The nucleoporin Nup88 is interacting with
nuclear lamin A
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ABSTRACT Nuclear pore complexes (NPCs) are embedded in the nuclear envelope (NE)
and mediate bidirectional nucleocytoplasmic transport. Their spatial distribution in the NE
is organized by the nuclear lamina, a meshwork of nuclear intermediate filament proteins.
Major constituents of the nuclear lamina are A- and B-type lamins. In this work we show
that the nuclear pore protein Nup88 binds lamin A in vitro and in vivo. The interaction is
mediated by the N-terminus of Nup88, and Nup88 specifically binds the tail domain of
lamin A but not of lamins B1 and B2. Expression of green fluorescent protein-tagged
lamin A in cells causes a masking of binding sites for Nup88 antibodies in immunofluores-
cence assays, supporting the interaction of lamin A with Nup88 in a cellular context. The
epitope masking disappears in cells expressing mutants of lamin A that are associated with
laminopathic diseases. Consistently, an interaction of Nup88 with these mutants is dis-
rupted in vitro. Immunoelectron microscopy using Xenopus laevis oocyte nuclei further
revealed that Nup88 localizes to the cytoplasmic and nuclear face of the NPC. Together
our data suggest that a pool of Nup88 on the nuclear side of the NPC provides a novel,
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unexpected binding site for nuclear lamin A.

INTRODUCTION

The nuclear and cytoplasmic compartments of eukaryotic cells are
spatially separated by the nuclear envelope (NE). The NE is com-
posed of an outer nuclear membrane (ONM) and an inner nuclear
membrane (INM), the nuclear lamina, and nuclear pore complexes
(NPCs). NPCs mediate all molecular exchange between the nucleus
and the cytoplasm of interphase cells and, in vertebrates, they con-
sist of ~30 different nucleoporins (or Nups) (Cronshaw et al., 2002).
Nups are typically organized in distinct subcomplexes that form the
major building blocks of the NPC. The octagonal core of the NPC is
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formed by the central framework that is sandwiched between cyto-
plasmic and nuclear ring moieties (Hinshaw et al., 1992; Akey and
Radermacher, 1993; Stoffler et al., 2003; Beck et al., 2004). Filamen-
tous structures decorate the cytoplasmic and nuclear face of the
NPC, known as cytoplasmic filaments and nuclear basket, respec-
tively (Lim and Fahrenkrog, 2006; Lim et al., 2008).

The nucleoporin Nup88 resides on the cytoplasmic face of the
NPC and is found in a biochemically defined complex with the nucle-
oporins Nup214 and Nup358 as well as the nuclear export factor
CRM1 (Bastos et al., 1997; Fornerod et al., 1997, Roth et al., 2003;
Bernad et al., 2004, 2006). In Drosophila, Nup88 was also found intra-
nuclearly in association with chromatin (Capelson et al., 2010). Nup88
is composed of two structural domains: the N-terminal two-thirds of
the protein (residues 1-584 in humans) are folded into a B-propeller
based on secondary structure prediction, and the C-terminal third
(residues 585-741) is predicted to be largely o-helical in structure,
thereby forming a coiled-coil (residues 585-651) (Fornerod et al.,
1997; Schwartz, 2005). The coiled-coil domain is mediating the inter-
action with Nup214 (Bastos et al., 1997; Fornerod et al., 1997; Bernad
et al., 2004), whereas the B-propeller domain of Nup88 interacts with
the NPC-targeting domain of the nucleoporin Nup98, which is
thought to localize to both the nuclear and cytoplasmic side of the
NPC (Griffis et al., 2003). The Nup88/Nup214 complex does not
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seem to be directly required for nuclear protein import, but it is crucial
for CRM1-mediated nuclear export (Roth et al., 2003; Bernad et al.,
2006). Consequently, Nup88 depletion in Drosophila and human
cells is causing nuclear accumulation of NF-kB transcription factors,
which are CRM1 targets (Uv et al., 2000; Roth et al., 2003; Takahashi
et al., 2008). Interestingly, Nup88 is often found overexpressed in a
variety of tumor tissues (Martinez et al., 1999, Gould et al., 2002;
Agudo et al., 2004; Zhang et al., 2007), although the exact link be-
tween Nup88 expression and cancer has remained elusive.

The nuclear lamina is a network of lamins and lamin-binding
proteins that are embedded in the INM (Gruenbaum et al., 2005;
Dechat et al., 2008; Furukawa et al., 2009). Lamins are type-V in-
termediate filament (IF) proteins, which have a short N-terminal
head domain, a long o-helical coiled-coil domain (the rod domain),
and a C-terminal tail domain (Stuurman et al., 1998). This tail do-
main contains a globular region, which adopts an immunoglobulin
(Ig)-like fold (Dhe-Paganon et al., 2002; Krimm et al., 2002a,
2002b). Based on their biochemical properties and their behavior
during mitosis, lamins are grouped into A and B types (Gruen-
baum et al., 2005). B-type lamins arise from distinct genes and are
constitutively expressed in cells throughout development, whereas
A-type lamins arise from a single gene (LMNA) by alternative splic-
ing and are only expressed in later stages of development and in
differentiated cells (Hutchison et al., 2001; Broers et al., 2006).
Studies in Caenorhabditis elegans, Drosophila melanogaster, and
cultured human cells suggested that B-type lamins are essential for
viability (Lenz-Bohme et al., 1997; Liu et al., 2000; Harborth et al.,
2001), whereas mice disrupted in LMNA exhibited normal embry-
onic development with postnatal growth retardation (Sullivan
et al., 1999). Mutations in LMNA as well as several INM proteins,
such as emerin or MANT1, are associated with a diverse array of
human diseases called laminopathies. The diseases are often tis-
sue-specific and range from muscular dystrophy and lipodystrophy
to premature aging syndromes (Broers et al., 2006; Worman and
Bonne, 2007). Disease-related mutations are found all over LMNA,
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but a hot spot for mutations is the Ig fold within the tail domain,
which mediates the interaction with lamin-binding proteins
(Shumaker et al., 2008).

