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In eukaryotes, bidirectional transport of macromolecules between the cytoplasm and the nucleus occurs through elaborate
supramolecular structures embedded in the nuclear envelope, the nuclear pore complexes (NPCs). NPCs are composed of
multiple copies of ~30 different proteins termed nucleoporins, of which several can be biochemically isolated as
subcomplexes. One such building block of the NPC, termed the Nup107-160 complex in vertebrates, was so far demon-
strated to be composed of six different nucleoporins. Here, we identify three WD (Trp-Asp)-repeat nucleoporins as new
members of this complex, two of which, Nup37 and Nup43, are specific to higher eukaryotes. The third new member Seh1
is more loosely associated with the Nup107-160 complex biochemically, but its depletion by RNA interference leads to
phenotypes similar to knock down of other constituents of this complex. By combining green fluorescent protein-tagged
nucleoporins and specific antibodies, we show that all the constituents of this complex, including Nup37, Nup43, Sehl,
and Sec13, are targeted to kinetochores from prophase to anaphase of mitosis. Together, our results indicate that the entire
Nup107-160 complex, which comprises nearly one-third of the so-far identified nucleoporins, specifically localizes to

kinetochores in mitosis.

INTRODUCTION

All trafficking of macromolecules between the cytoplasm
and the nucleus occurs through nuclear pore complexes
(NPCs), which are supramolecular assemblies at points of
fusion between the inner and outer nuclear membranes.
NPCs are composed of an eightfold symmetric spoke-ring
complex, cytoplasmic fibers, and a nuclear basket. Structural
comparisons and mass measurements indicate that verte-
brate NPCs are significantly larger than their yeast counter-
parts: they have a calculated mass of 60 MDa, compared
with 44 MDa in Saccharomyces cerevisiae (Rout et al., 2000;
Cronshaw et al., 2002). Despite this difference, identification
of the full protein composition of yeast and vertebrate NPCs
have revealed that they are composed in both organisms of
roughly 30 different proteins, termed nucleoporins, of which
about two-thirds have been conserved during evolution
(Rout et al., 2000; Cronshaw et al., 2002; reviewed in
Suntharalingam and Wente, 2003).

Emerging evidence indicates unexpected relationships be-
tween NPCs and kinetochores. In particular, two metaphase
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checkpoint proteins that are transient components of kinet-
ochores, Madl and Mad?2, reportedly localize at nuclear
pores in interphase both in vertebrates and yeasts (Campbell
et al., 2001; Tkui et al., 2002; Iouk ef al., 2002). In S. cerevisiae,
Madl and Mad2 were shown to be associated with NPCs
through the Nup53p subcomplex (louk ef al., 2002). In ver-
tebrates, the WD (tryptophane-aspartic acid)-repeat—con-
taining protein Rael (also called Gle2 or mrnp41) that inter-
acts with the nucleoporin Nup98 (Pritchard et al., 1999) was
shown to interact with the mitotic checkpoint protein
mBUBI and to be localized at kinetochores of prometaphase
chromosomes (Wang et al., 2001). It was further demon-
strated that loss of a single Rael allele causes a mitotic
checkpoint defect and chromosome missegregation (Babu et
al., 2003). It was also recently shown that SUMO-1 modified
RanGAP1 and RanBP2/Nup358, which are associated with
the cytoplasmic face of NPCs in interphase, are targeted as a
complex to kinetochores and mitotic spindles in mitosis
(Matunis et al., 1998; Joseph et al., 2002, 2004). RNA interfer-
ence approaches in Caenorhabditis elegans early embryo and
HelLa cells further revealed the involvement of RanBP2/
Nup358 in chromosome congression and segregation, stable
kinetochore-microtubule association, and kinetochore as-
sembly (Askjaer et al., 2002; Salina et al., 2003; Joseph et al.,
2004). Finally, a fraction of human Nup133, Nup107, and
Nup85/75 was shown to associate with kinetochores in
mitosis (Belgareh ef al., 2001; Harel et al., 2003).

The later three nucleoporins are part of an evolutionarily
conserved NPC subcomplex, termed the Nup107-160 com-
plex in vertebrates and Nup84 complex in the yeast S. cer-
evisige. Constituents of this complex are localized on both
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sides of the NPCs in yeast (Rout et al., 2000) and vertebrates
(Belgareh et al., 2001; Enninga ef al., 2003). This complex was
shown to be involved in NPC distribution in S. cerevisiae,
and in mRNA export both in yeast (reviewed in Doye and
Hurt, 1997) and vertebrates (Vasu et al., 2001; Boehmer et al.,
2003; Walther et al., 2003a). More recently, this complex was
demonstrated to also be critical for NPC assembly in verte-
brates (Harel ef al., 2003; Walther ef al., 2003a).

In S. cerevisiae, this complex is formed by seven constitu-
ents: Nup84; Nup85; Nup120; the in vivo-cleaved carboxy-
terminal domain of Nup145 (Nup145-C); Sehl; a fraction of
Sec13; and Nup133 (Siniossoglou et al., 1996; Teixeira et al.,
1997; Allen et al., 2002; Lutzmann et al., 2002). Isolation
under native conditions and in vitro reconstitution have
further revealed the Y-shaped structure of this complex
(Siniossoglou et al., 2000; Lutzmann et al., 2002). The verte-
brate Nup107-160 complex was so far demonstrated to con-
sist of Nup107 (homologous to ScNup84), Nup133 (homol-
ogous to ScNup133), Nup160 (homologous to ScNup120 and
thus also referred in human cells as Nup120), Nup96 (ho-
mologous to ScNup145-C), Sec13 and Nup85/75 (Fontoura
et al., 1999; Belgareh et al., 2001; Vasu et al., 2001; Harel et al.,
2003). In addition, previous studies reported the cofraction-
ation on sucrose gradients of Nup107, Nup96, and Secl3
together with a 37-kDa WD-repeat containing protein (Fon-
toura et al., 1999), subsequently identified as Nup37 (Cron-
shaw et al., 2002). Conversely, the S. cerevisize Nup84 com-
plex contains another WD-repeat nucleoporin, ScSehl
(Siniossoglou et al., 1996), for which a potential higher eu-
karyote homologue has been identified (Cronshaw et al.,
2002).

These data prompted us to determine whether Nup37 or
Sehl were also part of the Nup107-160 NPC subcomplex.
Interestingly, this study revealed that the Nup107-160 com-
plex contains in addition to Sec13, at least two additional
WD-repeat—containing nucleoporins: Nup37 and Nup43.
Although biochemical approaches did not enable us to dem-
onstrate a stable interaction between GFP- or myc-tagged
Sehl and the Nup107-160 complex in cell lysates, small
interfering RNA (siRNA) experiments revealed that deple-
tion of Sehl induces phenotypes reminiscent to those in-
duced by depletion of Nup133 or Nup107. We further dem-
onstrate that the constituents of this complex are all,
including Seh1 and Sec13, targeted to kinetochores in mitosis.

