibits import of NLS/HSA.

MATERIALS AND METHODS

Preparation of Recombinant Transport Factors, Transport
Factor Segments, and Synthetic Peptides. The full-length

Abbreviations: HSA, human serum albumin; NLS, nuclear localization
sequence; NPC, nuclear pore complex; Nup, nucleoporin.
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recombinant human proteins: karyopherin «2 (10), karyo-
pherin B1 (13), Ran (28), and pl0 (8) were prepared as
described. The purified proteins at a concentration of 1 mg/ml
of transport buffer (20 mM Hepes'KOH, pH 7.3/110 mM
KOAc/2 mM Mg(OAc);/1 mM EGTA/2 mM DTT) were
aliquoted, frozen in liquid N», and stored at —70°C until use.

The recombinant C-terminal fragment of karyopherin o2,
termed a2-C, comprising residues 453-529, was prepared by
using PCR with primers containing restriction sites for inser-
tion into the pET21b vector; expression in Escherichia coli
BL21(DE3) was induced by 1 mM isopropyl B-D-thiogalacto-
side for 3 hr at 30°C. The Hiss-tagged protein was purified as
described (8).

The recombinant C-terminal fragment of the nucleoporin
Nup153, termed Nup153-1, comprising residues 956-1468, was
expressed as a Hisg-tagged protein (see above) and purified
from inclusion bodies as described previously for the nucleo-
porin Nup98 (29).

The following peptides were synthesized, each with an
N-terminal cysteine added for coupling purposes: Nup153-C:
CGTSVSGRKIKTAVRRKK, representing amino acid resi-
dues 1452-1468 of Nupl53; Nupl53-Cr: CKKRRVAT-
KIKRGSVSTG, representing the reverse of Nup153-C; NLS
of simian virus 40 T antigen: CYTPPKKKKRKVED; nuclear
export sequence: CLPPLERLTL.

Conjugation of peptides to HSA was done as described (30)
using 1 mg peptide per 1 mg activated HSA. As assayed by
SDS/PAGE the conjugate was estimated to contain a mean of 10
peptides per HSA. Subsequent coupling of the peptide/HSA
conjugate to AffiGel was judged to be 100% effective as no
peptide/HSA could be detected in a supernatant after centrifu-
gation.

Nuclear Export Assay. HeLa cells grown to subconfluency
on a coverslip were permeabilized on ice during a 5 min
incubation with 1 ml transport buffer containing 35 ug digi-
tonin. The cells were washed once with 1 ml of ice-cold
transport buffer. They were then either immediately fixed (see
below) or first incubated for 30 min at 20°C in a 20 ul export
reaction, washed in 1 ml of ice-cold transport buffer and then
fixed. The 20 ul export reaction contained: 1 ul of 20 mg/ml
BSA, 1 ul of 20 mM ATP, 1 ul of 20 mM GTP, 1 pul of 100 mM
phosphocreatine, and 1 ul of 400 units/ml creatine kinase,
various peptides and proteins in transport buffer (as indicated)
and transport buffer to adjust the total volume to 20 ul. Cells
were fixed by incubation, first for 15 min on ice in 3.7%
formaldehyde in transport buffer, and then for 3 min at —20°C
in methanol. For indirect immunofluorescence staining, cells
were incubated, for 1 hr at 20°C and in 200 wpl, first with
solution A (2% BSA in PBS), then with rabbit anti-
karyopherin «l antibodies (diluted 1:100 in solution A),
washed three times with 1 ml of solution A, incubated with
fluorescein isothiocyanate-labeled goat anti-rabbit IgG (Sig-
ma) (diluted 1:100 in solution A), and again washed three times
in solution A. In a control experiment, where the incubation
with the anti-karyopherin a1 antibodies was omitted, there was
no detectable immunofluorescent signal. Fluorescence micros-
copy and quantitation was done as described (30). For quan-
titation, the fluorescence of 70 nuclei from 10-12 nonover-
lapping, randomly chosen fields was averaged.

Isolation of a Tryptic Fragment of Karyopherin 31 That
Binds Nup98. Karyopherin 81 (7) (200 ug) in transport buffer
was incubated with 20 ul immobilized TPCK trypsin (Pierce)
at 20°C. Following centrifugation, the supernatant was incu-
bated for 30 min at 20°C with 100 ul of packed AffiGel beads
(Bio-Rad) containing 200 ug of Nup98-1 (29). After washing
with transport buffer, bound peptide was eluted with 200 ul of
2 M NaCl and analyzed by SDS/PAGE and Coomassie blue
staining. The SDS/PAGE-resolved 15-kDa fragment was sub-
jected to partial N-terminal sequence analysis (31).
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Other Procedures and Materials. Nuclear import assays (8),
solution binding assays (32, 33), and fluorescent labeling (6)
were as described. Rabbit anti-human karyopherin ol anti-
serum was kindly provided by Robert O’Neill and Peter Palese.