Lamins and the nuclear lamina are major determinants of nuclear
architecture and as such they are involved, for example, in maintain-
ing the structural integrity of the NE, chromatin organization, and
spacing of NPCs (Lenz-Bohme et al., 1997; Sullivan et al., 1999; Liu
et al., 2000; Broers et al., 2006). An interaction between nucleo-
porins and B-type lamins has been described for Nup153 and
Nup53 (Smythe et al., 2000; Hawryluk-Gara et al., 2005). Here we
demonstrate binding of Nup88 to lamin A, both in vitro and in vivo.
The interaction sites lie within the N-terminal domain of Nup88 and
the tail of lamin A. Our study provides new insights into the relation-
ship between NPCs and lamins and suggests an implication in
laminopathic diseases.

RESULTS

Nup88 binds to lamin A

To identify new interaction partners of Nup88, we performed
glutathione S-transferase (GST)-pull-down assays using purified,
recombinant GST-tagged Nup88 fusion protein immobilized on glu-
tathione sepharose beads. The beads were incubated with a nuclear
extract of Hela S3 cells, and proteins that bound GST-Nup88 or
GST were separated by SDS-PAGE and detected using colloidal
blue staining. Protein bands that were visible in the GST-Nup88 pull-
down, but not in the GST control (Figure 1A), were identified by
mass spectrometry. This analysis identified the polypeptide of
~74 kDa protein as lamin A (Figure 1A). To further confirm that the
~74 kDa polypeptide bound to GST-Nup88 is in fact lamin A, we
immunoblotted the GST pull-down assays with a polyclonal anti-
body specific against lamin A (not recognizing lamin C). As shown in
Figure 1B, lamin A copurified with GST-Nup88 but not with GST. A
protein with slightly higher molecular weight than lamin A (indicated
by *), however, is recognized unspecifically by the lamin A antibody
in both pull-down assays (Figure 1B).
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FIGURE 1: Lamin A is a novel interaction partner of Nup88. Bacterially expressed GST-Nup88 and GST were bound to
glutathione sepharose beads and incubated with HelLa S3 nuclear extract. Bound fractions were analyzed by SDS-PAGE,
colloidal blue staining, and mass spectroscopy (A) and immunoblotting using anti-lamin A antibodies (B). Lamin A was
bound to GST-Nup88, but not to GST. (C) Hela cell lysates were immunoprecipitated with anti-Nup88 antibodies, and
the lysate (L), immune supernatant (S), and immune precipitate (P) were analyzed by SDS-PAGE and immunoblotted
with anti-Nup88 and anti-lamin A antibodies. Lamin A coimmunoprecipitated with Nup88.
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Next, we carried out immunoprecipitation assays with antibodies
directed against Nup88 to confirm the interaction between Nup88
and lamin A in a cellular context. Lysates from whole Hela cells were
incubated with monoclonal anti-Nup88 antibodies directed against
the N-terminal domain, precipitated and the lysate (L), supernatant
(S), and pellet (P) fractions were separated by SDS-PAGE. After
transfer to a polyvinylidene difluoride (PVDF) membrane, the mem-
brane was probed with antibodies against Nup88 and lamin A, re-
spectively. As shown in Figure 1C, lamin A was readily coprecipi-
tated with Nup88 from Hela whole-cell lysates but not with anti-GFP
(green fluorescent protein) antibodies. Together our data therefore
indicated that Nup88 associates with lamin A in vitro and in vivo.

The N-terminal domain of Nup88 binds the tail domain

of lamin A

To confirm that Nup88 and lamin A are interacting, we carried out
blot-overlay assays using recombinantly expressed lamin A and in
vitro transcribed/translated 3°S-labeled Nup88 (Figure 2A). Nup88
and lamin A both harbor coiled-coil domains and, to rule out unspe-
cific coiled-coil interactions between the two proteins, we used bac-
terially expressed vimentin as control. Vimentin is a cytoplasmic IF
protein with a domain organization similar to that of lamin A
(Herrmann et al., 2007). Similar amounts of vimentin and lamin A
were subjected to SDS-PAGE (Figure 2A, Coomassie), transferred
to a PVDF membrane, and overlaid with *%S-labeled Nup88. As
shown in Figure 2A (overlay), Nup88 associated with lamin A, but
not vimentin, indicating that Nup88 binds lamin A specifically.

Next we aimed to determine the domains of Nup88 and lamin
Athat are required for the interaction between the two proteins. We
therefore performed in vitro binding assays using purified recombi-
nant his-tagged lamin A that was immobilized on Ni-sepharose
beads and incubated with distinct in vitro synthesized 3*S-labeled
Nup88 fragments, in other words, full-length Nup88, the N-terminal
domain (residues 1-550), and the C-terminal domain (residues 551-
741), respectively (Figure 2B). Bound (B) and unbound (U) fractions
were separated by SDS-PAGE, transferred to a PVDF membrane,
and analyzed by autoradiography. As shown in Figure 2B, Nup88
(left panel) and the N-terminal domain (middle panel) both inter-
acted with lamin A, but not so the C terminus (right panel).

To define which domain of lamin A interacts with Nup88, we next
carried out blot-overlay assays using recombinantly expressed lamin
A and fragments thereof and in vitro transcribed/translated 3°S-
labeled Nup88. We used full-length lamin A, the tail domain of lamin
A (tail, residues 243-664), the head domain with coil 1 (head + coil 1,
residues 1-263), the coil 1 (residues 24-263), and the coil 2 (residues
264-402) of lamin A, respectively. Similar amounts of proteins were
subjected to SDS-PAGE (Figure 2C, Coomassie) and overlaid with
3S-labeled Nup88 after transfer to a PVDF membrane. We found that
Nup88 associated with lamin A and the lamin A tail but not with frag-
ments of the head or the rod domain of lamin A (Figure 2C, overlay).

