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Nuclear pore complexes (NPCs) traverse the nuclear envelope (NE), providing a channel through which
nucleocytoplasmic transport occurs. Nup358/RanBP2, Nup214/CAN, and Nup88 are components of the cyto-
plasmic face of the NPC. Here we show that Nup88 localizes midway between Nup358 and Nup214 and
physically interacts with them. RNA interference of either Nup88 or Nup214 in human cells caused a strong
reduction of Nup358 at the NE. Nup88 and Nup214 showed an interdependence at the NPC and were not
affected by the absence of Nup358. These data indicate that Nup88 and Nup214 mediate the attachment of
Nup358 to the NPC. We show that localization of the export receptor CRM1 at the cytoplasmic face of the NE
is Nup358 dependent and represents its empty state. Also, removal of Nup358 causes a distinct reduction in
nuclear export signal-dependent nuclear export. We propose that Nup358 provides both a platform for rapid
disassembly of CRM1 export complexes and a binding site for empty CRM1 recycling into the nucleus.

The nucleus is the defining feature of a eukaryotic cell and
is surrounded by a double membrane known as the nuclear
envelope (NE), which prevents free diffusion of macromole-
cules between the nucleus and the cytoplasm. Nuclear pore
complexes (NPCs) are protein channels residing in the NE,
through which the active and highly specific transport of RNA
and protein between the nucleus and the cytoplasm occurs, a
process known as nucleocytoplasmic transport (24, 54, 65). The
NPC is a modular and complex structure, displaying eightfold
rotational symmetry (10, 50). It is composed of a series of
concentric rings at the plane of the NE, with 80- to 100-nm
filaments extending into the nucleus, distally connected to
form a basket structure, and �50-nm filaments extending into
the cytoplasm (22, 30, 50, 53). Approximately 30 proteins,
termed nucleoporins, constitute the vertebrate NPC and con-
tribute to many of its functions (10). Many nucleoporins form
subcomplexes, and they collectively afford the structural integ-
rity of the NPC and its assembly and disassembly during mi-
tosis in higher eukaryotes, as well as playing a functional role
in nucleocytoplasmic transport (60, 65).

Immunoelectron microscopy (EM) studies using a variety of
techniques and antibodies have revealed ultrastructural local-
izations of nucleoporins within the NPC (for example, see
reference 63). These localizations can be used to explain how
certain substructures of the NPC contribute to specific func-
tions. Definitive localization of nucleoporins has been impor-
tant for developing models to explain selective translocation
through the NPC (8, 51, 54). For example, members of a subset
of nucleoporins containing FG repeats are thought to generate

a hydrophobic barrier at the NPC, permeable only to trans-
port-competent macromolecules, which suggests that they are
localized at accessible regions of the NPCs, lining the translo-
cation route (51, 54).

Three vertebrate nucleoporins are reported to localize ex-
clusively to the cytoplasmic face of the NPC, Nup214/CAN,
Nup88, and Nup358/RanBP2. Nup214 has been localized close
to the midplane of the NE, possibly as a component of the
cytoplasmic ring (34, 64), and interacts with Nup88 to form a
stable subcomplex (6, 20, 41). The mechanism for targeting this
Nup88-Nup214 subcomplex to the NPC during nuclear assem-
bly apparently requires both proteins, since depletion of
Nup214 from mouse embryos caused mislocalization of Nup88
from the NPC, and the Nup214 interaction domain of Nup88
expressed in BHK cells mislocalized Nup214 to the cytoplasm
(6, 18, 20). Nup88 is present at an estimated 32 copies/NPC,
compared to only 8 copies of Nup214 (10), and the ultrastruc-
tural localization of Nup88 at the NPC is currently unknown.
Nup358/RanBP2 is localized to the cytoplasmic filaments of
the NPC (64, 67, 69). Transmission electron microscopy
(TEM) analysis of purified Nup358/RanBP2 revealed a
�36-nm filamentous structure, and depletion of Nup358 from
Xenopus egg extracts caused assembly of NPCs lacking detect-
able cytoplasmic filaments, indicating Nup358 as a major, and
possibly the only, nucleoporin constituent of these filaments
(12, 64). No nucleoporin binding partners have been found for
Nup358; therefore, the molecular association of the cytoplas-
mic filaments with the NPC is unknown. Nup88 and also
Nup214 represent possible candidates, although in vitro-as-
sembled Nup214-depleted NPCs did have cytoplasmic fila-
ments (64).