RESULTS

Export of Endogenous Nuclear Karyopherin a1 and a2 Re-
quires Ran and GTP Hydrolysis. Digitonin-permeabilized HeLa
cells were incubated for 30 min at 20°C in an export reaction
containing transport buffer, GTP, and an energy-generating
system. Export of endogenous karyopherin a was monitored by
indirect immunofluorescence with karyopherin «l antibodies
which in addition to karyopherin a1 also recognize karyopherin
a2 (34). The endogenous karyopherin « (1 and 2) that is present
in nuclei of digitonin-permeabilized cells could be readily visu-
alized by this procedure (Fig. 14a). After a 30 min incubation in
the export reaction, there was a slight reduction in the immuno-
fluorescent signal (Fig. 1A4b), which amounted to at most 15%
(Fig. 1B). However, when Ran was added to the export reaction,
there was a dramatic loss of immunofluorescent signal (Fig. 1A4c),
amounting to almost 60% of that observed at the zero time point
(Fig. 1B). Replacement in the export reaction of GTP by GDP or
GMP-PNP (Fig. 1B) or addition of wheat germ agglutinin (Fig.
1Ad) inhibited the Ran-mediated export of karyopherin «.
Moreover, when Ran was replaced by a mutant Ran that is unable
to hydrolyze GTP (35), there was inhibition of the Ran-mediated
export of karyopherin « (Fig. 1B). Together these results indicate
that nuclear export of endogenous karyopherin al and o2 is
stimulated by exogenously added Ran, requires GTP hydrolysis,
and is inhibited by wheat germ agglutinin.

The C-Terminal Region of Karyopherin a Binds Directly to
the C-Terminal Region of Nupl53. Peptide repeat containing
nucleoporins are known to provide docking sites for karyopherin
B1 (8,9, 21, 36) as well as B2 (37-39), B3 (40, 41), and B4 (41).
The existence of direct binding sites on mammalian nucleoporins
for karyopherin « has so far not been reported. In overlay blots,
using SDS/PAGE-separated proteins of rat liver nuclear enve-
lopes, we found Nupl53 to be a major karyopherin o2 binding
protein (data not shown). To map Nupl53’s binding site for
karyopherin a2 we prepared a recombinant fragment of Nup153,
Nup153-1, that comprises its C-terminal third (Fig. 2). Immobi-
lized Nup153-1 was incubated with recombinant karyopherin o2
in a binding assay and the bound and unbound fractions were
analyzed by SDS/PAGE (Fig. 34). Karyopherin «2 bound to
Nup153-1 (Fig. 34, lane 1). Interestingly, this binding was con-
siderably stimulated in the presence of synthetic NLS peptide
(lane 2) (see below and Discussion).

Because yeast karyopherin « was found to bind to a synthetic
18 mer representing the C-terminal region of the yeast nucleo-
porin, Nupl, and because this region of Nupl is homologous
to the C-terminal region of mammalian Nup153 (M. Rexach
and G.B., unpublished data), we tested a synthetic peptide,
representing the C-terminal 17 residues of Nup153 (Fig. 2),
termed Nupl53-C, for its ability to bind karyopherin o2.
Indeed, immobilized Nup153-C bound karyopherin o2 and
this binding was again stimulated by NLS peptide (Fig. 3B),
similar to the observed stimulation of yeast karyopherin «
binding to the C-terminal domain of yeast Nupl (M. Rexach
and G.B., unpublished results). Together these data indicate
that although Nup153-C shares with NLS a preponderance of
basic residues, its binding to karyopherin o2 does not mimic
that of an NLS (see below and Discussion).