To further confirm the specific binding of Nup88 to lamin A, we
carried out blot-overlay assays using recombinantly expressed
lamin-A tail (residues 243-664) as well as lamin B1 (residues 245-
568) and lamin B2 tail (residues 238-600) and purified, recombi-
nantly expressed GST-Nup88. Similar amounts of the tail domains
were subjected to SDS-PAGE (Figure 2D, Ponceau S), transferred to
a PVDF membrane, overlaid with GST-Nup88, and probed with a
monoclonal antibody (mAb) against the N terminus of Nup88. This
revealed that Nup88 is specifically binding to the lamin-A tail, but
not to the lamin-B1 and lamin-B2 tails (Figure 2D, overlay). No bind-
ing of either tail domain to GST was observed. Together our data
indicate that Nup88 is specifically binding to A-type, but not to
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B-type lamins and that the interaction involves the N-terminal
domain of Nup88 as well as the tail domain of lamin A.

Nup88 localizes to both sides of the NPC

Nup88 was previously mapped to the cytoplasmic face of the NPC
in Xenopus oocyte nuclei using an antibody recognizing the C ter-
minus of Nup88 (Bernad et al., 2004). The interaction between
Nup88 and lamin A suggested that an additional pool of Nup88
might reside on the nuclear side of the NPC. In an effort to more
precisely determine the position of Nup88 within the NPC, we per-
formed immuno-electron microscopy (immuno-EM) using Xenopus
oocyte nuclei and domain-specific antibodies against human Nup88.
Xenopus oocyte nuclei were isolated manually and incubated with
antibodies directed against the N terminus (residues 27-45), the
central region (residues 314-425), and the C terminus of Nup88
(residues 509-741), respectively (Figure 3A), that were directly con-
jugated to 8-nm colloidal gold and processed for thin-sectioning
EM. As shown in Figure 3B, antibodies against the N terminus of
Nup88 were recognizing epitopes on both the nuclear and the cyto-
plasmic side of the NPC. Quantification of the gold particle distribu-
tion with respect to the central plane of the NE revealed that ~40%
of the gold particles were associated with the nuclear face of the
NPC at a mean distance of —=53.8 nm * 22.6 nm from the central
plane (Figure 3C). Together with corresponding mean radial dis-
tance of 37.1 nm £ 13.9 nm, this distance corresponds to an epitope
near the nuclear ring moiety of the NPC. The remaining 60% of the
gold particles were found on the cytoplasmic side of the NPC, with
a mean distance of 34.7 nm £ 15.1 nm from the central plane and a
mean radial distance of 22.2 nm + 15.1 nm.

To confirm the localization of the N terminus of Nup88, we ex-
pressed N-terminally GFP-tagged Nup88 in Xenopus oocytes (GFP-
Nup88). Plasmids were microinjected into the oocytes, and the local-
ization of the incorporated proteins was determined by using a
monoclonal anti-GFP antibody directly coupled to 8-nm colloidal
gold. The anti-GFP antibody recognized epitopes both on the cyto-
plasmic and the nuclear side of the NPC. As shown in Figure 3C,
quantification of the labeling pattern relative to the central plane of
the NPC revealed that 51% of the particles were detected on the
cytoplasmic side at a mean distance of 38.1 nm + 12.2 nm and a
mean radial distance of 27.3 nm + 15.4 nm and that 49% of the gold
particles were found on the nucleoplasmic side with a mean distance
of -49.8 nm £ 26.1 nm from the central plane and a mean radial dis-
tance of 24.2 nm *+ 15.4 nm, consistent with the localization data of
the untagged N terminus of Nup88. These data suggest that indeed
a pool of Nup88 is localizing to the nucleoplasmic side of the NPC.

Next, we determined the position of the central region of Nup88
within the NPC. As shown in Figure 3D, these antibodies against
the central region of Nup88 were recognizing epitopes on both the
nuclear and the cytoplasmic side of the NPC. Quantification of the
gold particle distribution revealed that ~40% of the gold particles
were associated with the nuclear face of the NPC at a mean dis-
tance of =31.9 nm * 16.7 nm from the central plane (Figure 3E).
Together with corresponding mean radial distance of 25.7 nm +
19.6 nm, this distance corresponds to an epitope near the nuclear
ring moiety of the NPC. The remaining 60% of the gold particles
were found on the cytoplasmic side of the NPC, with a mean dis-
tance of 16.8 nm + 8.6 nm from the central plane and a mean radial
distance of 8.2 nm £ 8.7 nm.

To revise the localization of Nup88's C terminus by immuno-EM,
we next used antibodies against the C terminus of Nup88 conju-
gated to 8-nm colloidal gold. These antibodies recognized epitopes
almost exclusively on the cytoplasmic side of the NPC (Figure 3F).

