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ABSTRACT Nuclear pore complexes (NPCs) are large macromolecular assemblies that con-
trol all transport across the nuclear envelope. They are formed by about 30 nucleoporins
(Nups), which can be roughly categorized into those forming the structural skeleton of the
pore and those creating the central channel and thus providing the transport and gating
properties of the NPC. Here we show that the conserved nucleoporin Nup93 is essential for
NPC assembly and connects both portions of the NPC. Although the C-terminal domain of
the protein is necessary and sufficient for the assembly of a minimal structural backbone, full-
length Nup93 is required for the additional recruitment of the Nup62 complex and the estab-

lishment of transport-competent NPCs.
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INTRODUCTION

Nuclear pore complexes (NPCs) are the gatekeepers of the nuclear
envelope. They mediate all transport of proteins and nucleic acids
between the cytoplasm and the nucleoplasm (for review see
Brohawn et al., 2009; Hetzer and Wente, 2009). At the same time,
they restrict access to the nucleus by forming a permeability barrier.
NPCs are among the largest cellular complexes. Despite their enor-
mous size—60 MDa in vertebrates and 40 MDa in yeast—they are
composed of only ~30 distinct proteins named nucleoporins (Nups),
which, because of the eightfold symmetry of NPCs, are present in 8,
16, or 32 copies per NPC (Rout et al., 2000; Cronshaw et al., 2002;
Alber et al., 2007).

The majority of nucleoporins are organized in discrete subcom-
plexes both in yeast and metazoa. These subcomplexes are defined
biochemically and reflect a stable interaction among nucleoporins.
During the open mitosis used by metazoans the nuclear envelope
and NPCs break down, but several nucleoporin subcomplexes re-
main intact. At the end of mitosis NPCs assemble from these sub-
complexes in a defined order (Dultz et al., 2008). First, the Nup107-
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160 complex binds to chromatin, acting as a seeding point for NPC
assembly (Harel et al., 2003; Walther et al., 2003). Membranes sub-
sequently associate with chromatin causing enrichment of nuclear
envelope/NPC-specific membrane proteins (Antonin et al., 2005;
Anderson et al., 2009). Once nuclear envelope membranes have
been recruited, the Nup93 complex, followed closely by the Nup62
complex, which is largely made up of phenylglycine (FG) repeat—
containing nucleoporins, associates with the assembling pore to
form its central channel. Finally, peripheral nucleoporins, including
Nup214, TPR (translocated promoter region), and the largest pools
of Nup153 and Nup50 associate with the NPC (Dultz et al., 2008).

The Nup93 complex—the second major subcomplex recruited
to the assembling NPC—has been implicated in several structural
aspects of the pore. Nup53—one member of this complex—as
well as the corresponding yeast homologues Nup53p and
Nup59p, interacts with the transmembrane nucleoporin Ndc1,
potentially linking the NPC to the pore membrane (Mansfeld
et al., 2006; Onischenko et al., 2009). Nup53 interacts with two
other members of the complex—Nup155 and Nup?3—in verte-
brates (Hawryluk-Gara et al., 2008) and the corresponding pro-
teins in yeast (Fahrenkrog et al., 2000; Onischenko et al., 2009).
Nup93 in turn tightly interacts with the remaining two members of
the subcomplex—Nup188 and Nup205 (Grandi et al., 1997; Miller
et al., 2000; Theerthagiri et al., 2010). Of interest, a subfraction of
Nup93 interacts with the FG-repeat nucleoporin Nup62, as does
the yeast homologue Nic96p with Nsp1p (Grandi et al., 1997;
Grandi et al., 1993), thus potentially linking the structured part of
the NPC to the unstructured FG repeat-containing nucleoporin
complexes that form the central channel.
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In vertebrates, Nup53 and Nup155 are indispensable for NPC
formation (Franz et al., 2005; Hawryluk-Gara et al., 2008; Mitchell
et al., 2010). Of interest, Nup93 is an essential gene in most organ-
isms tested, including Caenorhabditis elegans, Danio rerio, Saccha-
romyces cerevisiae, and Aspergillus nidulans (Grandi et al., 1993;
Allende et al., 1996; Galy et al., 2003; Osmani et al., 2006), but,
surprisingly, not in Schizosaccharomyces pombe (Yoon et al., 1997).
Quantification of the Nup93 in the NPCs of rat liver cells and the
corresponding Nic96p in S. cerevisiae suggests that it is present in
32-48 or more copies per NPC and is thus one of the most abun-
dant nucleoporins (Rout et al., 2000; Cronshaw et al., 2002; Alber
et al., 2007). Immunodepletion of Nup93 from Xenopus laevis ex-
tracts followed by in vitro nuclear assembly reactions results in nu-
clei with reduced NPC staining (Grandi et al., 1997). This suggests
that Nup93 has an important function in NPC assembly and func-
tion. However, because Nup93 tightly associates with Nup205 and
Nup188 (Theerthagiri et al., 2010; Amlacher et al., 2011), it is not
clear whether the effect of Nup93 depletion is due to the loss of the
protein itself or a codepletion of both Nup205 and Nup188. When
depleted individually, neither Nup188 nor Nup205 is essential for
NPC formation (Theerthagiri et al., 2010). However, these proteins
may have partially redundant functions in NPC assembly, and it has
indeed been suggested that they arose, like many other nucleo-
porins, from duplication and diversification events during evolution
(Alber et al., 2007).