Soluble transport receptors are carriers that mediate the
active transport of macromolecules through the NPC (23, 60).
Biochemical studies have shown that for groups of transport
substrates there is a specific transport receptor that utilizes a
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subset of nucleoporins to translocate the NPC (46). Many
nucleoporins have been shown to bind certain transport recep-
tors in vitro, providing primary indication of their roles in
specific transport pathways. However, the precise roles of these
proteins in vivo largely remain to be determined, and in ver-
tebrates only a few nucleoporins have been shown to play
dominant roles in specific transport pathways using model sys-
tems, such as in vitro nuclear assembly of Xenopus egg extracts,
the use of antibodies, or overexpression in cultured cells and
knockout mice (for example, see references 5, 58, and 63).
Nup214 has been shown to interact with several import recep-
tors in vitro (45, 68); however, depletion of Nup214 from
Xenopus egg extracts resulted in assembly of synthetic nuclei
still capable of nuclear protein import (64), illustrating that
biochemical evidence is not necessarily indicative of an impor-
tant functional role. With the advent of new techniques, in-
cluding RNA interference (RNAi), more direct functional
roles of nucleoporins in specific nucleocytoplasmic transport
pathways in vertebrates can be investigated, as has been dem-
onstrated for the role of the Nup107 nucleoporin subcomplex
in NPC assembly (26, 61).

Proteins to be exported from the nucleus, including tran-
scription factors and certain shuttling proteins, carry a short
and hydrophobic nuclear export signal (NES), which was orig-
inally discovered in human immunodeficiency virus type 1
(HIV-1) REV and PKI (16, 66). CRM1 is the transport recep-
tor that recognizes NES-containing substrates (1, 19, 21, 48,
56), and it belongs to a group of export receptors or exportins
that bind their substrates with RanGTP in the nucleus (3, 19,
31, 37, 38, 57). Like other nuclear transport receptors, CRM1
is thought to interact directly with specific nucleoporins at the
NPC to mediate transport. Immunoprecipitation studies pre-
dict that the most stable interaction of CRM1 at the NPC is
with Nup214, and this complex is more stable in the presence
of RanGTP and NES substrate (4, 33). Nup358 has also been
identified in a complex with CRM1, mediated by the zinc finger
domains of Nup358 (55), which suggests a role in NES protein
export; however, more direct data supporting an important
role in vivo are lacking.

In this study we investigate the organization of the three
asymmetrically localized cytoplasmic nucleoporins identified in
vertebrates, Nup214, Nup88, and Nup358, in vivo to determine
the mechanism of assembly of the cytoplasmic filaments. We
have localized Nup88 to a position proximal to Nup358 on the
cytoplasmic filaments and Nup214 near the cytoplasmic ring,
and we show a novel interaction between Nup88 and Nup358.
We show that both Nup88 and Nup214 play a combined role in
anchoring Nup358 to the NPC and display an interdependence
for their own stability and NPC localization. We also show a
functional role for Nup358 in CRM1-mediated protein export,
which elaborates and extends earlier biochemical data.

MATERIALS AND METHODS

Antibodies. To generate specific antibodies against Xenopus Nup88 (anti-
XNup88), a C-terminal fragment spanning amino acids 312 to 741 of XNup88B
was expressed as an N-terminal His6-tagged fusion protein in pRSET A (Qiagen)
in BL21(DE3) CodonPlusRIL (Stratagene), isolated from inclusion bodies, and
dialyzed against phosphate-buffered saline (PBS)–8.7% glycerol to generate sol-
uble protein. Antibodies were affinity purified and used at 3 �g/ml. To generate
antibodies against human Nup214 (anti-hNup214), a cross-linked C-terminal
peptide (amino acids 2076 to 2090) was synthesized. Antibodies were raised in

rabbits, affinity purified against the antigen cross-linked to an Ultralink io-
doacetyl gel (Pierce), and used for Western blotting at 2.5 �g/ml. Anti-hNup358/
RanBP2 antiserum, anti-hNup358V, and anti-hNup358F were generously pro-
vided by V. Cordes (Karolinska Institute, Stockholm, Sweden) and by A. Gast
and F. Melchior (Max Planck Institute for Biochemistry, Munich, Germany),
respectively. Anti-hCRM1 (20), anti-hNup88 (BD Transduction Laboratories),
anti-CAN9977 (17), monoclonal antibody (MAb) 414 (Eurogentec/Babco), anti-
DNA 2C10 antibody, a gift from Yoshiuki Kanai and Tetsuo Kubota (University
of Tokyo, Tokyo, Japan), and anti-hNup98 (32) were previously described.

EM immunolocalization. Nup88 immunolocalization on isolated Xenopus oo-
cyte NEs using TEM and in field emission scanning EM (FESEM) was carried
out as previously described (63). Briefly, antibodies were diluted 1:100 with PBS
and incubated with isolated Xenopus oocyte NEs. The primary antibody was
labeled with a 1:20 dilution of 10-nm-gold-conjugated anti-rabbit secondary
antibodies (Amersham), and the samples were prepared for analysis by FESEM
or TEM. Negative controls minus primary antibody were performed and re-
vealed the secondary antibodies to be specific (data not shown). For FESEM
analysis, isolated NEs were visualized at magnification �100,000 to �300,000,
and the positions of gold-labeled antibodies were measured in relation to the
center of the NPC. For TEM quantification, the distance of the gold particles
from the midplane of the NE was determined. All measurements were calculated
using AnalySIS software (SIS, Munster, Germany).