MATERIALS AND METHODS

Plasmids

A human cDNA corresponding to most of the Nup160 open reading frame
(ORF) (KIAA0197, GI:1228044 lacking amino acids 1295-1386 of Nup160)
cloned in a pBluescrispt KS+ vector was provided by Kazusa DNA Research
Institute Japan. The Sall/Notl insert was subcloned in a pGEX-4T2 vector
(Amersham Biosciences, Piscataway, NJ) to produce the glutathione S-trans-
ferase (GST)-Nup160ACy, plasmid, and into a pEGFP3-C1 vector that con-
tains a triple GFP concatamer constructed in pEGFP-C1 to produce the
PEGFP;-Nup160AC,, plasmid (Daigle et al., 2001). Plasmids pGEX-4T2-
Nup160-N (encoding aa 1-598 of Nup160) and pGEX-4T2-Nup160-C (encod-
ing aa 598-1294 of Nup160) were generated using an internal BspE1 restriction
site. To obtain a full-length cDNA, a NotI/Pmll fragment encoding the C-
terminal domain of Nupl60 was purified from the IMAGE Consortium
(LLNL) ¢cDNA clone (IMAGE: 33299, GI: 772459) (Lennon et al., 1996) obtained
from the Resource Center of the German Human Genome Project at the
Max-Planck-Institut for Molecular Genetics (http:/ /www.rzpd.de) and used
to replace the corresponding fragment of the pEGFP;-Nup160ACs, vector.
For human Sehl, part of the 3’ noncoding sequence of the IMAGE Consor-
tium (LLNL) cDNA clone (IMAGE: 3865994, GI: 15214607) was deleted by a
Spel digestion. The ¢cDNA from the resulting pCMV-SPORT6-Seh1-ASpel
vector was amplified by polymerase chain reaction (PCR) to introduce a
BamHI site right after the ATG by using a 5’-specific primer (cgcggatcctttgt-
ggctegeageatc) and the T7 primer. The PCR product was digested by BamHI/
Xhol and ligated in the pEGFP-C1 and pEGFP;-C1 vectors. The Smal/Spel
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blunt-ended fragment of Sehl purified from the pCMV-SPORT6-Seh1-ASpel
vector (including 40 amino acids upstream of the Seh1 ATG) was also inserted
downstream of a 6-myc epitope tag in the pCS3+MT vector (Turner and
Weintraub, 1994).

For human Nup85, an EcoRI-NotI fragment, encoding most of Nup85 ORF
(starting at amino acid 17) was purified from the IMAGE Consortium (LLNL)
cDNA clone (IMAGE: 753140, GI: 2054587) and subcloned in the pGEX-4T3
and pEGFP-C1 vectors.

Plasmids pEGFP-Nup43, pEGFP-Nup35, pEGFP-Aladin, and pEGFP-
Nup37 were generously provided by J. Cronshaw and M. Matunis (Cronshaw
et al., 2002). The Nup37 cDNA was subcloned as an EcoRI/Xbal fragment in
the pGST-parallel3 vector (Sheffield et al., 1999) to produce the recombinant
fusion protein GST-Nup37, and in pCS2+MT vector (Turner and Weintraub,
1994) to express 6-myc tagged fusion. Plasmid pEGFP;-Sec13 was constructed
by inserting the Sec13 ORF (provided by B. Glick, University of Chicago,
Chicago, IL) in frame in the pEGFP5-C vector.

Transfections, Immunoprecipitations, Sucrose Gradient
Sedimentation, and Gel Filtration Chromatography

HeLa cells were grown at 37°C in Dulbecco’s modified Eagles’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% fetal calf serum, 1%
L-glutamine, 100 wg/ml streptomycin, and 100 U/ml penicillin. For immu-
noprecipitations (IPs) and sucrose gradients, 5 X 10° cells were seeded in
10-cm dishes 24 h before transfection. Simple and cotransfections were per-
formed by using calcium phosphate-mediated procedure as described previ-
ously (Jordan et al., 1996). Plates were harvested 72 h after transfection. Cells
pellets were frozen in liquid nitrogen and lysed in 175 ul (for sucrose gradi-
ent) or 600 ul (for IP) of lysis buffer (100 mM NaCl, 1 mM EDTA, 25 mM Tris,
pH 7.5, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl fluoride, 2% Triton
X-100). Lysates were centrifuged 30 min at 4°C at 14,000 X g. For preparation
of mitotic extracts, HeLa S3 cells were treated for 14 h with demecolcin (60
ng/ml), leading to a mitotic index of 90-95%. Cell pellets were immediately
frozen in liquid nitrogen. To confirm that the extracts used were maintained
in a mitotic state upon the immunoprecipitation procedure, samples were
analyzed by Western blot by using an cyclin Bl antibody (Santa Cruz Bio-
technology, Santa Cruz, CA).

Immunoprecipitation experiments were performed essentially as previ-
ously described (Grandi et al., 1997) by using either 25 ul of affinity-purified
anti-Nup133 antibody bound to 30 ul of Affi-prep protein A matrix (Bio-Rad,
Hercules, CA), or 10 pg of anti-GFP, or 30 ug of anti-myc monoclonal
antibodies bound to 30 ul of protein G-Sepharose 4 Fast Flow matrix (Amer-
sham Biosciences).

For sucrose gradients, supernatants were applied on the top of two 20-35%
linear sucrose gradients (500 wl in lysis buffer) in Ultra Clear 5 X 41-mm
centrifugal tubes (Beckman Coulter, Fullerton, CA). Centrifugations were
performed using a SW55Ti swinging rotor (Beckman Coulter) at 100,000 X ¢
for 16 h at 4°C. Twenty-six fractions (20 ul each) were collected starting from
the top of the gradient. Fractions 11-14 were pooled and 50 ul of the resulting
sample were analyzed by gel filtration chromatography by using a Superose
6 (PC 3.2/30) column (Amersham Biosciences) equilibrated with lysis buffer
(100 mM NaCl, 1 mM EDTA, 25 mM Tris, pH 7.5, 1% Triton X-100 reduced
form). The flow rate was 40 ul/min, and 50-ul fractions were collected.
Molecular size markers used to calibrate the sucrose gradient and the Super-
ose 6 column were thyroglobulin, 670 kDa; ferritin, 440 kDa; catalase, 230 kDa;
aldolase, 160 kDa; bovine serum albumin, 67 kDa; and chymotrypsinogen A,
25 kDa.

siRNA Experiments and Quantitative Reverse
Transcription (RT)-PCR

The siRNA duplex used for silencing Sehl (aagacacatagtggatctgtatg) and a
random siRNA duplex (aagagacaactgcaaatgg) were purchased from QIAGEN
(Valencia, CA) or Dharmacon (Lafayette, CO). siRNA duplexes for silencing
Nup133, Nup153, and Giantin were described previously (Harborth ef al.,
2001; Nizak et al., 2003; Walther et al., 2003a). The siRNA duplex used for
silencing Tpr was provided by Ulf Nherbass (Institut Pasteur, Paris, France).
Cells were transfected with Oligofectamine (Invitrogen) as described using
480 nM of siRNAs (Elbashir et al., 2001; Walther ef al., 2003a). For siRNA
cotransfection experiments, the Giantin siRNA was used at a 10-fold lower
concentration (48 nM) than the cotransfected siRNAs. Preliminary experi-
ments using Nup133 siRNAs and either anti-Nup133 antibodies (our unpub-
lished data) or anti-Nup107 and mAb414 labeling (Figure 4B, a—c, and Sup-
plemental Figure S1 A, c¢) demonstrated that under these experimental
conditions, depletion of Giantin (assessed by the decreased Golgi labeling
detected with a specific anti-Giantin scFv) could be used to identify the
siRNA-treated cells. Additional controls confirmed that the recorded pheno-
types were not due to the cotransfection with Giantin siRNA duplexes and
that siRNA duplexes directed against Nup133 or Seh1 did not affect Giantin
labeling (Supplemental Figure S1 A).