Molecular Biology of the Cell
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FIGURE 2: The N-terminal domain of Nup88 is interacting with the tail domain of lamin A. (A) Blot-overlay assay
employing bacterially expressed and purified vimentin and lamin A and in vitro expressed and 3S-labeled Nup88.
Samples of purified vimentin and lamin A were separated by SDS-PAGE, stained with Coomassie blue (left panel), or
transferred to a PVDF membrane and overlaid with 3S-labeled Nup88 (right panel). ¥S-labeled Nup88 was visualized by
autoradiography. (B) Bacterially expressed his-tagged lamin A was bound to nickel beads and incubated with in vitro
synthesized 3°S-labeled, full-length, N-terminal (residues 1-550) or C-terminal (residues 551-741) Nup88. Unbound and
bound fractions were analyzed by SDS-PAGE and autoradiography. *S-labeled, full-length Nup88 and N-terminal
355-Nup88 were binding to lamin A-his, whereas C-terminal 35S-Nup88 was not able to bind lamin A-his. (C) Blot-overlay
assay using bacterially expressed and purified lamin A and lamin A fragments and in vitro expressed and 3°S-labeled
Nup88. Samples of purified lamin A were separated by SDS-PAGE, stained with Coomassie blue (left panel), or
transferred to a PVDF membrane and overlaid with 3S-labeled Nup88 (right panel). ¥S-labeled Nup88 was visualized by
autoradiography. (D) Blot-overlay assay using bacterially expressed and purified tail domains of lamin A, lamin B1 and
B2, and bacterially expressed and purified GST-Nup88 as well as GST alone. Samples of purified tail domain of lamin A
(LA tail), lamin B1 (LB1 tail), and B2 (LB2 tail) were separated by SDS-PAGE, transferred to a PVDF membrane, stained
with Ponceau S (left panel), and overlaid with purified GST-Nup88 and GST, respectively (right panel). Bound Nup88 was
visualized by Western blot analysis with anti-Nup88 antibody. No binding of GST to the lamin tail domains was observed
by immunoblotting with an anti-GST antibody.
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FIGURE 3: Domain topology of endogenous and ectopically expressed Nup88 within the NPC.
Nuclei were isolated manually and labeled with antibodies directly conjugated to 8-nm colloidal
gold. (A) Schematic representation of Nup88 domain organization and antibody epitope. (B and
D) Nup88 localizes to both the cytoplasmic and the nuclear side of the NPC with a polyclonal
Nup88 antibody directed against the N terminus of Nup88 and a mAb against its central region.
Shown are selected examples of gold-labeled NPCs in cross-section. ¢, cytoplasm; n, nucleus.

(C and E) Quantitative analysis of the gold particle distribution associated with the NPC using an
antibody against the N terminus of Nup88 and the central region. Sixty (N terminus) and 70
(center) gold particles were scored. (C) Quantitative analysis of the gold particle distribution
associated with the NPC using an antibody against the N-terminal GFP-tag of Nup88. Fifty-five
gold particles were scored. (F) Nup88 is found mainly on the cytoplasmic side of the NPC with a
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Quantification of the labeling pattern (Fig-
ure 3G) relative to the central plane revealed
that 87.7% of the gold particles were de-
tected at a mean distance of 30.7 nm £ 9.2
nm from the central plane with a radial dis-
tance of 16.5 nm £ 12.8 nm, which is consis-
tent with a previous ultrastructural localiza-
tion study of the C-terminus of Xenopus
laevis Nup88 (Bernad et al., 2004).

We further localized the position of re-
combinant Nup88 with a C-terminal myc-
tag (Nup88-myc) using anti-myc antibodies
directly coupled to 8-nm colloidal gold.
Quantification of the labeling distribution
(Figure 3G) revealed that 76.3% of the gold
particles were associated with the cytoplas-
mic side of the NPC (mean distance from
the central plane of the NPC of 41.6 nm £
12.2 nm, with a corresponding radial dis-
tance of 33.2 nm £ 22 nm). Together our
data indicate that the C terminus of Nup88
is more accessible on the cytoplasmic as
compared with the nuclear side of the NPC,
whereas the N terminus of Nup88 and its
central region are roughly equally accessible
on both sides. We therefore conclude that
Nup88 is residing on both sides of the
NPC.

Expression of GFP-lamin A is masking
epitopes for Nup88 antibodies

After having established that Nup88 inter-
acts with lamin A and that Nup88 localizes to
both sides of the NE, we next examined
whether ectopic expression of lamin A af-
fected Nup88 in HEK 293 cells. HEK cells
were transfected with GFP-tagged lamin A,
and the effect on Nup88 was analyzed
by indirect immunofluorescence using anti-
bodies against the center of Nup88 (residues
314-425). GFP-lamin A was readily ex-
pressed and localized to the NE and the nu-
cleoplasm 24 h posttransfection (Figure 4A,
d, g, and ). Nup88 in untransfected HEK 293
cells was found predominantly at NPCs as
indicated by a nucleoporin-typical rim stain-
ing of the NE (Figure 4A, b), whereas expres-
sion of GFP-lamin A resulted in barely de-
tectable Nup88 (Figure 4A, e). In contrast,

monoclonal Nup88 antibody directed against
an epitope in the C terminus of Nup88.
Shown are selected examples of gold-labeled
NPCs in cross-section. c, cytoplasm; n,
nucleus. (G) Left: Quantitative analysis of the
gold particle distribution associated with the
NPC using antibodies against the Nup88 C
terminus. Fifty-seven gold particles were
scored. Right: Quantitative analysis of the
gold particle distribution with anti-myc
antibodies. Thirty-eight gold particles were
scored. Scale bars, 100 nm.
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terminus of Nup88. (A) HEK cells transfected with GFP-lamin A (d-f, g-i, and j-I) were
prepared for immunofluorescence 24 h after transfection using mAbs directed against
residues 314-425 of Nup88 (e and f). Cells transfected with GFP-lamin A showed a
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Protein levels of Nup88 were analyzed in HEK cells transfected with GFP-lamin A or mock
transfected control cells. No changes in protein levels of Nup88 were observed when
compared with B-tubulin.
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GFP-lamin A expression had no influence on
the accessibility of epitopes recognized by
the mAb 414, which is directed against
phenylalanine-glycine (FG)-repeat nucleo-
porins (Supplemental Figure S1, second
row). Moreover, expression of GFP-lamin B1
did not affect the accessibility of Nup88
epitopes (Figure S1, first row), indicating that
GFP-lamin A expression specifically con-
strained epitopes recognized by the anti-
bodies against residues 314-425 of Nup88.
Masking of the epitopes was observed in
57.8% of the transfected cells (680 cells
counted). Masking occurred with different
intensity (Figure 4A, e, and Figure S1, third
and fourth rows), and quantification of the
fluorescence signal revealed a reduction of
35% in cells transfected with GFP-lamin A as
compared with nontransfected cells.