Xenopus egg extracts and immunoprecipitation. Fractionated Xenopus egg
extracts were prepared as previously described (63). For dephosphorylation of
Nup88, 400 U of Lambda protein phosphatase (New England Biolabs) was
added to 50 �l of Xenopus egg extract according to the manufacturer’s instruc-
tions and incubated at 30°C for 15 min. For immunoprecipitation, extracts were
diluted 1:4 in binding buffer (200 mM NaCl, 20 mM HEPES-KOH [pH 7.9], 1
mM �-mercaptoethanol, Complete protease inhibitor cocktail [Roche], 8.7%
glycerol) and incubated with 4 �g of antibody for 1 h at 4°C. Ten microliters of
bed-volume protein A-Sepharose beads (Pharmacia Biotech) were added and
incubated for 1 h at 4°C. Beads were collected by centrifugation, washed three
times in binding buffer and once in binding buffer supplemented with 500 mM
NaCl, and eluted in 2% sodium dodecyl sulfate (SDS) or 0.2% and 2% SDS.
Samples were mixed with SDS protein sample buffer, boiled for 5 min, and
analyzed by SDS-polyacrylamide gel electrophoresis and immunoblotting.

Cell culture. HeLa cells (ATCC CCL-2) and MCF-7 cells were grown in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal bovine serum
(GibcoBRL) and antibiotics at 37°C and 5% CO2 in a humidified incubator.
Xenopus A6 cells were cultured in L-15 (LEIBOVITZ) medium with Glutamax-1
W/L-amino acids (Gibco) supplemented with antibiotics at 20°C in a humidified
incubator.

RNAi of nucleoporins. The oligonucleotides used for silencing of Nup88
(TGCTTTGTTGAACACATCC), Nup214 (TTGCCCAAGGAACGCTCGA),
and Nup358 (CGAGGTCAATGGCAAACTA) were purchased from Sigma
(United Kingdom) and cloned into the pSUPER vector as previously described
(9). Empty pSUPER vector was used as a control. MCF-7 cells or low-passage
HeLa cells were transfected at an estimated efficiency of 50 to 95% with either
3 to 4 �g of pSUPER plasmid, using electroporation as described previously (2),
or 2 �g of pSUPER plasmid in 6-cm-diameter dishes, using Fugene-6 (Roche),
according to the manufacturer’s instructions. Forty-eight, seventy-two, and nine-
ty-six hours posttransfection, cells were either fixed for immunofluorescence or
lysed directly in boiling SDS sample buffer, and knockdown efficiency was ana-
lyzed by SDS-polyacrylamide gel electrophoresis and Western blotting. The
nuclear export assay using pRev-GFP was performed as described previously
(28), except that 240 ng of plasmid DNA was electroporated along with 4 �g of
pSUPER plasmid and expression was allowed to proceed up to 72 h.

Immunofluorescence microscopy and image analysis. Cells were fixed for 15
min in fresh 3.7% formaldehyde and permeabilized with either 0.001% digitonin
for 10 min (15 min for Xenopus cells) at room temperature or 0.2% Triton X-100
for 10 min at room temperature. For immunofluorescence, cells were blocked in
blocking buffer (1% skimmed milk in PBS) for 15 min at room temperature and
incubated in primary antibody diluted in blocking buffer for 3 h at room tem-
perature. Cells were washed three times in blocking buffer and incubated in
fluorescently conjugated secondary antibody (Molecular Probes). For double
immunolabelings, cells were incubated simultaneously in the two antibodies,
except for Nup88 and Nup214 double immunolabeling, where cells were incu-
bated for 2 h in anti-hNup88 (0.6 �g/ml) followed by addition of anti-CAN9977
for 1 h. Cells were washed once in blocking buffer and once in PBS and then
mounted in Vectashield (Vector Laboratories). Images were recorded with a
Leica TCS SP2 confocal microscope. For quantification of immunofluorescence
at the NE, confocal images were analyzed using Image J software. Nuclear rim
intensity measurements at four points per cell were averaged and subtracted
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from the intranuclear intensity and intercellular background. To exclude possible
experimental error due to staining variability between samples, non-knocked-
down cells in the same imaged field were used as internal controls.

Nucleotide sequence accession numbers. The Xenopus laevis Nup88A and
Nup88B mRNA sequences are available under EMBL accession no. AJ617672
and AJ617673, respectively.