Total RNAs were isolated 72 h after siRNA transfection, by using the
RNeasy mini kit (QTAGEN). mRNA were reverse-transcribed using random
hexameres and the AMV reverse transcriptase (Finnzymes, Espoo, Finland).
Real-time PCR was performed with the ABI PRISM 7900HT sequence detec-
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Figure 1. Immunoprecipitation of soluble extracts from HeLa cells expressing GFP;-Sehl, GFP-Nup37, GFP-Aladin (A); GFP-Nup35,
GFP-Nup43 (B); and GFP-Nup107, GFP-Seh1, or GFP (C) by using anti-GFP antibodies. Equivalent amounts of total extracts (T) and immune
supernatants (S) and tenfold equivalents of the immune pellets (P) were analyzed by immunoblot by using, as indicated, anti-GFP, Nup85,
Nup133, Nup107, or Nup160 antibodies or the mAb414 antibody that mainly recognizes p62. Arrowheads in A and B point to the position
of the GFP fusions. Dots indicate IgG heavy chains and stars a protein that cross-reacts with the anti-Nup85 antibody. Molecular mass

markers are in kilodaltons.

tion system by using Syber Green incorporation (SYBR Green PCR-Master
Mix; Applied Biosystems, Foster City, CA) and the following primer pairs:
Sehl (ttggagcgaatgcaatatca and caatggccaaggttcagatt), Nup133 (tgatggcaaa-
gatgatccaa and tcactgagctgaatgcecatc), and TBP (agtgaagaacagtccagactg and
ccaggaaataactctggctcat). The relative amounts of Seh1l and Nup133 cDNAs in
the samples were calculated by reference to standard curves performed for
each cDNA on a calibrator sample (cells treated with a random siRNA) and
normalized by reference to the TBP ¢cDNA by using the Sequence Detection
System 2.0 software (Applied Biosystems).

Antibodies and Immunofluorescence

Polyclonal antibodies against Nup85, Nup37, and Nup160 were obtained by
injecting recombinant GST-Nup85 or GST-Nup37 into rabbits, and a mixture
of GST-Nup160-N and GST-Nup160-C to chickens (Agro-Bio, La Ferté St.
Aubin, France). Serums were depleted of GST antibodies and affinity purified
using GST-Nup85, GST-Nup37 or a mixture of GST-Nup160-N and GST-
Nup160-C immobilized on a NHS-activated columns. The others antibodies
used were affinity-purified rabbit polyclonal antibodies directed against hu-
man Nup133 and Nup107 (Belgareh et al., 2001), Nup96/p87 serum affinity-
purified by using recombinant Nup96/p87 (residues 1291-1482 of Nup196)
immobilized on nitrocellulose (Fontoura ef al., 1999), affinity-purified anti-
Nup96 (directed against a synthetic peptide corresponding to aa 1743-1763 of
Nup196) (Hase and Cordes, 2003), affinity-purified anti-Sec13 (Tang et al.,
1997) and Sec31 (Tang et al., 2000), anti-Tpr (Kuznetsov et al., 2002), or
anti-myc epitope (Euromedex, Souffelweyersheim, France); monoclonal anti-
bodies anti-myc (clone 9E10; Sigma-Aldrich, St. Louis, MO), anti-GFP (clone
7.1 and 13.1; Roche Diagnostics, Indianapolis, IN), anti-SC-35 (Sigma-Al-
drich), anti-cyclin Bl (Santa Cruz Biotechnology), anti-mitosin (BD Bio-
sciences, San Jose, CA), and mAb414 (Babco, Richmond, CA); the autoim-
mune CREST serum was obtained from J.C. Courvalin (Institut J. Monod,
Paris, France). To detect Giantin, the TA10 scFv (Nizak et al., 2003), obtained
from F. Perez (Institut Curie, Paris, France), was used at 1/100 and mixed
with a goat anti-myc antibody (Santa Cruz Biotechnology). Secondary anti-
bodies were purchased from Jackson ImmunoResearch Laboratories (West
Grove, PA) or Molecular Probes (Eugene, OR).

Immunofluorescence on paraformaldehyde (PFA) fixed cells was per-
formed essentially as described previously (Belgareh et al., 2001). In the course
of this study, we noticed that the use of a slightly basic PFA was critical for
a clear detection of Nup96 at both the NPCs and kinetochores.

For cell cycle analyses, cells were incubated for 10 min with 40 uM bromo-
deoxy-uridine (BrdU) and washed twice with phosphate-buffered saline be-
fore being processed for immunofluorescence as described previously (Bel-
gareh et al., 2001), by using anti-Tpr and anti-cyclin Bl antibodies. Cells were
then postfixed for 15 min with 2% PFA, treated for 10 min with 4 N HCl, and
immunostained with a rat anti-BrdU antibody (Harlan Sera-Lab, Leicester-
shire, United Kingdom). S/G2 cells were detected by BrdU and cyclin Bl
staining and mitotic cells by phase contrast. The other cells were scored as G1.
For each siRNA, quantifications were based on two or three independent
experiments with at least 2000 cells scored in total. To eliminate bias, no
attempt was made to discriminate between transfected versus nontransfected
cells.
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Widefield and Deconvolution Microscopy

Images were acquired using an upright motorized widefield microscope
(DMRAZ2; Leica, Wetzlar, Germany). Acquisitions were performed using an
oil immersion objective (100X PL APO HCX, 1.4 numerical aperture) and a
high-sensitive cooled interlined charge-coupled device camera (CoolSnap
HQ; Roper Scientific, Trenton, NJ) operating at 20 MHz in z-streaming mode.
Rapid and precise Z-positioning was accomplished by a piezo-electric motor
(LVDT; Physik Instrument, Auburn, MA) mounted underneath the objective
lens. The whole system was steered by MetaMorph 5 Software (Universal
Imaging, Downingtown, PA). Image stacks were acquired without camera
binning, with a plane spacing of 0.2 um, leading a voxel size of 64.5 X 64.5 X
200 nm?. Deconvolution was performed by the three-dimensional deconvo-
lution module from MetaMorph (Universal Imaging), by using the fast Iter-
ative Constrained PSF-based algorithm.

RESULTS

The Higher Eukaryote-specific WD-Repeat-containing
Nucleoporins Nup37 and Nup43 Are Stable Constituents
of the Nup107-160 Complex

To determine whether human Sehl and/or Nup37 were
constituents of the Nup107-160 NPC subcomplex, HeLa cells
were transiently transfected with these two nucleoporins
tagged with GFP. As controls, we used either GFP alone,
GFP-Nup107, GFP-Nup35, or two other WD-repeat nucleo-
porins, GFP-Nup43 and GFP-Aladin. As reported previ-
ously, these various nucleoporins were properly targeted at
the nuclear envelope after 2 or 3 d of transfection (Cronshaw
et al., 2002; see also Figure 5), with the exception of Secl3
that gave an additional signal typical for endoplasmic retic-
ulum (ER) and ER exit sites (Hammond and Glick, 2000;
Tang et al., 2000; see also Figure 8).