To confirm that the loss of Nup88 label-
ing was in fact due to epitope masking and
not due to reduced expression of Nup88,
we performed Western blot analysis to de-
termine Nup88 levels in HEK 293 cells trans-
fected with GFP-lamin A. As shown in
Figure 4B, Nup88 and endogenous lamin A
expression were similar in control and GFP-
lamin A-transfected cells. Furthermore,
epitope masking of Nup88 was not ob-
served when we used polyclonal antibodies
against residues 27-45 in the N terminus of
Nup88 (Figure 4A, h) or in methanol-fixed
cells that were stained with antibodies
against residues 314-425 (Figure 4A, k). To-
gether, these results demonstrate that lamin
A binds to Nup88 in vivo and that the bind-
ing site is within residues 314-425 of Nup88,
which is in good agreement with our in vitro
data that revealed the tail of lamin A to in-
teract with the N-terminal domain of the
Nup88 (Figure 2B).

Mutations in the Ig fold of lamin A
abolish the interaction with Nup88

in cells

To study the effect of disease-related muta-
tions in lamin A on epitope masking of
Nup88, we next expressed GFP-lamin A and
GFP-lamin A mutants in HEK 293 cells. The
Ig fold in the lamin A tail is a hot spot for
mutations associated with laminopathies
(Broers et al., 2006; Worman and Bonne,
2007), and we analyzed two mutants in this
domain: an arginine-to-tryptophan mutation
in residue 453 (R453W) that causes Emery—
Dreifuss muscular dystrophy (EDMD), and
an arginine 482 mutated to tryptophan
(R482W) that is associated with Dunnigan-
type familial partial lipodystrophy (FPLD).
Furthermore, we used a lamin-A mutant
with a deletion of 50 amino acids in the tail

Nup88 interacts with lamin A | 1085
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EDMD-associated lamin A(R453W) and FPLD-associated lamin A(R482W) mutants do
not interact with Nup88. HEK cells transfected with GFP-lamin A(R453W) (d-f), GFP-lamin
A(R482W) (g—i), GFP-lamin AAS5O (j-I), or wild-type GFP-lamin A (a—c) were prepared for
immunofluorescence 24 h posttransfection using mAbs directed against residues 314-425.
Epitope masking was observed in cells transfected with wild-type GFP-lamin A (b) and GFP-
lamin AAS50 (k), respectively, but not in cells expressing the GFP-tagged lamin A(R453W) (e) and

lamin A(R482W) (h) mutants.

domain of lamin A downstream of the Ig fold (lamin AA50), a muta-
tion that is associated with Hutchinson-Gilford progeria syndrome
(HGPS). HEK 293 cells were transiently transfected with GFP-lamin
A(R4A53W), GFP-lamin A(R482W), and GFP-lamin AA5Q, respectively,
and were immunolabeled with our mAbs against residues 314-425
of Nup88. We found that expression of GFP-lamin A(R453W) (Figure
5, d-f) and GFP-lamin A(R482W) (Figure 5, g-i) did not coincided
with epitope masking of Nup88 antibodies, in contrast to the effect
of wild-type GFP-lamin A (Figure 5, a—c) and GFP-lamin AA50 (Fig-
ure 5, j-I), expression, respectively. These data indicate that the
R453W and the R482W mutations in lamin A disrupt the association
with Nup88, whereas GFP-lamin AA50 is still able to bind Nup88,
and the Ig fold of lamin A (residues 436-544) at least in part is con-
tributing to the binding of Nup88. Consistent with this notion, we
observe a weaker binding of the lamin A Ig fold as compared with
the lamin A tail and no binding of the R453W and R482W |g fold
mutants in vitro (Supplemental Figure S2).
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DISCUSSION

NPCs and the nuclear lamina are major con-
stituents of the NE. We report here a new
link between NPCs and lamins and show
that the nucleoporin Nup88 binds to the
nuclear IF protein lamin A, both in vitro and
in vivo. The interaction between Nup88 and
lamin A involves the N terminus of Nup88
and the tail domain of lamin A. Importantly,
Nup88 binds specifically to lamin A but not
to lamin B1 and B2 or to the cytoplasmic IF
protein vimentin. The interaction of Nup88
with lamin A appears disrupted in the pres-
ence of two mutations in the Ig fold that are
found in patients with EDMD and FPLD but
not by an HGPS-related mutation. This new
information about a novel interaction be-
tween NPCs and lamins will be an important
consideration when deciphering underly-
ing molecular mechanisms of laminopathic
diseases.