RESULTS

Nup88 is a phosphorylated protein encoded by two genes in
X. laevis and is localized adjacent to Nup358/RanBP2 and
Nup214/CAN on the cytoplasmic face of the NPC. Three ver-
tebrate nucleoporins are known to localize mainly to the cyto-
plasmic face of the NPC: Nup214, Nup358, and Nup88. Pre-
vious studies have determined the ultrastructural localization
of Nup214 and Nup358 at the NPC (34, 49, 64, 67, 69). In order

to investigate the relative organization of these three nucleo-
porins, we localized Nup88 on isolated Xenopus oocyte NEs
using immuno-gold EM. The sequence of Xenopus Nup88 was
extracted from expressed sequence tag (EST) databases using
evolutionary conservation to the human and rat Nup88 homo-
logues, and a polyclonal antibody was raised against a purified
recombinant C-terminal fragment of Xenopus Nup88 compris-
ing amino acids 312 to 741. After affinity purification, the
antibody recognized a pattern of three bands at the approxi-
mate molecular weight of Nup88 on a Western blot of Xenopus
egg extracts (Fig. 1A). A fourth band was also observed, which
was subsequently found to be nonspecific, since it was absent
with use of the XNup88 antibody raised in a different animal
(not shown). To determine the specificity of the anti-XNup88
antibody in cells, Xenopus A6 cells were fixed, permeabilized,

FIG. 1. Xenopus Nup88 is encoded by two genes and is phosphorylated, and it localizes adjacent to Nup214/CAN and Nup358/RanBP2.
(A) Western blot of Xenopus egg extracts probed with anti-XNup88. The asterisk represents a nonspecific cross-reacting band. (B) Immunoflu-
orescence of Xenopus A6 cells probed with anti-XNup88 to show specific staining of the NE. (C) A phylogram showing divergence of the two genes
encoding Nup88 in X. laevis and their conservation with respect to human Nup88 and rat Nup84. (D) Western blot of Xenopus egg extracts before
(�) and after (�) treatment with lambda protein phosphatase (lambda-PPase) probed with anti-XNup88. (E) Representative scanning EM of an
isolated Xenopus oocyte NE labeled with anti-XNup88, which was secondarily labeled with 10-nm colloidal gold. Bar � 50 nm. (F) Representative
TEM of a 70-nm cross-section through an isolated Xenopus oocyte NE labeled with anti-XNup88 and secondarily labeled with 10-nm colloidal gold.
N, nucleus; C, cytoplasm. Bar � 50 nm. (G) Summary diagram of the NPC displaying the mean localization of Nup88. Bar � 50 nm. Error bars
represent standard deviations of the mean.
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and immunostained with anti-XNup88. A punctate staining of
the NE was observed (Fig. 1B), characteristic of nucleoporins,
which overlapped with MAb 414 (11), which recognizes the FG
repeat-containing nucleoporins Nup358, Nup214, Nup153, and
p62 (data not shown).

X. laevis is a partially tetraploid organism, having duplicated
its genome �30 million years ago. To determine if the Xenopus
Nup88 protein is encoded by two divergent genes, which would
partly explain the multiple banding pattern we observe, a more
detailed analysis of the Xenopus EST database was under-
taken. Two distinct mRNA species were found, encoding pro-
tein products homologous to human and rat Nup88 but only
91% identical to each other, too low an identity to be explained
by intraspecies variation alone. In addition, the 3� and 5� UTR
sequences were more divergent than the coding region, which
further suggests that Nup88 is encoded by two separate genes
in Xenopus. The two genes are designated XlNup88A and
XlNup88B and a phylogram shows their evolutionary conser-
vation with respect to human Nup88 and rat Nup84 (Fig. 1C).
XlNup88A encodes a predicted protein product of 726 amino
acids, compared to 728 amino acids for that of XlNup88B, and
the predicted charge of the two proteins was strikingly differ-
ent, �17.8 for XlNup88A and �9.6 for XlNup88B, both of
which could contribute to a difference in electrophoretic mo-
bility.

Many nucleoporins are phosphorylated during mitosis, co-
inciding with NPC disassembly (15), and phosphorylation also
affects electrophoretic mobility of proteins. To further investi-
gate the multiple banding pattern of Xenopus Nup88, Xenopus
egg extracts were incubated with a nonspecific protein phos-
phatase from lambda (	-PPase) before analysis by gel electro-
phoresis and Western blot. The three-banded pattern of
Nup88 was reduced to two bands, presumably representing the
unphosphorylated forms of the two Nup88 proteins (Fig. 1D).
These data suggest that Xenopus Nup88 is a phosphorylated
nucleoporin and is encoded by two highly homologous but
independent genes.

The ultrastructural localization of Nup88 at the NPC was
determined by labeling isolated Xenopus oocyte NEs with the
anti-XNup88 antibody followed by 10-nm-gold-conjugated sec-
ondary antibody. The labeled envelopes were processed for
visualization by FESEM to image the surface of the NE and
transmission EM (TEM) of 70-nm cross-sections through the
NE. Representative micrographs from FESEM and TEM are
shown in Fig. 1E and F. Using FESEM, the localization of the
gold particles along a radial axis was determined. The mean
distance from the center of the NPC was 39 nm 
 17.4 nm (n
� 87). Using TEM, the gold particles were measured distally
from the midplane of the NE. The mean distance was 30.4 nm

 7.6 nm (n � 22). The localization data are summarized in
Fig. 1G. From these labeling data we can conclude that Nup88
localizes, at least in part, to a position close to both Nup358
and Nup214.