Immunoprecipitations were performed using anti-GFP
antibodies on total cell extracts collected 3 d after transfec-
tion. As anticipated, GFP-Nup107 immunoprecipitated the
other constituents of the Nup107-160 complex, i.e., Nup85,
Nup133, Nup160 (Figure 1C), and Nup96 (our unpublished
data). In addition, GFP-Nup37 was able to efficiently copre-
cipitate all the previously characterized constituents of the
Nup107-160 complex (Figure 1A; our unpublished data).
Unexpectedly, a similar result also was observed with the
WD-repeat-containing nucleoporin GFP-Nup43 (Figures 1B
and 3). In contrast, none of the constituents of the Nup107-
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160 complex were detectable in any of the control precipi-
tations (GFP-Aladin, GFP-Nup35, or GFP) (Figures 1 and 3).
For Seh1 tagged with either one (Figure 1C) or three (Figure
1A) copies of GFP the amount of coprecipitated nucleopor-
ins was low when detectable and less reproducible com-
pared with the other nucleoporins analyzed under similar
conditions. Use of a NRK cell line stably expressing GFP-
Seh1 did not increase the amount of coprecipitated nucleo-
porins (our unpublished data), suggesting that, unlike in S.
cerevisiae, Sehl might be less stably associated with the
Nup107-160 complex in extracts. However, we could not
exclude that the GFP-tag may affect Sehl assembly within
the Nup107-160 complex or not be accessible to antibodies
once GFP-Sehl is assembled within the NPCs.

Because attempts to obtain anti-Seh1 antibodies were not
successful, we also tagged both Nup37 and Sehl at their
amino-terminal domain with a 6-myc epitope. When trans-
fected in HeLa cells, both constructs were properly targeted
to the NPCs. Whole cell extracts from myc,-Nup37- and
mycg-Sehl-expressing cells were then analyzed on sucrose
gradients. As shown in Figure 2A (a, b, ¢, and f), endogenous
Nup133, Nup85, and Nup37 all peaked at fraction 11-14 on
sucrose gradients, whereas p62 was found in lighter frac-
tions of the gradient. Unlike endogenous Nup37, the major
pool of transiently transfected myc,-Nup37 was found in the
lightest fractions of the sucrose gradients, whereas a minor
pool (most likely corresponding to aggregated and/or mis-
folded protein) was recovered at the bottom of the gradient.
However, part of the myc,-Nup37 fusion protein was also
found to comigrate together with Nup133 within fractions
11-14 (Figure 2A, d). In the case of myc,-Seh1, a minor pool
of the fusion protein could also be found in those fractions
(Figure 2A, e). Yet, immunoprecipitation experiments per-
formed on similar samples by using either anti-myc or anti-
Nup107 antibodies did not reveal any significant interaction
between mycs-Sehl and constituents of the Nupl07-160
complex (our unpublished data).

Noteworthy, whereas addition of the theoretical mass of
each constituents of the Nup107-160 complex predicts a
theoretical mass of ~700 kDa, this complex migrated with

Nup133 RNAi

3336

Figure 2. Analysis of myce-Nup37 and
myc,-Sehl behavior by sucrose gradients. (A)
Soluble extracts from HelLa cells (b and f) or
from HeLa cells expressing mycy,-Nup37 (a
and d) or myc,-Sehl (c and e) were loaded on
continuous 20-35% sucrose gradients and
centrifuged at 100,000 X g for 16 h. Fractions
from the top (fraction 1) to the bottom (frac-
tion 26) of the gradient were analyzed by
Western blot by using anti-Nupl33 (a),
Nup85 (b), Nup37 (c), or myc (d and e) anti-
bodies, or the mAb414 antibody (f). (B) Frac-
tions 11-14 from the above-described sucrose
gradient (b) were pooled, and 50 ul of the
resulting sample was loaded on a Superose 6
(PC 3.2/30) gel filtration chromatography col-
umn. The initial sample (L) and the Superose
6 fractions were analyzed by Western blot by
using anti-Nup133, Nup85, and Nup37 anti-
bodies. Molecular size markers used to cali-
brate the sucrose gradient and the Superose 6
column are indicated. Thick bars denote the
position of the Nup107-160 complex.

an apparent specific mass lower than Ferritin (440 kDa) on
sucrose gradient at equilibrium (Figure 2A). To further char-
acterize the behavior of these nucleoporins, positive frac-
tions from the sucrose gradient were analyzed by gel filtra-
tion chromatography. As shown in Figure 2B, Nup133,
Nup85, and Nup37 were all eluted much before Thyroglob-
ulin (670 kDa) on a Superose 6 column (Figure 2B), a result
consistent with the behavior of the Xenopus Nup107-160
complex upon fractionation on Sephacryl S400-HR column
(Vasu et al., 2001). The unexpected behavior of the Nup107-
160 complex on sucrose gradient may reflect its elongated
shape, similar to the previously described Y-shaped struc-
ture of the S. cerevisine Nup84 complex (Lutzmann et al.,
2002). In addition, the similar behavior of Nup37 and con-
stituents of the Nup107-160 complex on both sucrose gradi-
ent and upon gel filtration is consistent with the fact that
most, if not all, Nup37 associates with the Nup107-160 com-
plex in HeLa cells.

The presence of several distinct WD-repeat nucleoporins
in the Nup107-160 complex raised the possibility of the
existence of distinct complexes that may contain different
combinations of these WD-repeat proteins. To address this
issue, HeLa cells were cotransfected with myc,-Nup37 and
several GFP-tagged nucleoporins. As the other constituents
of the Nupl07-160 complex, myc,-Nup37 coprecipitated
with GFP-Nup43 and GFP;-Sec13 (Figure 3) but not with
GFP-Nup35 that does not belong to the Nup107-160 com-
plex. Together, these results thus indicate that all Nup107-
160 complexes contain several distinct WD-repeat nucleo-
porins, Sec13, Nup37, Nup43, and possibly Sehl.

RNA Interference of Sehl Induces Phenotypes Similar to

Because we could not observe a stable interaction between
Sehl and constituents of the Nup107-160 complex in vitro,
we decided to address its function at NPCs by using
siRNA duplexes (Elbashir ef al., 2001) specifically target-
ing the Sehl mRNA. Such a study previously revealed
that partial depletion of Nup133, Nup107, or Nup85 leads

Molecular Biology of the Cell
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Figure 3. GFP-Nup43 and GFP;-Sec13 coimmunoprecipitate with
myce-Nup37 and the other constituents of the Nup107-160 complex.
Immunoprecipitation using anti-GFP antibodies of soluble extracts
from HeLa cells coexpressing GFP-Nup35, GFP-Nup43, or GFP;-
Sec13, and myc,-Nup37. Equivalent amounts of total extracts (T)
and immune supernatants (S) and tenfold equivalents of the im-
mune pellets (P) were analyzed by immunoblot by using anti-GFP,
anti-myc (that recognizes the myc,-Nup37 fusion), Nup85, Nup160,
Nup133, Nup96, Nup107, Nup85, or Sec31 antibodies. Arrowheads
indicate the position of the GFP fusions. Molecular mass markers on
the left are in kilodlatons.

to the decreased localization of several nucleoporins at the
nuclear envelope (Boehmer ef al., 2003; Harel et al., 2003;
Walther et al., 2003a). We could further correlate this
decreased labeling to an overall decrease of NPC number
in the Nup133 or Nupl07-depleted cells (Walther et al.,
2003a).