Lamin A is a novel interaction partner
of Nup88
Our biochemical search for novel Nup88 in-
teracting proteins has led to the identifica-
tion of the nuclear IF protein lamin A as its
binding partner (Figures 1 and 2, A-C). The
observed interaction seems to be specific
for nuclear lamin A, because Nup88 is not
interacting with the cytoplasmic IF protein
vimentin in a blot-overlay assay (Figure 2A)
and with nuclear lamins B1 and B2 (Figure
2D). Nup88, however, has been implicated
in CRM1-mediated nuclear protein export,
and lamin A is imported into the nucleus in
an importin o/B-dependent manner (Loew-
inger and McKeon, 1988; Fornerod et al.,
1997, Adam et al., 2008), suggesting that
the Nup88-lamin A complex might some-
what resemble a nucleocytoplasmic trans-
port-related complex. We could exclude
this transport-related complex, however, as
CRMT1, importin a, and B, despite their pres-
ence in the rabbit reticulocyte lysate used to
produce *°S-labeled lamin A, did not copurify with the Nup88-lamin
A complex in solution-binding assays (Supplemental Figure S3).
The previous mapping of Nup88 to the cytoplasmic face of
the NPC (Bernad et al., 2004) seems at first glance at odds with a
potentially nuclear association with lamin A. We therefore per-
formed a systematic immuno-EM analysis using a combination of
domain-specific antibodies and the expression of epitope-tagged
versions of Nup88 in Xenopus oocytes. By a similar strategy we
have previously successfully unraveled the complex organization
of several nucleoporins within the three-dimensional architecture
of the NPC (Fahrenkrog et al., 2002; Paulillo et al., 2005; Schwarz-
Herion et al., 2007). Here we revealed that Nup88 localizes to
both sides of the NPC (Figure 3). Whereas the N terminus and the
central region of Nup88 are roughly equally accessible on the
cytoplasmic and the nuclear face of the NPC (Figure 3, B-E), the
C terminus of Nup88 appears to be largely masked on the nu-
clear side of the NPC (Figure 3, F and G), which is consistent with
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a previous study (Bernad et al., 2004). The unequal accessibility
of the C terminus of Nup88 would be best explained by the exis-
tence of different Nup88 complexes on the cytoplasmic and nu-
clear side of the NPC, respectively. Nup88 is known to form a
complex with Nup214 and Nup358 (Bastos et al., 1997; Fornerod
et al., 1997; Roth et al., 2003; Bernad et al., 2004, 2006), and
Nup214 and Nup358 are found exclusively anchored on the cyto-
plasmic side of the NPC (Walther et al., 2002; Paulillo et al., 2005),
suggesting that these are the cytoplasmic binding partners of
Nup88. Our data shown here suggest lamin A as nuclear binding
partner of Nup88. Another putative nuclear binding partner
might be Nup98, as Nup98 localizes to both sides of the NPC
and was shown to interact with Nup88 (Griffis et al., 2003). It has
not been studied, however, on which side of the NPC the interac-
tion between Nup88 and Nup98 occurs. It will also be interesting
to see if other nucleoplasmic nucleoporins, such as Nup153 and
Tpr (Walther et al., 2001; Fahrenkrog et al., 2002; Frosst et al.,
2002; Krull et al., 2004), exhibit binding sites for Nup88.

A further characterization of the interaction between Nup88
and lamin A showed that Nup88's N-terminal two thirds are bind-
ing the tail of lamin A (Figure 2). Within the tail of lamin A, the Ig
fold region is frequently mutated in laminopathies (Worman and
Bonne, 2007). The R453W and R482W mutations in lamin A are
associated with EDMD and FPLD, respectively, and the interaction
of Nup88 with these two lamin A mutants is abrogated in cells
(Figure 5) and in vitro (Supplemental Figure S2). Together these
data indicate that, within the tail domain of lamin A, the Ig fold
region is implicated in the binding between Nup88 and lamin A.
Whether the Ig fold is the exclusive binding site for Nup88 neces-
sitates further investigations. For future studies, it will be interest-
ing to see whether Nup88 plays a role in the molecular mecha-
nisms underlying EDMD and FPLD.

The interaction between Nup88 and lamin A appears not af-
fected in the presence of lamin AA50 (Figure 5), which is found in
patients suffering from HGPS (De Sandre-Giovannoli et al., 2003;
Eriksson et al., 2003) as well as in normal aged cells (Scaffidi and
Misteli, 2006). Interestingly, the expression of Nup88 was found to
be down-regulated in both HGPS and normal aged cells (Ly et al.,
2000), which might be due to the presence of lamin AA50 or due to
reduced levels of wild-type lamin A. Along this line, we found that
depletion of lamin A from Hela cells by RNA interference coincided
with a decrease in Nup88 protein levels (Supplemental Figure S3B).
Nup88 protein levels were reduced by 40% in cells treated with
siRNA against lamin A as compared with cells treated with control
siRNA (cyclophilin B) or untreated cells (Supplemental Figure S3C).
A likely explanation for this observation is that reduced lamin A lev-
els lead to unstable free Nup88 that is more rapidly degraded, as
seen for other nucleoporins (Bernad et al., 2004). Alternatively, the
observed reduction of Nup88 protein levels might be due to
changes in gene expression due to the lack of lamin A, as it is in-
volved in transcriptional regulation (Andres and Gonzalez, 2009).

Expression of GFP-lamin A in HEK 293 cells caused reduced
Nup88 staining with antibodies against the residues 314-425
(Figures 4 and 5). This reduced staining is likely due to epitope
masking rather than a decrease in Nup88 expression (Figure 4B).
Antigen masking can occur as a result of conformational changes in
the antigen, posttranslational modifications, or interaction with
other macromolecules that physically block the epitope. Our data
suggest that excess lamin A physically blocks Nup88 epitopes. A
high-affinity antibody is typically capable of displacing interacting
proteins from an antigen by mass action (Tunnah et al., 2005).
Chemical cross-linking can prevent such displacement and might
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explain why the masking is observed in formaldehyde-fixed samples
but not in methanol-fixed samples (Supplemental Figure S1). Inter-
estingly, the masking phenotype is lost upon expression of lamin
A(R453W) and lamin A(R482W) (Figure 5), suggesting that the mu-
tant lamin A variants are not recruited to Nup88.

Future studies are required to elucidate the function of the
Nup88-lamin A interaction. In our immunoprecipitation assays we
used conditions that seem to extract the soluble pool of lamin A
rather than its pool in the nuclear lamina (Moir et al., 2000;
Muralikrishna et al., 2004). It will therefore be interesting to see
whether Nup88 in fact interacts with the soluble and the lamina pool
of lamin A and if LAP20,, which binds the nucleoplasmic lamin A, is
involved in the Nup88-lamin A complex.