The binding site for karyopherin 2 on Nupl53-1 was
indeed localized to Nupl153-1’s C-terminal region, as the
peptide Nup153-C competed for binding (Fig. 3C, lanes 1 and
2). Moreover, the binding was specific, as a peptide of the
reverse sequence, termed Nup153-Cr, rather than competing,
actually stimulated binding (lane 3) (see Discussion).
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Fi6. 1. Nuclear export of endogenous karyopherin « requires Ran,
and GTP hydrolysis and is inhibited by wheat germ agglutinin. (4)
Digitonin permeabilized HeLa cells were either fixed immediately (0 min
time point, a); or were first incubated in an export reaction for 30 min
either in the absence of Ran (b); or in the presence of 3 uM Ran (c); or
in the presence of 3 uM Ran and 4 ug wheat germ agglutinin (d) and then
fixed. The fixed cells were indirectly immunostained using antibodies
against karyopherin al (crossreacting also with karyopherin o2). (B)
Quantitation of immunofluorescence (see Materials and Methods) of the
experiment shown in A and of additional export reactions. Data were
expressed as percentage of the nuclear immunofluorescence of karyo-
pherin « in cells fixed immediately after digitonin permeabilization (see
0 min time point, panel a of (4). Additional export reaction were
performed in the presence of either 3 uM mutant Ran that is unable to
hydrolyze GTP; or 3 uM Ran and 1 mM GMP-PNP (guanosine 5'-[B,y-
amido|triphosphate); or 3 uM Ran and 1 mM GDP.

As Nup153-C is strongly basic we reckoned that its cognate
binding domain might be located in karyopherin o2’s C-
terminal region that contains several stretches of acidic resi-
dues. We therefore prepared a recombinant fragment of
karyopherin a2 that comprises residues 453-529 and that was
termed o2-C (Fig. 2). Indeed, we found that immobilized
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F1G. 2. Recombinant fragments and synthetic peptides of the
nucleoporin Nup153 and of karyopherin o2 used in this study. The
FXFG repeat containing region of Nup153 is indicated by a dashed
line. Basic residues of the synthetic peptide, Nup153-C, and of its
reverse peptide, Nup153-Cr, are indicated in bold letters and an added
N-terminal cysteine is italicized. ARM, region of 42 residue-long
armadillo repeats in karyopherin a2.

Nup153-C bound o2-C (Fig. 3D, lane 2). The corresponding
C-terminal domain of karyopherin «l has previously been
shown to contain the binding site for NLS protein (32). It was
therefore not surprising that immobilized NLS also bound to
a2-C. These data indicated that the C-terminal region of
karyopherin a2 contained binding sites both for NLS and
Nup153. Further mapping of «2-C will determine whether
these two sites are separate or whether they overlap.

Specific Inhibition of Karyopherin a Export by Nup153-C
and a2-C. To test whether the interactions between karyo-
pherin o2 and Nup153 are physiologically relevant, we added
peptides representing these domains to the export reaction.
The Ran stimulated export of karyopherin a was indeed
inhibited by Nup153-C but not by its counterpart, Nup153-Cr,
containing the sequence in reverse (Fig. 4). As expected,
Ran-stimulated export of karyopherin a was not affected when
NLS peptide was included in the export reaction (Fig. 4). These
data indicated that during export, karyopherin «2 interacted
directly and specifically with the C-terminal region of Nup153
and that the NLS peptide did not affect this interaction.

The test whether the a2-C fragment affected export of
karyopherin « could not be done by the indirect immunoflu-
orescence assay as anti-karyopherin « antibodies also react
with a2-C fragment. To circumvent this problem we used a
variation of our previously described export assay: nuclei of
digitonin-permeabilized cells were first loaded with fluores-
cently labeled karyopherin &2 in an import reaction, were then
washed to remove unimported karyopherin 2, and were then
incubated in an export reaction containing Ran and the o2-C
fragment. As expected, Ran stimulated export of the in vitro
imported karyopherin o2 (compare Fig. 5 A and B). Most
importantly, «2-C inhibited the Ran stimulated export of
karyopherin o2 (Fig. 5C). We also found that neither
Nup153-C nor «2-C inhibited nuclear import of fluorescently
labeled karyopherin o2, at least not at the concentrations used
in the nuclear export reaction (data not shown). However,
a2-C inhibited import of NLS/HSA (data not shown). Taken
together these data indicated that export of karyopherin «
required interaction of karyopherin o’s C-terminal region with
Nup153.
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Fic. 3. Karyopherin a2’s C-terminal region binds specifically to
the C-terminal region of the nucleoporin Nup153. Underlined are
various AffiGel-immobilized recombinant fragments or synthetic pep-
tides, whereby the given amounts were calculated based on a 100%
coupling efficiency (see Materials and Methods). The AffiGel-
immobilized components were incubated with various soluble com-
ponents as indicated and the bound and unbound fractions were
analyzed by SDS/PAGE and Coomassie blue staining. (4) Immobi-
lized Nup153-1 (2.5 uM) was incubated with either 1 uM karyopherin
a2 alone (lane 1) or together with 30 uM of NLS peptide. (B)
Immobilized Nup153-C (15 uM) was incubated with 1 uM karyo-
pherin o2 alone (lane 1) or together with 30 uM NLS peptide (lane
2). (C) Immobilized Nup153-1 (2.5 uM) was incubated with 1 uM
karyopherin a2 alone (lane 1), or together with 15 uM Nup153-C (lane
2) or 15 uM Nup153-Cr (lane 3). (D) Immobilized NLS peptide (6
uM) or immobilized Nup153-C (6 uM) was incubated with 6 uM
karyopherin a2-C, lanes 1 and 2, respectively.