Quantitative RT-PCR showed that the selected Sehl
siRNA led to a strong decrease of its mRNA, whereas the
level of Nup133 mRNA was not significantly affected (Fig-
ure 4A). Conversely, the level of Seh1 mRNA was not sig-
nificantly altered upon treatment of HeLa cells with siRNAs
targeting Nup133 mRNAs (Figure 4A). Because antibodies
directed against Sehl were not available, siRNA duplexes
directed against Giantin were cotransfected with the Seh1 or
Nup133 siRNA duplexes and depletion of Giantin (assessed
by its decreased labeling at the Golgi) was used to identify
the siRNA-treated cells (see MATERIALS AND METH-
ODS). Using this approach, a reduction of Nupl07 and
mAb414 staining at the nuclear envelope could be observed
in Sehl siRNA-treated HeLa cells (Figure 4B, d). This de-
creased labeling was accompanied by the appearance of
cytoplasmic foci, containing both Nup107 and mAb414 an-
tigens, and reminiscent of annulate lamellae (Figure 4B).
Similar results were also observed with anti-Nup133 anti-
bodies (our unpublished data). However, the delocalization
of these nucleoporins from the nuclear envelope (NE) was
usually less pronounced upon Sehl siRNA treatment com-
pared with Nup133-depleted cells (Figure 4B, ¢ and d, and
Supplemental Figure S1, b and c). In contrast, the labeling of
Nup153 at the nuclear envelope was less affected, and this
nucleoporin was never found into Nup107-labeled cytoplas-
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mic foci (our unpublished data). Finally, as also previously
reported in Nup133- or Nupl107-depleted cells (Walther et
al., 2003a), a decrease of Tpr labeling at the NE was observed
in most Seh1 siRNA-treated cells. In addition, both Tpr and
the speckle protein SC-35 were found to accumulate as
distinct cytoplasmic foci in some, but not all, Sehl- or
Nup133-depleted cells (Figure 4D, c and Supplemental Fig-
ure S1B, b). In contrast, the nuclear targeting of Coilin was
not affected in Sehl siRNA-treated cells displaying an ex-
treme Tpr delocalization (our unpublished data). Similarly,
previous studies did not reveal any alteration of the kinetics
of import of the RGG reported in Nup133-depleted cells
(Walther et al., 2003). Because cytoplasmic SC-35 foci have
been previously observed in cells at the end of mitosis
(Spector et al., 1991), we reasoned that this labeling could
reflect a cell cycle defect occurring in some Nup133- or
Sehl-depleted cells. In agreement with this hypothesis, im-
munofluorescence analyses revealed that both Sehl and
Nup133 siRNA-treated cells moderately accumulate in a
Gl-like stage and that no cell displaying cytoplasmic foci of
SC-35 were in S, G2, or M phase of the cell cycle (Figure 4C).
Similar experiments performed using random, Giantin, or
Tpr siRNA duplexes did not reveal such a G1 accumulation,
nor the appearance of SC-35 in cytoplasmic foci (Figure 4C).
Similarly, depletion of Nup358 did not lead to the mislocal-
ization of SC-35 (our unpublished data). However, analysis
of Nup153 siRNA-treated cells revealed a similar modest
increase of G1 cells, associated with the appearance of cells
with SC-35 foci in the cytoplasm (Figure 4C). Yet, the early
phenotypes associated with Nup153 depletion clearly differ
from those induced by Nup133, or Seh1 depletion (see DIS-
CUSSION).

GFP-tagging Reveals the Association of Nup160, Nup37,
Nup43, and Seh1 with Kinetochores in Mitosis

So far, three constituents of the Nupl07-160 complex,
Nup133, Nup107, and Nup85, have been localized to kinet-
ochores in mitosis (Belgareh et al., 2001; Harel et al., 2003).
Because those results suggested that the entire Nup107-160
complex might be targeted to kinetochores in mitosis, we
analyzed the localization of GFP-tagged constituents of this
complex in mitotic HeLa cells. In agreement with previous
data demonstrating the localization of endogenous Nup85 at
kinetochores, analysis of live cells revealed the targeting of
GFP-tagged Nup85 to kinetochores (Figure 5, top left). In the
case of Nup160, initial attempts to localize this protein by
using the KIAAQ0197-derived pEGFP,-Nup160AC,, vectors,
which carries an internal 92-amino acid deletion within the
C-terminal domain of Nup160, did not revealed any specific
localization of this fusion to either the NPCs or kinetochores.
In contrast, full-length GFP;-Nup160 was targeted to both
NPCs and kinetochores (Figure 5). Finally, the WD-repeat
nucleoporins GFP-Nup37, GFP-Nup43, and GFP-Sehl all
gave rise to a typical dot-like labeling on mitotic chromo-
somes. Such a labeling appeared to be specific for the con-
stituents of the Nup107-160 complex, because it was not
observed for several other nucleoporins tested, including
GFP-tagged Nup35 (Figure 5, top right), Nup98, Nup50, or
the WD-repeat containing nucleoporin Aladin (our unpub-
lished data). As previously observed for Nupl33 and
Nup107, this labeling reflected the localization of a minor
fraction of these nucleoporins that are otherwise dispersed
within the mitotic cytoplasm.

Those signals remained upon paraformaldehyde fixa-
tion of the cells, which enabled us to perform triple label-
ing by using the human autoimmune CREST serum and
the monoclonal anti-CENP-F antibody, thereby confirm-
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Figure 4. Effects of Sehl depletion in HeLa cells are reminiscent to those observed upon Nup133 depletion. (A) Quantitative RT-PCR
analysis of Seh1 and Nup133 mRNAs from HeLa cells treated for 3 d with siRNA duplexes specific for Sehl or Nup133 or a random siRNA.
The amounts of Seh1 and Nup133 mRNAs were arbitrarily set at 100% for cells treated with the random siRNA. (B) Widefield microscopy
images of immunofluorescence of HeLa cells treated for 3 d with no siRNA (a), Giantin siRNA duplexes (b), or Giantin siRNA duplexes
together with siRNA duplexes specific for Nup133 (c) or Seh1 (d) and labeled with anti-Nup107, mAb414, and anti-Giantin antibodies. DNA
was stained with 4,6-diamidino-2-phenylindole (DAPI). Note in c and d the wild-type labeling of Nup107 and mAb414 in cotransfected cells
that are not depleted for Giantin. As previously observed in Nup107-depleted cells (Walther et al., 2003a), cytoplasmic foci are slightly less
abundant in Seh1-depleted cells compared with Nup133-depleted cells. (C) Cell cycle analyses of HeLa cells treated for 3 d with no siRNA,
a random siRNA, or with siRNA duplexes specific for Tpr, Nup153, Nup133, or Sehl. S/G2 cells were detected by BrdU and cyclin Bl
staining, and mitotic cells by phase contrast. The clear part of the histograms corresponds to the percentage of cells with SC-35 cytoplasmic
foci. Standard deviations are indicated. (D) Widefield microscopy images of immunofluorescence of HeLa cells treated for 3 d with no siRNA
(a), Giantin siRNA duplexes (b), or Giantin siRNA duplexes (c) together with siRNA duplexes specific for Sehl. Cells were labeled with

anti-Tpr, anti-SC-35, anti-Giantin, and DAPI. Bars, 10 um.

ing the identity of these fluorescent foci as kinetochores.
As shown in Figure 6 and Supplemental Figure S2, de-
convolved images of GFP-Nup37 and GFP-Nup43 re-
vealed their distal localization compared with the inner
centromeres labeled with the CREST serum, and a slightly
less distal position than CENP-F, an outer kinetochore
protein (Rattner et al., 1993).