MATERIALS AND METHODS

Constructs

Plasmids pEGF (epidermal growth factor)P-lamin A and pEGFP
(enhanced green fluorescent protein)-lamin B1 were provided by
Robert D. Goldman (Northwestern University, Chicago, IL), and plas-
mid pEGFP-lamin AA50 by Harald Herrmann (German Cancer
Research Center, DKFZ, Heidelberg). N-terminally tagged GST-
Nup88 was cloned into Ncol/Kpnl-cut pGEX-CS vector (Amersham-
Pharmacia, Little Chalfont, UK) and N-terminally tagged GFP-Nup88
into Kpnl-cut pEGFP-C1 (BD Bioscience, Clontech, Allschwil,
Switzerland). C-terminally myc-his—tagged Nup88 was cloned into
Kpnl/Xbal-cut pcDNA3.1 myc-His A (Invitrogen, Paisley, UK). The
pET-lamin A Ig was constructed with Hindlll and Xhol restriction sites
into pET24a. pET-lamin A Ig(R453W) and pEGFP-lamin A(R453W)
as well as pET-lamin A Ig(R482W) and pEGFP-lamin A(R482W)
constructs were provided by Teiba Al-Haboubi (Biozentrum, Basel,
Switzerland). They were generated by site-directed mutagenesis
withprimers(5’-GAGGGCAAGTTTGTCTGGCTGCGCAACAACTCC)
and (3-GGAGTTGTTGCGCAGCCAGACAAACTTGCCCTC) as well
as primers (5-CCCTTGCTGACTTACTGGTTCCCACCAAAGTTC)
and (3"-GAACTTTGGTGGGAACCAGTAAGTCAGCAAGGG) on
pET-lamin A Ig and pEGFP-lamin A, respectively.

Antibodies

A peptide-specific antibody against residues 27-45 (LREGLKNQSP-
TEAEKPASS-C) of human Nup88 (1:1000 [vol/vol] for immunofluo-
rescence) was generated in rabbits and affinity-purified. The poly-
clonal anti—lamin A antibody (1:500 [vol/vol]) was provided by
Robert D. Goldman (Northwestern University, Chicago, IL) (Dechat
et al.,, 2007). Further primary antibodies were the mAbs against
amino acids 314-425 of human Nup88 (1:500 [vol/vol]; BD Biosci-
ence, Pharmingen, Allschwil, Switzerland), amino acids 509-741 of
human Nup88 (1:25 [vol/vol]; Novocastra, Newcastle, UK), mAB414
(1:2000 [vol/vol]; Covance, Berkeley, CA), anti—B-tubulin (1:2000
[vol/vol]; Chemicon, Billerica, MA), anti-importin o (1:1000 [vol/vol];
Sigma Aldrich, St. Louis, MO), anti-importin B (1:1000 [vol/vol]; BD
Biosciences, PharMingen, Allschwil, Switzerland), as well as the
polyclonal anti-CRM1 (1:1000 [vol/vol]; Abcam, Cambridge, UK),
anti-GFP (Santa Cruz Biotechnology, Santa Cruz, CA), and anti-GST
(Abcam, Cambridge, UK) antibodies. Secondary antibodies include
anti-mouse IgG-Alexa 568 and anti-rabbit IgG-Alexa 568 from
Molecular Probes (Paisley, UK) and used at 1:1000 [vol/vol].

Cell culture and transfections

HEK cells were grown in DMEM supplemented with 10% fetal bo-
vine serum plus penicillin and streptomycin. Cells were transfected
using Translt-293 transfection reagent (Mirus Bio LLC, Madison, WI)
following the instructions of the manufacturer.
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Preparation of nuclei from Hela cell suspension cultures

by osmotic swelling

Hela S3 cells were grown in suspension and harvested by centrifu-
gation at 600 x g for 5 min. The pelleted cells were washed in
5 volumes of prechilled Earle’s balanced salt solution, resuspended
in 10 volumes of RSB buffer (0.01 M NaCl, 1.5 mM MgCl,, 0.01 M
Tris-HCI, pH 7.4) and incubated for 10 min on ice. Cells with swollen
cytoplasm were homogenized in a prechilled glass Dounce homog-
enizer and examined in the phase contrast microscope. The homog-
enized cell suspension with a free nuclei to intact cell ratio of 9 or
greater was centrifuged at 1000 x g for 3 min to pellet the nuclei
and washed in 10 volumes of RSB buffer.

Preparation of HelLa S3 nuclear extract
Hela S3 nuclei (3 x 10% were dissolved in 300 pl of lysis buffer (1x
phosphate-buffered saline [PBS], 150 mM KAc, 5 mM MgAc, 5 mM
CaCly, DNase at 50 ug/ml), homogenized in a prechilled Dounce
homogenizer, and incubated with GST and GST-Nup88 bound to
glutathione sepharose beads, respectively.

Immunofluorescence

HEK 293 cells were grown on poly-lysine—coated glass coverslips
and fixed either in 2% formaldehyde for 15 min or —20°C methanol
for 5 min, washed three times for 10 min with PBS, and permeabi-
lized with PBS containing 1% bovine serum albumin (BSA) and 0.2%
Triton X-100 for 5 min on ice. Next the cells were washed three
times for 10 min in PBS containing 1% BSA, incubated with the ap-
propriate primary antibodies for 1 h, washed three times in PBS con-
taining 1% BSA, incubated with the appropriate secondary antibod-
ies for 1 h, washed four times for 10 min with PBS, mounted with a
drop of Mowiol, and stored at 4°C until viewed. Cells were imaged
using a confocal laser-scanning microscope (Leica TCS NT/SPS;
Vienna, Austria). Images were recorded using the microscope sys-
tem software and processed using Adobe Photoshop (Adobe
Systems, Mountain View, CA).