Nup88 is in a complex with both Nup358/RanBP2 and
Nup214/CAN. The immunolocalization studies position
Nup88, Nup214, and Nup358 in close proximity at the cyto-
plasmic face of the NPC; however, only Nup214 and Nup88
have been linked biochemically, and nucleoporin binding part-
ners for Nup358 have so far not been identified. To investigate
interaction partners of Nup358, we immunoprecipitated

Nup358 or Nup214 from fractionated Xenopus egg extracts,
isolated the bound protein complexes using protein A-Sepha-
rose after extensive washing, and analyzed the coimmunopre-
cipitating proteins by gel electrophoresis and Western blotting.
Nup88 was found to specifically coimmunoprecipitate with
Nup214 (Fig. 2A, lane 2), as has already been shown (6, 17,
18). Interestingly, Nup358 was also able to coimmunoprecipi-
tate Nup88 from Xenopus egg extracts (Fig. 2A, lane 3). To
more thoroughly investigate interactions between these three
nucleoporins, we labeled immunoprecipitates from Nup88,
Nup214, and Nup358 with MAb 414 to detect Nup214 and
Nup358, a Nup358-specific antibody, Nup358V, and Nup88.
These immunoprecipitates were isolated as above but eluted in
two steps with 0.2% and 2% SDS. We were unable to detect
Nup358 coimmunoprecipitating with Nup214 (Fig. 2A and B,
lanes 6 and 7), even using a Nup358-specific antibody (Fig. 2B,
lanes 6 and 7, upper panel). As shown in lane 2, Nup358 was
found to be coimmunoprecipitated with Nup88. We could also
detect low levels of Nup214 coimmunoprecipitating with
Nup358 (Fig. 2B, lane 4). This suggests that Nup88 coprecipi-
tates with Nup358 in part as a complex with Nup214. These
data confirm that both Nup214 and Nup358 are interacting
partners of Nup88, consistent with their ultrastructural local-
ization.

RNAi of Nup88 and Nup214/CAN causes a reduction of
Nup358/RanBP2 at the NE. Based on immunoelectron micros-
copy, Nup358 is the most distal cytoplasmic nucleoporin from
the midplane of the NE, apparently located above Nup88 and
Nup214. The immunoprecipitation studies predict Nup88
and/or Nup214 as the sites of interaction through which
Nup358 may dock to the NPC. To study the organization of
Nup88, Nup358, and Nup214, we utilized a technique using
small interfering RNAs (13) expressed by the pSUPER vector
(9) to reduce endogenous expression of each nucleoporin and
analyze the localization of the others using immunofluores-
cence in human cells. Oligonucleotides containing 19 bases
from the mRNA sequences of Nup358, Nup214, and Nup88
were cloned into the pSUPER expression vector as described
in Materials and Methods. The pSUPER expression vectors
were transfected into HeLa or MCF-7 cells by either electro-
poration or lipofection. Empty pSUPER vector was trans-
fected as a negative control in all experiments. After 72 h,
double immunolabelings were performed, and NE staining in-
tensities of the nucleoporins were quantified in cells which
showed clear reduction of the nucleoporin targeted by RNA
interference (RNAi) and were compared to the levels in con-
trol cells. As shown in Fig. 3, antibodies against Nup88,
Nup214, and Nup358 decorated the NE in the punctate man-
ner characteristic of nucleoporins. Cytoplasmic pools of these
nucleoporins were also visible at different intensities. Nup88
antibodies showed more dispersed labeling and higher levels of
labeling in the cytoplasm than Nup214 or Nup358, whose cy-
toplasmic staining was more discrete and concentrated in cy-
toplasmic bodies (Fig. 3A, D, and G). NE staining of each of
the three nucleoporins was significantly reduced after transfec-
tion with their respective RNAi expression plasmids (Fig. 3B1
and E1 for Nup88 RNAi, F2 and H1 for Nup214, and C2 and
I2 for Nup358), which was verified by gel electrophoresis and
Western blotting (see Fig. 4). Interestingly, Nup358 NE stain-
ing was significantly reduced after RNAi of either Nup88 or
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Nup214 (Fig. 3B2 and H2, respectively, and J). Conversely,
Nup358 RNAi had no effect on Nup88 or Nup214 staining
(Fig. 3C1 and I1, respectively, and J); however, RNAi of either
Nup88 or Nup214 provoked significant reduction of the other
at the NE (Fig. 3E and F, respectively, and J). These data
suggest that Nup88 and Nup214 are codependent to incorpo-
rate into the NPC, and docking of Nup358 to the NPC in vivo
requires the presence of both Nup88 and Nup214.