In addition, analysis of cells at various stages of mitosis
revealed for both GFP-Nup37 and GFP-Nup43 a faint kinet-
ochore labeling in prophase (Figure 6B, a and b and Supple-
mental Figure S2 B, a and b), whereas no signal could be
detected in interphase (a). This staining was enhanced dur-
ing late prophase/prometaphase (Figure 6B, c), persisted
until early anaphase (Figure 6B, d and Supplemental Figure
S2 B, c), and started to fade in late anaphase (Figure 6B, e
and Supplemental Figure S2 B, d). Accordingly, both the
localization within kinetochores and the kinetics of appear-
ance of these nucleoporins to these mitotic structures is
indistinguishable from the one observed for Nup133 and
Nup107 (Belgareh et al., 2001).
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Nup96 Is Tightly Associated with the Nup107-160
Complex during the Entire Cell Cycle and Is Localized at
Kinetochores in Mitosis

While this study was in progress, Nup96 and Secl3 were
reported to be distributed differently throughout the cell
during mitosis: whereas a major fraction of Nup96 was
found to colocalize with tubulin on the spindle apparatus,
Sec13 did not colocalize with the spindle apparatus and was
reportedly distributed in a diffuse pattern throughout the
cell (Enninga et al., 2003).

To further characterize the behavior of Nup96 during
mitosis, we first performed immunoprecipitation experi-
ments from interphase or mitotic HeLa cell extracts by using
affinity-purified anti-Nup133 antibodies. As shown in Fig-
ure 7A, Nup96 was very efficiently codepleted with Nup133
from both interphase and mitotic supernatants and recov-
ered in the corresponding immune pellets, indicating that
most, if not all, Nup96 is stably associated with the Nup107-
160 complex during the entire cell cycle. Unlike Nup96,
Nup85 and Nup37 were less efficiently depleted from these

Molecular Biology of the Cell
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Figure 5. Constituents of the Nup107-160 complex, but not GFP-
Nup35, are targeted to kinetochores. Widefield microscopy images
of live interphase and mitotic HeLa cells expressing, as indicated,
GFP-Nup85, GFP-Nup35, GFP-Nup160, GFP-Seh1, GFP-Nup37, or
GFP-Nup43. Whereas all these GFP-tagged nucleoporins are tar-
geted to the nuclear envelope of interphase cells, fluorescent foci can
be visualized at the metaphase plate of mitotic cells expressing these
various fusions, with the exception of GFP-Nup35-expressing cells.

extracts (Figure 7A), a result that most likely reflects a less
robust interaction of these nucleoporins with the rest of the
Nup107-160 complex under our immunoprecipitation con-
ditions.

We then analyzed the subcellular localization of Nup96 in
mitotic HeLa cells, by using an affinity-purified antibody
directed against Nup96 that recognizes both Nup96 and its
splice variant p87 (Fontoura et al., 1999). Although a spindle
labeling was clearly detected when using the nonpurified
serum, the affinity-purified serum no longer recognized the
spindle and instead revealed a clear labeling of kinetochores
in metaphase (Figure 7B, right). Similar results were also
obtained using another anti-Nup96 serum (Hase and
Cordes, 2003) (our unpublished data). As shown in Figure
7B, the Nup96/p87 labeling partially overlapped the stain-
ing obtained with anti-CENP-F and was juxtaposed to the
labeling obtained with the CREST serum that labels consti-
tutive constituents of centromeres (our unpublished data).
As also previously observed with other constituents of the
Nup107-160 complex, a specific labeling of Nup96 at kinet-
ochores was already observed during prophase, when
Nup96 is mainly localized at the nuclear envelope (Figure
7B, left).

A Fraction of Sec13 Associates with Kinetochores

For GFP;-Sec13, most of its labeling reflected the expected
localization of this COPII constituents at ER exit sites and
vesicular transport structures (Tang ef al., 2000). A faint
signal could also be observed at the NE in both live and
fixed interphase HeLa cells (Figure 8, A and B). This dual
ER/NE localization is in agreement with the biochemical
interaction of Secl3 with both Sec31, a constituent of the
COPII complex (Tang et al., 2000; see also Figure 3), and the
various constituents of the Nup107-160 NPC subcomplex
(Vasu et al., 2001; Enninga et al., 2003; see also Figure 3). In
addition, a very faint signal also could be observed at kinet-
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ochores in live mitotic cells (Figure 8A, inset). To further
characterize this labeling, GFP;-Sec13-transfected HeLa
cells were analyzed by immunofluorescence by using the
human autoimmune CREST serum and affinity-purified an-
ti-Nup133 antibodies. As shown in Figure 8B, deconvolved
images of such cells revealed the nearly perfect colocaliza-
tion of the GFP;-Sec13 and Nup133 labeling at kinetochores,
and their partial overlap with the CREST signal. The remain-
ing mitotic GFP;-Sec13 signal, including peripheral vesicu-
lar structures, overlapped with the signal obtained with the
Sec31 antibody (Supplemental Figure S3, arrows). Notewor-
thy, no NE or kinetochore labeling could be detected with
the Sec31 antibody (Supplemental Figure S3). This result
correlates with the lack of Sec31 in the GFP-Nup43 immune-
pellet that contains the constituents of the Nup107-160 com-
plex (Figure 3), suggesting that other COPII components are
not colocalizing with the Nup107-160 complex.

As an alternative approach to localize Sec13, we also used
affinity-purified anti-Sec13 antibodies. As shown in Figure
8C, this study confirmed the specific localization of a frac-
tion of endogenous Secl3 at both the nuclear pores and
kinetochores. Note, as already observed for other members
of the Nup107-160 complex (see Figure 6, Supplemental
Figure S2, and Belgareh et al., 2001) that the labeling of Sec13
at kinetochores persists in early anaphase.