Karyopherin 31 Is Not Directly Involved in Export of Karyo-
pherin a. To investigate whether karyopherin B1 might be
involved in export of karyopherin «, we mapped a binding site of
karyopherin B1 for the peptide repeat region of the nucleoplas-
mically exposed Nup98. Karyopherin 81 was subjected to limited
proteolysis by immobilized trypsin. Following incubation of the
tryptic fragments with immobilized Nup98, the bound material
was eluted with 2 M NaCl and analyzed by SDS/PAGE and
Coomassie blue staining. We obtained a fragment that migrated
like a peptide of ~15 kDa and that was termed p1* (Fig. 64).
Partial N-terminal sequencing of 81* yielded a sequence that was
identical to residues Asn-92 to Ser-107 of karyopherin 81. When
tested in an import assay, 81* inhibited import of NLS/HSA (Fig.
6B). However, B1* did not inhibit Ran-stimulated export of
karyopherin « (Fig. 6C). These data indicated that karyopherin
« export did not require interaction of karyopherin 1 with the
peptide repeat region of Nup98 and probably also the peptide
repeat containing regions of other nucleoporins with which
karyopherin 1 is known to interact (8).
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FiG. 4. Inhibition of endogenous karyopherin « export by
Nup153-C, but not by Nup153-Cr or NLS peptides. After a 30 min
incubation in the export reaction with either 3 uM Ran alone or
together with 250 uM Nup153-C, or 250 uM Nup153-Cr, or 250 uM
NLS, export of karyopherin o was quantitated as described in Fig. 14.

DISCUSSION

We have shown here that in vitro export of endogenous
karyopherin o from nuclei of digitonin-permeabilized cells
required exogenously added Ran and GTP hydrolysis, as the
nonhydrolyzable GTP analog, GMP-PNP, as well as a mutant
form of Ran, unable to hydrolyze GTP, inhibited export. These
results confirm and reinforce those of our previous experi-
ments in which the export of an in vitro imported reporter
(NLS/HSA) was also shown to require exogenously added Ran
and GTP hydrolysis (2). Although it is still debated whether
NLS proteins undergo export in vivo (3, 4), there can be no
doubt about the physiological significance of karyopherin «
export, as it belongs to a family of proteins which shuttles
repeatedly between the nucleus and the cytoplasm.

By the criterion of extractibility with the nonionic detergent
Triton X-100 which disrupts nuclear envelopes, there are two
distinct nuclear pools of karyopherin «, one that is extracted by
Triton X-100 and that represents ~50% of the intranuclear pool
after digitonin permeabilization, and the other 50% that is not
extracted by Triton X-100 (J.M. and G.B., unpublished data). It
is likely that the export of karyopherin « from the nucleus into the
cytoplasm consists of a series of reactions that begins with
mobilization of karyopherin « from intranuclear binding sites, is
followed by intranuclear transport from the intranuclear binding
sites to the NPC, and is completed by transport across the NPC.
It remains to be determined at which of these steps of nuclear
export Ran and GTP hydrolysis are required.