Nup88 RNAi causes an associated decrease in the protein
levels of Nup214/CAN but not Nup358/RanBP2. The specific
reduction of Nup358 at the NE after RNAi of Nup88 or
Nup214 could also be the result of a decrease in the stability of

Nup358 and its subsequent degradation. To study the effect of
nucleoporin RNAi on the protein levels of the remaining un-
targeted nucleoporins, 48, 72, and 96 h after transfection, cells
were lysed directly in SDS sample buffer to minimize break-
down, and the proteins were analyzed by gel electrophore-
sis and Western blotting. Transfection of cells with either
pSUPER-Nup358 (Fig. 4A) or pSUPER-Nup88 (Fig. 4B) re-
sults in a clear, specific knockdown of these proteins within
48 h which was stable until the last time point tested at 96 h,
confirming the decrease observed by immunofluorescence
analysis. Western blots were also labeled with other nucleo-
porin antibodies, including MAb 414. Nup358 RNAi showed

FIG. 2. (A) Nup88 is coimmunoprecipitated with both Nup214/CAN and Nup358/RanBP2. Antibodies to Nup214, Nup358, or protein
A-Sepharose were incubated with Xenopus egg extract, and coimmunoprecipitating proteins analyzed by labeling a Western blot with anti-Nup358
or anti-XNup88. (B) Antibodies to Nup88 (lanes 2 and 3), Nup358 (lanes 4 and 5), and Nup214 (lanes 6 and 7) were used to coimmunoprecipitate
protein complexes from Xenopus egg extracts. Proteins were isolated using protein A-Sepharose beads, and coimmunoprecipitating proteins were
eluted using 0.2% (lanes 2, 4, and 6) followed by 2% (lanes 3, 5, and 7) SDS and analyzed by labeling a Western blot with anti-Nup358 (upper
panel), MAb 414 (middle panel), and anti-Nup88 (lower panel).
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no decrease in the levels of Nup214 or Nup88 at the NE as
shown by immunofluorescence (Fig. 3), and there was no as-
sociated decrease in the protein levels of either Nup153 or p62
(Fig. 4A). Knockdown of Nup88, however, resulted in a signif-
icant decrease in the protein levels of Nup214 (Fig. 4B), indi-
cating that Nup214 is less stable in the absence of Nup88.
Importantly, there was no associated decrease in the protein
levels of Nup358, indicating that it is the specific attachment of
Nup358 to the NPC which is affected by Nup88 RNAi and not
its protein level. On knockdown of Nup88, there was no de-
tectable difference in protein levels of either Nup153 or p62, or
indeed Nup98, which has also been shown to bind Nup88 in
vitro (25).

RNAi of Nup358/RanBP2 mislocalizes CRM1. We have
shown that Nup358 RNAi specifically reduced its own protein
levels without affecting the protein levels of either Nup214,
Nup88, or CRM1. Immunostaining of CRM1 in mammalian
cells shows that this transport receptor is highly concentrated
at the NE (1, 20, 35); however, its binding site(s) is currently
unknown and was still present in Nup214-deficient mouse blas-
tocysts (20). In order to investigate the localization of CRM1 at
the NPC and a possible role for Nup358 in export, we immu-
nolabeled HeLa cells transfected with either empty pSUPER
or pSUPER-Nup358. Seventy-two hours after transfection,
cells were fixed and digitonin permeabilized to visualize only
the cytoplasmic side of the NE. Triple labeling of Nup358,
CRM1, and DNA (to verify the digitonin treatment) was per-
formed, and images were obtained using confocal microscopy.
As shown in Fig. 5A, when the NE is intact and DNA anti-
bodies are unable to enter the nucleus, CRM1 is visible at the
cytoplasmic side of the NE. However, after Nup358 RNAi,
CRM1 accumulation is lost (Fig. 5B2 and C2 [overexposed]),
clearly indicating that CRM1 localization at the cytoplasmic
side of the NE is dependent on Nup358.

To investigate whether the Nup358-dependent localization
of CRM1 at the nuclear periphery represented export com-
plexes or empty CRM1, we treated MCF-7 cells with 100 nM
leptomycin B for 3 h. Leptomycin B covalently binds to CRM1
and dissociates it from RanGTP and NES substrates (19, 36,
47). Indeed, leptomycin B efficiently blocked CRM1-depen-
dent nuclear export as a Rev-green fluorescent protein (GFP)-
NES substrate accumulated in the nucleus (Fig. 5G). Under
these conditions, CRM1 was not reduced at the nuclear pe-
riphery (Fig. 5F). Leptomycin B treatment also did not change
the reduction of CRM1 upon Nup358 depletion (not shown).
These data indicate that the Nup358-dependent CRM1 local-
ization at the nuclear periphery represents CRM1 in its empty
state.

Nup358/RanBP2 plays a supportive role in CRM1-mediated
NES protein export. To determine whether loss of CRM1 from
the NE after Nup358 RNAi is functionally significant for
CRM1-mediated NES protein export, export assays were per-
formed with MCF-7 cells by cotransfecting pSUPER with a
GFP-linked export substrate that includes both the NLS and
NES of the HIV-1 Rev protein (pRev-GFP [28]). Previous
studies have shown that under normal conditions, Rev-GFP
partially accumulates at the nucleoli, but on treatment of cells
with actinomycin D, the protein is specifically exported and
accumulates in the cytoplasm. Cells were cotransfected with
pRev-GFP and either pSUPER empty vector or pSUPER-
Nup358. Seventy-two hours after transfection, cells were
treated with 5 �g of actinomycin D/ml for 3 h and then fixed
and prepared for confocal microscopy. Protein export was
quantified in three independent experiments by counting the