DISCUSSION

Seh1 Behaves as a Constituent of the Nup107-160
Complex

The vertebrate Nup107-160 NPC subcomplex was so far
demonstrated to be composed of at least six distinct nucleo-
porins, including the WD-repeat containing Sec13 protein.
In this study, we aimed to identify the additional WD-repeat
nucleoporins that belong to this vertebrate NPC subcom-
plex. Although the S. cerevisine WD-repeat nucleoporin Sehl
is a stable constituent of the ScNup84 complex, we could not
convincingly demonstrate the presence of human Sehl in
the Nup107-160 complex by using biochemical approaches.
Yet, both GFP-Seh1 and myc,-Sehl were properly targeted
to the NPC during interphase. Comparison of the human
and S. cerevisine Sehl protein sequences predicts a more
basic pK; for human Sehl (8.97) compared with ScSehl
(theoretical pK; = 5.58). With the exception of Nup43 (the-
oretical pK; = 7.8), all the other constituents of the Nup107-
160 complex have pK; in the range of 5-5.6. Whether this
feature could explain the extremely weak interaction of
GFP-Sehl and myc,-Sehl with the Nup107-160 complex in
our immunoprecipitation experiments remains to be deter-
mined. The fact that human Sehl may be lost during our
purification processes without affecting the assembly of the
other constituents of this complex, suggests that this WD
nucleoporin is likely to be a peripheral constituent of the
vertebrate Nup107-160 complex. Noteworthy, S. cerevisiae
Nup133 was not initially identified in the SCNup84 complex,
and its interaction with components of this complex could
only be demonstrated in vitro (Lutzmann ef al., 2002) or by
immunoprecipitations performed after enrichment of the
complex on Nupl00O-coated beads (Allen ef al.,, 2002). In
contrast, vertebrate Nup133 seems to be stably associated
with the Nup107-160 complex. These data thus likely reflect
species-dependent behavior of individual constituents
within the evolutionarily conserved ScNup84/vertebrate
Nup107-160 complex.

The link between Seh1 and the Nup107-160 complex was
further strengthened by the fact that Sehl knockdown by
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RNAI induces phenotypes reminiscent to those induced by
partial depletion of Nup133, Nup107, or Nup85 (Boehmer et
al., 2003; Harel et al., 2003; Walther et al., 2003a), most prom-
inently the reduction of many nucleoporins at NPCs. The
consequences of Sehl depletion on the delocalization of
various nucleoporins from the NE was less pronounced
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Figure 6. GFP-Nup37 is localized at kineto-
chores from prophase to anaphase. (A) De-
convolved images of fixed metaphase HeLa
cells expressing GFP-Nup37 (shown in green)
and labeled with anti-CENP-F antibody
(shown in red) and the CREST serum (shown
in blue). Insets showing enlargements of the
marked area reveal that GFP-Nup37 lies dis-
tal to the centromeres labeled with the CREST
serum, and slightly more central than
CENP-F, an outer kinetochore protein. (B)
Fixed HeLa cells expressing GFP-Nup37 were
labeled with the CREST serum and DAPIL
Deconvolved images of interphase (a),
prophase (b), late prophase/prometaphase
(c), early anaphase (d), and late anaphase (e)
are presented. The insets show enlargements
of the marked area. Arrows point to the po-
sition of centromeres. Note the weak kineto-
chore labeling of GFP-Nup37 in early
prophase and the persistence of this staining
until late anaphase.

compared with the effect of Nup133 or Nupl07 siRNAs,
suggesting a minor contribution of Sehl to the overall func-
tion of the Nup107-160 complex in human cells. Yet, this
phenotype was unexpected, because deletion of the Sehl
ortholog in S. cerevisiae, while affecting cell growth particu-
larly at lower temperatures, does not induce any of the

Molecular Biology of the Cell



A | M

T s P T S§ P
NUD133 - — — -

Nup96 .. , —— oy
Nup85 = === - — ’

Nupa? E— —
Sec13 Ww——

B

overlay

Figure 7. Nup96 stably interacts with the Nup107-160 complex in
mitosis and is localized at kinetochores in mitotic HeLa cells. (A)
Immunoprecipitation of interphase (I) or mitotic (M) HeLa S3 cell
extracts by using affinity-purified anti-Nup133 antibodies. Equiva-
lent amounts of total extracts (T) and depleted supernatants (S) and
fivefold equivalents of the immune pellets (P) were analyzed by
immunoblot by using antibodies directed against Nup133, Nup96,
Nup85, Nup37, and Sec13. Similar coimmunoprecipitation efficien-
cies were obtained with these various nucleoporins from both in-
terphase and mitotic extracts. Note the very efficient codepletion
and coprecipitation of Nup96 together with Nup133. (B) Decon-
volved images of HeLa cells double-labeled with affinity-purified
anti-Nup96 and monoclonal anti-CENP-F antibodies. DNA was
stained with DAPIL Note that Nup96 is clearly detected at kineto-
chores in prophase (cell on the left) and metaphase.
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phenotypes observed for other constituents of the ScNup84
complex, namely, NPC clustering and growth defect at 37°C
(Siniossoglou ef al., 1996). While a decreased mAb414 label-
ing was recently reported in gp210-depleted cells (Cohen et
al., 2003), such defects were not observed with siRNA du-
plexes targeting Tpr or Nup358/RanBP2 (Hase and Cordes,
2003; Salina et al., 2003). Although no alteration or even a
modest increase of Nup107 labeling was observed at 3—4 d
after Nup153 depletion (Hase and Cordes, 2003), these stud-
ies showed a late decrease of Nup107 NE staining intensity
concomitant to morphological alterations of the Nup153-
deficient nuclei. In addition, we noticed a cytoplasmic accu-
mulation of SC-35 foci that correlated with a minor increase
of Gl-like cells in some Nup133-, Nup107- (Walther ef al.,
2003a; our unpublished data), Sehl-, but also Nup153-de-
pleted cells. These common late phenotypes might thus
reflect the interaction between Nup153 and the Nup107-160
complex (Vasu et al., 2001) and/or their common involve-
ment in NPC assembly at the end of mitosis (Walther ef al.,
2003b). Alternatively, and as recently described in the case of
gp210 depletion, these late phenotypes could be less specific
and reflect a population of sub-G1 cells at an early stage of
apoptosis (Cohen et al., 2003).

Noteworthy, the kinetic of GFP-Sehl turnover at the NPCs
is indistinguishable from the ones determined for the other
constituents of the Nup107-160 complex, including Nup133
and Nup107 (Belgareh et al., 2001), Nup85, Sec13, Nup37,
and Nup43 (Rabut, Doye, and Ellenberg, unpublished data).
In particular, despite some common phenotypes induced by
their depletion, the extremely stable association of Seh1 with
NPCs clearly differs from the dynamic behavior of Nup153
or gp210 at NPCs (Rabut, Doye, and Ellenberg, unpublished
data). Finally, as the other constituents of the Nup107-160
complex, and unlike most other nucleoporins, a fraction of
GFP-Sehl is specifically localized at kinetochores during
mitosis. Together, these features strongly suggest that Sehl
behaves as a constituent of the Nup107-160 complex.