Gel electrophoresis and immunoblotting

Cells were resuspended in lysis buffer containing 50 mM Tris-HCl,
pH 7.8, 150 mM NaCl, 1% Nonidet P-40, and protease inhibitor
cocktail tablets (Roche, Basel, Switzerland). Proteins were separated
by SDS-PAGE (10%) and transferred onto a PVDF membrane. The
membrane was incubated in I-Block solution (Tropix, Bedford, MA)
containing 0.1% Tween-20 (blocking solution) overnight at 4°C, in-
cubated in blocking solution containing a primary antibody directed
against either Nup88 (1:800 [vol/vol]) or anti-B-tubulin (1:1000 [vol/
vol]; Chemicon, Billerica, MA) for 1 h followed by washing three
times with PBS containing 0.1% Tween-20. Next, the membrane was
incubated in the dark with anti-mouse IRDye 800 (1:10,000 [vol/vol];
LI-COR Biosciences, Lincoln, NE) in blocking solution. Images were
recorded using the Odyssey infrared imaging system and analyzed
by Odyssey Application Software v2 (LI-COR Biosciences).

Immunoprecipitation

Subconfluent Hela cells (3 x 10°) were trypsinized, washed with
PBS, resuspended in 160 ul of lysis buffer (50 mM Tris-HCI, pH 7.4,
250 mM NaCl, 0.1% Triton X-100, 2 mM EDTA-Naj, 10% glycerol,
and protease inhibitor; Thermo Scientific, Waltham, MA), vortexed,
and incubated for 10 min at 37°C. The cells were pelleted at
16,000 x g for 10 min, and the supernatant was transferred to a fresh
tube. The supernatant was cleared with 20 pl of protein G-agarose
beads (Santa Cruz Biotechnology) and incubated for 30 min at 4°C,
centrifuged at 1000 x g for 30 s at 4°C, and transferred to a fresh
tube. Mouse monoclonal anti-Nup88 antibody (1 pg; BD Bioscience,
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PharMingen) was added and incubated for 2 h on ice. Prewashed
protein G-agarose slurry (40 pl) was added to the lysate and incu-
bated at 4°C on a rocker platform for 1 h. The immunoprecipitate
was collected by centrifugation at 1000 x g for 30 s at 4°C, and the
supernatant was carefully removed and kept to analyze as unbound
fraction. The pellet was washed three times with lysis buffer, resus-
pended in electrophoresis sample buffer, boiled at 95°C for 5 min,
and subjected to electrophoresis and Western blotting.

In vitro transcription and translation

Nup88, lamin A, and fragments of both proteins were obtained by
in vitro transcription and translation using the TNT-coupled reticulo-
cyte lysate system (Promega, Madison, WI) in the presence of resi-
due |-[¥S]methionine-cysteine (Amersham Bioscience, Uppsala,
Sweden) following the instructions of the manufacturer.

Expression of recombinant Nup88 and lamin A

GST, GST-Nup88, and lamin A-his were expressed in Escherichia coli
BL21 (DE3) cells. Protein expression was induced with 0.5 mM iso-
propyl-beta-p-thiogalactopyranoside (IPTG) for 5 h at 25°C. Cells
were lysed by sonication (Branson Digital Sonifier; Branson Ultrason-
ics Corporation, Danbury, CT) in 2x PBS containing 1% Triton X-100
and protease inhibitor (Thermo Scientific, Waltham, MA). Lysed cells
were spun at 60,000 x g for 1 h, and the cleared lysates were stored
at-80°C.

In vitro binding assays

The in vitro interaction between Nup88 and lamin A was tested
by binding GST and GST-Nup88 to glutathione sepharose beads
(Amersham Bioscience) or lamin A-his to Ni-sepharose 6 fast
flow beads (GE Healthcare, formerly Amersham Biosciences) for
1 h at 4°C. Beads were washed twice with 2x PBS containing 1%
Triton X-100 and protease inhibitor (Thermo Scientific). In vitro
produced Nup88, Nup88 (1-550), Nup88 (551-741), lamin A tail
(residues 243-664), lamin A Ig (residues 436-545), lamin A
Ig(R453W), and lamin A 1g(R482W) were allowed to bind for
16-20 h at 4°C. After binding, beads were washed twice in
2x PBS containing 1% Triton X-100 and protease inhibitor fol-
lowed by two washes in 2x PBS. Samples were eluted in 50 pl of
SDS sample buffer, analyzed on a 10% SDS—polyacrylamide gel,
and detected by autoradiography.

Blot-overlay assay
Purified vimentin (provided by Harald Herrmann, DKFZ, Heidelberg,
Germany) and lamin A (provided by Dale K. Shumaker, Northwest-
ern University, Chicago, IL) were resolved on SDS-PAGE, transferred
to a PVDF membrane, blocked with blocking solution over night at
4°C and incubated with in vitro transcribed/translated 3°S-labeled
Nup88. After washing, binding of Nup88 was visualized by autora-
diography. Similarly, purified lamin A tail (provided by Dale K.
Shumaker) and rod fragments (provided by Larisa Kapinos, Biozen-
trum, University of Basel, Switzerland) were resolved and incubated
with in vitro transcribed/translated %S-labeled Nup88.

Purified tail domains of lamin A, lamin B1 and lamin B2 (provided
by Dale K. Shumaker) were resolved on SDS-PAGE, transferred to a
PVDF membrane, blocked with blocking solution overnight at 4°C,
and incubated with bacterially expressed and purified GST-Nup88.
After washing, binding of Nup88 was visualized by Western blot
analysis with anti-Nup88 antibody.

Immuno-EM
Mature (stage 6) oocytes were surgically removed from female
Xenopus laevis, and their nuclei were isolated and labeled with
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antibodies directly conjugated to 8-nm colloidal gold as described
previously (Fahrenkrog et al., 2002; Paulillo et al., 2005). Expression
of GFP-Nup88 and Nup88-myc was as described previously
(Fahrenkrog et al., 2002; Paulillo et al., 2005). EM micrographs were
recorded on a Phillips CM-100 transmission electron microscope
equipped with a CCD camera.
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