FIG. 4. Efficient knockdown of Nup88 and Nup358/RanBP2 using
RNAi and coreduction of Nup214/CAN on knockdown of Nup88.
(A) Western blot of MCF-7 cells transfected by electroporation with
pSUPER-Nup358 compared to the pSUPER negative control col-
lected 48, 72, and 96 h posttransfection. The blot was probed with
anti-Nup358V, MAb 414, and anti-CRM1. (B) Western blot of HeLa
cells transfected by Fugene with pSUPER-Nup88 compared to the
pSUPER negative control collected 48, 72, and 96 h posttransfection.
The blot was probed with anti-Nup358V, anti-hNup88, anti-hNup214,
anti-Nup98, and MAb 414.

FIG. 3. Knockdown of Nup88 or Nup214/CAN causes a decrease in Nup358/RanBP2 at the NE. Immunofluorescence of HeLa cells after
knockdown of Nup88 (B and E), Nup214 (F and H), and Nup358 (C and I) is shown. Cells were fluorescently double labeled with anti-hNup88
and anti-hNup358F (A, B, and C), anti-hNup88 and anti-CAN9977 (D, E, and F), or anti-CAN9977 and anti-Nup358V antibodies (G, H, and I).
The A, D, and G panels show control levels 72 h after transfection with empty pSUPER vector. (J) Graphic representation of the results to show
fluorescence levels of Nup88, Nup214, and Nup358 after knockdown of each individual nucleoporin as a percentage of the negative control.
Nup358 analysis was performed using two different antibodies, leading to similar results.
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FIG. 5. CRM1 is mislocalized from the cytoplasmic side of the NE in Nup358 knocked-down cells but not when cargo substrate binding is
inhibited. HeLa cells were fixed and permeabilized with 0.001% digitonin 72 h posttranfection with pSUPER (A) or pSUPER-Nup358 (B and C).
Antibodies for Nup358, CRM1, and DNA were applied. (B and C) Nup358 knocked-down cells, indicated by arrows, show reduced CRM1 NE
staining at the accessible side of the NE. Under these conditions, DNA antibodies can only access dividing cells (A3 and B3). CRM1 localization
at the cytoplasmic side of the NE was not altered upon leptomycin B (LMB) treatment of MCF-7 cells (D and F). Treatment was sufficient to
abolish CRM1-mediated export of a REV-GFP construct (E and G).
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number of cells (n � 100) with predominantly cytoplasmic
accumulation of GFP, a predominantly nuclear accumulation,
or an even distribution between the nucleus and the cytoplasm.
Under control conditions, Rev-GFP was localized predomi-
nantly in the cytoplasm in 68% 
 2%, consistent with it being
efficiently exported (Fig. 6A and B1). For 22% 
 1% of cells,
Rev-GFP was dispersed evenly between the nucleus and the
cytoplasm, and the remaining 10% 
 2% of cells showed
nuclear accumulation. However, after Nup358 RNAi, the lo-
calization of Rev-GFP was significantly redistributed towards
the nucleus (Fig. 6A, C1, and D1). Fifty percent 
 five percent
of cells now accumulated Rev-GFP in the cytoplasm, 26% 

1% had an even distribution throughout the cell, and 25% 

4% accumulated Rev-GFP predominantly in the nucleus (Fig.
6A). These results show that Nup358 plays a contributory role
in CRM1-mediated export of NES cargoes.

DISCUSSION

We have investigated the organization of three cytoplasmi-
cally orientated nucleoporins, Nup358, Nup88, and Nup214, at
the NPC. Previous studies have localized Nup358 and Nup214
to specific NPC substructures (34, 49, 64, 67, 69). Here we
immunolocalize Nup88 and study the role of each protein in
assembling mature NPCs. We also study in detail the function
of the cytoplasmic filaments in CRM1-mediated nuclear pro-
tein export.

Characterization of Xenopus Nup88. Nup88 was originally
identified as an interacting partner for Nup214 (6, 20). Here
we studied Nup88 initially in X. laevis and found it to be
encoded by two divergent genes. The two genes, designated
XlNup88A and XlNup88B, are 91% homologous, and gene A
was found to be more abundant in the EST database, indicat-
ing that it is the more common form. We don’t currently know
which of the two bands identified by the antibody on Western
blots of dephosphorylated Xenopus extracts represents which
form of Nup88. It is also unclear at present whether the two
Nup88 forms possess redundant functions. Xenopus Nup88 was
found to be phosphorylated both in meiotic extracts and in
extracts which have been induced to enter interphase from
meiosis II (data not shown). It therefore appears that Nup88
phosphorylation is not exclusively mitotic or meiotic, as is a
common feature for many nucleoporins (15, 39, 44, 62).