The Human Nup107-160 Complex Contains Two Higher
Eukaryote-specific WD-Repeat Nucleoporins, Nup37 and
Nup43

Our study further revealed the stable interaction of two
recently identified eukaryote-specific WD nucleoporins,
Nup37 and Nup43, with the Nup107-160 complex. These
data at first strengthen the identity of these two proteins as
bona fide nucleoporins, which was so far based on their
copurification with enriched NPCs and their punctuate nu-
clear rim colocalization with the mAb414 antibody at the
nuclear periphery (Cronshaw et al., 2002). We further show
that the entire cellular fraction of Nup37 comigrates with
other constituents of the Nup107-160 complex on sucrose
gradient and upon gel filtration and is as efficiently copre-
cipitated with Nup133 as other previously characterized
constituents of this complex, such as Nup85. This indicates
that most, if not all, Nup37, is associated with this NPC
subcomplex. The interaction of these two-higher eukaryote
specific nucleoporins with the Nup107-160 complex initially
raised the hypothesis that they could belong to distinct
complexes, that would specify for instance a cytoplasmic
versus a nuclear form of the Nup107-160 complex. This is,
however, not the case as Nup37 and Nup43 efficiently co-
precipitate with each other as well as with Sec13. Our data
thus provide strong evidence for the existence of a single
complex that contains three, and most likely four (including
Seh1) various distinct WD-repeat nucleoporins. This means
that among the so far 30 nucleoporins identified in verte-
brates, nearly one-third can now be assigned to the Nup107-
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Figure 8. A fraction of Sec13 localizes to both the
nuclear envelope and kinetochores. (A) Widefield
microscopy images of live interphase and mitotic
HeLa cells expressing GFP5-Sec13. The fluorescent
signal and the corresponding phase contrast images
are shown. The inset shows a threefold enlargement

GFP;-Sec13 + CREST CREST + DAPI overlay of the marked area within the metaphase plate,
where bright GFP;-Secl3 foci can be detected (ar-
rowheads). (B) Deconvolved images of GFP;-Sec13—

C anti-Sec13 CREST DAPI expressing cells double labeled with affinity-puri-

overlay

160 complex that thus represents a major building block of the
vertebrate NPC. The lack of coimmunoprecipitation of en-
dogenous Nup107 with GFP-Nup107 (Figure 1C) and of
endogenous Nup133, Nup85, and Nup37, with their corre-
sponding GFP-tagged variant (our unpublished data), indi-
cate that the Nup107-160 complex likely contains a single
copy of each of these nucleoporins.

In S. cerevisiae, Sec13 and Seh1 were, respectively, found
to interact directly with Nup145-C (the S. cerevisiae Nup96
counterpart) and Nup85. Recently, it also was demon-
strated that mammalian Sec13 interacts with Nup96 (En-
ninga et al., 2003). Although it thus seems likely that
vertebrate Sehl associates with Nup85, the specific con-
stituents of the Nup107-160 complex that directly interact
with Nup37 and Nup43 remain to be identified. WD
repeat propeller structures have been proposed to create a
stable platform that can form reversible complexes with
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fied anti-Nup133 antibody and the CREST serum.
DNA was stained with DAPI Insets show a three-
fold enlargement of the marked area. Note the over-
lap between the GFP;-Secl3 and the anti-Nup133
stainings that are more peripheral compared with
the CREST labeling. (C) Deconvolved images of
HeLa cells double labeled with affinity-purified an-
ti-Sec13 antibody and the CREST serum. DNA was
stained with DAPI. The arrow on the interphase cell
(top) points to the nuclear envelope, labeled with
the Secl3 antibody, and arrowheads indicate the
position of kinetochores, labeled with both the anti-
Secl3 antibody and CREST serum in an anaphase
cell (bottom).

several proteins, thus coordinating sequential and/or si-
multaneous interactions (Smith et al., 1999). Although a
possible function of these nucleoporins could be to stabi-
lize interactions within the Nup107-160 complex, they
may also interact with other nucleoporins that do not
belong to this complex, or with specific transport factors.
Whereas potential orthologs of Nup37 and Nup43 can be
clearly identified in the Drosophila genome database (as
the products of CG11875 and CG7671, respectively; our
unpublished data), these two nucleoporins have no iden-
tifiable yeast orthologs (Cronshaw et al., 2002), a feature
that suggests a function restricted to higher eukaryotic
NPCs. In view of the recently described role of the
Nup107-160 complex in vertebrates, this specific function
could be NPC disassembly and reassembly at the end of
mitosis. Yet, the fact that no orthologs of these two
nucleoporins could so far be identified in C. elegans (Galy
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et al., 2003) that displays an open mitosis make this hy-
pothesis less likely. siRNA approaches and two hybrid
screens aimed at identifying the various partners of these
nucleoporins may help to further unravel the function of
these higher eukaryotes specific WD-repeat nucleoporins
in the assembly or function of the Nup107-160 complex.

The Nup107-160 Complex Seems to be Targeted as One
Entity to Kinetochores

The Nup107-160 complex, purified from interphase extract,
retains its integrity in mitosis. Indeed, we previously dem-
onstrated that four of its constituents, namely, Nup133,
Nup107, Nup160, and Nup96 are stably associated when
purified from mitotic cells (Belgareh ef al., 2001). In addition,
Nup85 and Secl3 were reported previously to coimmuno-
precipitate with the other members of the Nup107-160 com-
plex in Xenopus egg extract that are arrested at a metaphase-
like stage (Vasu et al., 2001; Harel et al., 2003). In this study,
we could further demonstrate that human Nup85, Nup37,
and a fraction of Secl3 are as stably associated with the
Nup107-160 complex when purified from interphase or mi-
totic extracts.

In addition to their biochemical interaction in mitotic ex-
tracts, we could demonstrate that all Nup107-160 constitu-
ents are associated with kinetochores. In the case of Sec13,
the kinetochore signal was rather difficult to observe over
the cytoplasmic background, a feature that was anticipated
if one considers that only the small fraction of Sec13 that
belongs to the Nup107-160 complex is targeted to kineto-
chores. The targeting of these GFP-tagged nucleoporins to
kinetochores was specific, because it was not detected with
Aladin, the unique WD-repeat nucleoporin that does not
belong to the Nup107-160 complex. Similarly, no detectable
signal could be observed at kinetochores with GFP-Nup35.
Such a signal could have been expected because the S.
cerevisiae ortholog of this nucleoporin, Nup53, associate with
Mad1 and Mad2 in yeast (Iouk et al., 2002), and vertebrates
Mad1 localizes to kinetochores in mitosis (Campbell et al.,
2001).

The constituents of this complex further display a similar
kinetics of targeting to this structure: they could all be al-
ready detected from prophase until anaphase (Figures 6, 7,
and 8C, and Supplemental Figure S2; our unpublished data).
Accordingly, the Nup107-160 subcomplex is likely to be
targeted as one entity to kinetochores. The persistence of this
signal during anaphase, a feature previously reported for
Nup133, distinguishes this subset of NPC/kinetochore con-
stituents from checkpoint markers such as Mad1 and Mad2
that also associate with NPCs during interphase.

Because it is anticipated that ~16 copies of this symmetric
subcomplex are present at each NPC (Cronshaw et al., 2002),
and considering that the kinetochore signal is at least as
bright, and frequently brighter than the signal recorded for
one individual NPC (G. Rabut and J. Ellenberg, unpublished
data), one can expect the presence of multiple Nup107-160
complexes per kinetochore. Accordingly, the Nup107-160
complex may represent a significant building block of ver-
tebrate kinetochores. Knock-down of Nup358, another pro-
tein that displays a dual localization at both NPCs and
kinetochores recently revealed a function of this nucleoporin
in kinetochore assembly and in microtubule-kinetochore
interactions (Salina et al., 2003; Joseph et al., 2004). Whether
a similar function might be assigned to the Nup107-160
complex, or whether its kinetochore localization could be
somehow linked to its early recruitment to mitotic chroma-
tin in a Xenopus extracts (Walther et al., 2003a,b) and reflect
mechanisms involved in the coordination between chromo-

Vol. 15, July 2004

WD-Repeat Nucleoporins at Kinetochores

some segregation and NPC reassembly during mitosis re-
mains to be investigated.
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