30 min

0 min 30 min

Ran Ran +a2-C

F16. 5. Recombinant karyopherin «2-C inhibits export of in vitro
imported karyopherin 2. 0.5 uM fluorescently labeled karyopherin
a2, 0.3 uM karyopherin 81,3 uM Ran, and 0.2 uM p10 were incubated
in a 15 min import reaction with digitonin-permeabilized HeLa cells
(8). After washing, cells were either immediatedly fixed (4) or
incubated in a 30 min export reaction in the presence of 3 uM Ran (B)
or 3 uM Ran and 25 uM karyopherin o2-C (C).
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FIG. 6. [Isolation of a 15-kDa tryptic fragment of karyopherin 81 that binds to the nucleoporin Nup98 and that inhibits import of NLS/HSA
but not export of endogenous karyopherin a. (4) After limited trypsin digestion of recombinant karyopherin 81, a karyopherin p1 fragment of
an estimated molecular mass of 15 kDa, termed B1*, was isolated by affinity chromatography on immobilized Nup98, eluted by 2 M NaCl and
analyzed by SDS/PAGE and Coomassie blue staining. Numbers on the left indicate molecular mass markers. (B) Fluorescently labeled NLS/HSA
was imported into nuclei of digitonin-permeabilized HeLa cells in the presence of 0.5 uM karyopherin o2, 0.3 uM karyopherin g1, 3 uM Ran,
and 0.2 uM p10 (Upper) and in the additional presence of 40 uM B1*. (C) Export of endogenous karypherin « from digitonin-permeabilized HeLa
cells was quantitatively analyzed as in Fig. 1B after a 30 min export reaction in the presence of 3 uM Ran alone or in the presence of 3 uM Ran

and 40 uM B1*.

To analyze the mechanism of export at the level of the NPC we
adopted a strategy of first identifying interactions of karyopherin
a2 with known nucleoporins in binding assays, and then to map
these interactions to sufficiently small domains of the interacting
partners. If these interactions were to involve nucleoporins on the
nucleoplasmic side of the NPC, peptides representing these
domains and able to diffuse into the nucleus through the central
tube of the NPC, should interfere with export and would thus
provide strong evidence not only for the physiological significance
of the interaction but also for the proper mapping of the
interacting domains. This strategy should, in principle, be useful
for analyzing any of the intranuclear reactions required for
transport of karyopherin « to and across the NPC. It should also
be useful for analyzing the export of other proteins or RNPs that
need to be exported from the nucleus.

Our data here show that this strategy indeed led to the
identification of an intranuclear reaction that is required for
nuclear export of karyopherin o2. In overlay assays with
SDS/PAGE-separated proteins of a nuclear envelope fraction
we found that Nupl53 is a major karyopherin o2 binding
protein (data not shown). By using binding assays with recom-
binant proteins, recombinant protein fragments and synthetic
peptides, we mapped the interacting domains to the acidic
C-terminal region of karyopherin o2 (residues 453-529) and to
the basic C-terminal region of Nup153 (residues 1452-1468).
Most importantly, peptides representing these regions of
Nup153 and of karyopherin «2, Nup153-C and «2-C, respec-
tively, when added to the in vitro export reaction, inhibited
export of karyopherin «. These results clearly identified the
karyopherin «2-Nupl53 interaction as one of the reactions
involved in nuclear export of karyopherin «. That export of
both karyopherin al and a2 was inhibited by the C-terminal
region of karyopherin a2 was likely due to the fact that
karyopherin a1 also interacted with Nup153 (data not shown).
Although we have not yet mapped the domain of karyopherin
al that interacts with Nup153, the sequence similarity between
al and o2 provides a likely explanation for the observed
inibibition of karyopherin al export by a2-C.

Nup153 has been identified as a nucleoplasmically exposed
nucleoporin (23). However, its sublocalization to either the
terminal ring of the nuclear basket of the NPC (24) or to fibers
extending from the NPC to the interior of the nucleus (25, 26)
is still controversial. Hence the observed inhibition of karyo-
pherin « export by Nup153-C could affect both intranuclear
transport and transport across the NPC.

Our data clearly show that the Nup153-C peptide, although it
contains clusters of basic residues characteristic of those in NLS,
does not function as an NLS, as Nup153-C binding to karyopherin
a2 could not be inhibited by a synthetic NLS peptide. To the
contrary, binding of karyopherin 2 to immobilized Nup153-C
was stimulated by NLS peptide. Moreover, if Nup153-C would
have NLS activity it would be expected to inhibit import of NLS
protein in an in vitro import assay, which it did not, at least not
when used at the concentration at which it inhibited export (data
not shown). Our finding that Nup153’s C-terminal region does
not display NLS activity is in agreement with previously reported
results on the expression of various Nup153 regions in cultured
cells, as an expressed C-terminal region of Nup153, similar to our
Nup153-1 fragment, did not enter the nucleus, but remained in
the cytoplasm (42). Interestingly, expressed Nup153 fragments
located either in the nucleoplasm or the cytoplasm inhibited
mRNA export from the nucleus, as long as these fragments
contained the C-terminal region of Nup153 (42). It was proposed
that inhibition of mRNA export might occur by Nup153’s C-
terminal region titrating a soluble “export” factor that is distrib-
uted between both the nucleus and the cytoplasm. Karyopherin
a might be a candidate for this soluble export factor (see below).