Assembly of the cytoplasmic filaments. Using a combination
of approaches, we find that the association of Nup358, which is
predicted to be a predominant component of the cytoplasmic
filaments (12, 64), is dependent on interactions with and be-
tween both Nup214 and Nup88, providing evidence of a struc-
tural collaboration between these three nucleoporins to assem-
ble mature NPCs. First, we have localized Xenopus Nup88 to a
position in close proximity to both Nup214, a known interact-
ing partner, and Nup358, placing it in a position to physically
interact with the cytoplasmic filaments, possibly with the N-
terminal leucine-rich domain of Nup358 that is suggested to be
located at the more central position (64). The localization data
were obtained using a combination of TEM and FESEM, since
each of the techniques provides a different view of the NPC.
Although TEM images potentially provide the ability to mea-
sure localization in both a distal and radial direction, only

distal data were used because radial distances are influenced
by the plane of each 70-nm section through the NPC. We show
that Nup88 can be coimmunoprecipitated with both Nup358
and Nup214, indicating that the three proteins do indeed in-
teract in vivo. It remains possible that the Nup88-Nup358 in-
teraction is bridged by additional nucleoporins. The levels of
Nup88 that were coimmunoprecipitated with Nup358 were
significantly less than with Nup214; however, Nup214 is known
to form a soluble and stable subcomplex with Nup88 in the
cytoplasm (6, 20), and it is possible that the interaction of
Nup358 with Nup88 occurs predominantly at the NPC. To
show that the observed interactions and ultrastructural orga-
nization of these three proteins are relevant to the organiza-
tion of the in vivo NPC, we showed, using an RNAi approach,
that the association of Nup358 with the NPC was specifically
dependent on the presence of both Nup214 and Nup88. This
observation is not due to interference with NPC architecture
per se, since Nup358 is able to assemble into NPCs after
knockdown of Tpr, an unrelated nucleoporin on the nucleo-
plasmic face of the NPC (27). We also found that localization
of Nup214 and Nup88 at the NPC occurred only in the pres-
ence of each other, indicating a codependence of NPC local-
ization. This interdependence is consistent with the absence of
Nup88 in Nup214 knockout blastocysts (59) and a mislocaliza-
tion of Nup159, the closest yeast homologue of Nup214, in
Nup82-�108 cells, which carry a mutation in the yeast homo-
logue of Nup88 (29). The precise mechanism of this interde-
pendence remains to be elucidated, although it may partially
be explained by protein stability, since reduction of Nup88
caused a significant decrease in the protein levels of Nup214.

We have previously shown that the cytoplasmic filaments
and Nup358 were still present in in vitro-synthesized NPCs that
lack Nup214 (64), which appears inconsistent with the results
shown here. However, in Xenopus egg extracts there is a large
excess of stockpiled nucleoporins, and it is likely that after
depletion of Nup214 there remained a significant and stable
pool of Nup88 which was able to mediate assembly of the
filaments, even in the absence of Nup214.

Nup358/RanBP2 and NES-mediated export. Using an in
vivo export assay that was previously used to measure differ-
ences in nuclear export signal strength (28), we found a signif-
icant decrease in CRM1-mediated nuclear export when expres-
sion of Nup358 was substantially reduced, i.e., by 90% or more.
In experiments where RNAi was less efficient, hardly any re-
duction in nuclear export could be observed. This may explain
why RNAi of Nup88 did not affect NES-mediated export, since
Nup358 levels, even though strongly reduced, were not as low.

Hydrolysis of GTP on Ran is not required for a single round
of NES-mediated export (14, 52); however, continued export is
predicted to be dependent on recycling of both Ran and
CRM1. In addition, it appears that rapid export complex dis-
assembly by RanGTP hydrolysis close to the cytoplasmic face
of the NPC is required for overall export efficiency by enhanc-
ing the directionality of export (7). Biochemical experiments
have indicated that CRM1-NES-RanGTP export complexes
bind stably to Nup214 and are disassembled by the combined
action of RanGAP and either RanBP1 or RanBP1-like do-
mains of Nup358 (4, 33). A main candidate for providing these
activities is Nup358, since it associates with RanGAP, contains
RanBP1-like domains, and is located close to the cytoplasmic
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exit of the NPC (40, 42, 43, 67, 69). The presented results
showing a decrease in export due to Nup358 depletion, there-
fore, provide direct in vivo support of these models. We do not
currently have in vivo evidence for which is the terminal bind-
ing site of CRM1-containing export complexes. The strong in
vitro interaction with Nup214 makes this a likely candidate.
However, we do not observe accumulation of export complexes
at the nuclear periphery when Nup358 is depleted, suggesting
that interaction with Nup214 is at least not rate limiting. Con-
versely, we find a strong decrease of CRM1 at the nuclear
periphery when Nup358 is absent. This Nup358-dependent
nuclear rim localization does not represent export complexes
because it is not affected by leptomycin B, which is known to
dissociate CRM1 from RanGTP and cargo (19, 36). Our data
therefore indicate that Nup358 both provides a platform for
rapid disassembly of CRM1 export complexes and a binding
site for empty CRM1 recycling into the nucleus.
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