The binding of karyopherin a2 to Nupl53-C is clearly
specific as it could not be inhibited by a peptide of the reverse
sequence, termed Nupl153-Cr. To the contrary, Nup153-Cr
stimulated binding of karyopherin o2 to Nupl53-C. As a
similar stimulation of binding was also observed for synthetic
NLS, the Nupl53-Cr peptide may have acquired NLS-like
properties, although we have not tested whether it can mediate
import of proteins into the nucleus.

The observed stimulation of binding of karyopherin o2 to
Nup153 by NLS peptide is intriguing. We have previously shown
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that karyopherin « contains both an NLS (at the N-terminal
region) and an NLS receptor function (at the C-terminal region)
allowing for homophilic interactions (32). We also showed that
karyopherin o’s NLS region overlaps with its binding region for
karyopherin . Binding to karyopherin $ therefore covers karyo-
pherin «’s NLS and stimulates binding to a heterologous NLS
protein (32). Similarly, binding of NLS to karyopherin « may
compete with karyopherin «’s homophilic interaction and facili-
tate exposure of karyopherin «’s binding site to Nup153 and
thereby stimulate binding. It remains to be investigated whether
the observed NLS-mediated stimulation of karyopherin « binding
to Nup153 is physiologically relevant. Although karyopherin «
might recycle back into the cytoplasm without cargo, its ability to
bind both NLS and Nupl53 suggests that it might be able to
mediate export of NLS proteins or NLS proteins bound to RNA.
If karyopherin a would indeed mediate both NLS protein import
and export, NLS containing proteins might undergo futile recy-
cling reactions between the nucleus and the cytoplasm in a
potential merry-go-round unless their NLSs are masked, either in
the cytoplasm or in the nucleoplasm.

It is likely, that karyopherin « interaction with other nucleo-
porins is required for its export as well. We found that
karyopherin o2 also interacted with the C-terminal region, but
not with the peptide repeat containing region of Nup98 (data
not shown). Like Nup153, Nup98 is a nucleoplasmically ex-
posed nucleoporin. Interestingly, injection into oocyte nuclei
of anti-Nup98 antibodies inhibited export of all RNAs except
for tRNA (43), implying that RNP export requires interaction
with Nup98 as well. Moreover, in yeast, transfer of Nup120A
cells to 37°C resulted in nuclear accumulation of karyopherin
a (44). Nup120p is a yeast nucleoporin that has no peptide
repeats but contains several clusters of basic residues which,
like those of yeast Nuplp and Nup2p (M. Rexach and G.B.,
unpublished data), might interact with karyopherin c.

We also mapped one of karyopherin B1’s binding determi-
nants for the repeat region of Nup98. This was done by limited
trypsin digestion of karyopherin 81 and by affinity purification
of a tryptic fragment on immobilized Nup98. The purified
fragment of about 15 kDa, termed B1*, was partially se-
quenced and shown to begin with Asn-92 of karyopherin B1.
It is likely that B1* represents a determinant for karyopherin
B1 binding also to other repeat containing nucleoporins,
consistent with our finding that B1* inhibited import of
NLS/HSA into nuclei of digitonin-permeabilized cells. In
contrast, B1* had no effect on export of karyopherin «. These
data indicate that interaction of karyopherin 81 with repeat
containing nucleoporins, while required for import of karyo-
pherin «a is not required for its export.

Other lines of evidence also suggest that karyopherin « and
Bl are exported separately. In yeast, karyopherin « but not
karyopherin 81, was found to accumulate in the nucleus, when
most of the cellular Ran is likely to be in GDP bound state (45).
Moreover, nuclear export of karyopherin B1 appears to be
mediated by a nuclear export sequence (46). In contrast, we
found that a synthetic nuclear export sequence peptide had no
effect on nuclear export of karyopherin « (data not shown). As
RanGTP is required for nuclear export of karyopherin a, it is
possible that a nuclear RanGTP binding protein of the 8
karyopherin family may also be involved.

We thank Drs. Robert O’Neill and Peter Palese for antibodies to
karyopherin «; Karsten Weis and Angus Lamond for karyopherin a2/
hSRP1a expressing vector and Stephen Adam for karyopherin 1 express-
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