To dissect the importance of Nup%3, Nup188, and Nup205 in
NPC assembly and function, we depleted all three proteins from
Xenopus egg extracts. We performed add-back experiments using
recombinant Nup93, and here we show that Nup93 by itself is es-
sential for NPC formation. Functional NPCs can be assembled in the
absence of both Nup205 and Nup188. Although the N-terminal
part of Nup93 is important for the recruitment of the Nup62 com-
plex and establishment of the permeability barrier and transport
competency of the NPC, the C-terminal region of the protein is suf-
ficient for the assembly of the NPC's structural backbone.

RESULTS

Nup93 is essential for nuclear pore complex assembly

We previously showed that two components of the Nup93
complex—Nup188 and Nup205—both interact separately with
Nup93, forming Nup205-Nup93 and Nup188-Nup?3 complexes
(Theerthagiri et al., 2010). Neither complex is individually essential
for NPC formation. However, we could not rule out that these com-
plexes have at least partially redundant functions in NPC formation,
as depletion of both complexes together using a combination of
antibodies against Nup188 and Nup205 was not technically feasible
(Theerthagiri et al., 2010). To overcome this limitation, we raised
antibodies against the common protein of both complexes, Nup93.
We were able to efficiently immunodeplete cellular extracts derived
from X. laevis eggs of Nup93 (Figure 1A; note that a slightly slower
migrating cross-reactivity detected by the Nup93 antibody by West-
ern blotting (asterisk) is not immunoprecipitated or depleted). Be-
cause Nup188 and Nup205 interact tightly with Nup93 (Grandi
et al., 1997; Miller et al., 2000; Theerthagiri et al., 2010; Amlacher
etal., 2011), both proteins were efficiently codepleted. The levels of
other nucleoporins, including Nup155 and Nup53 from the same
Nup93 subcomplex, as well as Nup62, Nup98, and Nup160, were
not affected by this treatment (Figure 1A).

We analyzed the effect of Nup93 depletion on NPC assembly. In
fractionated Xenopus egg extracts nuclei are able to form in vitro
upon incubation of DNA with cytosolic and membrane components.
When sperm chromatin was incubated for 90 min in Nup93-
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depleted extracts, membrane vesicles bound to the chromatin sur-
face but did not fuse to form a closed nuclear envelope (Figure 1B;
see also Grandi et al., 1997). This phenotype was previously ob-
served when depleting nucleoporins that are essential for NPC for-
mation (Franz et al., 2005; Hawryluk-Gara et al., 2008). Consistent
with this idea, immunofluorescence staining for mAB414, an anti-
body that recognizes several FG repeat-containing nucleoporins
that localize to different substructures of the NPC, was largely ab-
sent from Nup93-depleted nuclei (Figure 2). This observation sug-
gests that NPCs are not properly formed. A similar reduction in
mAB414 staining was also observed in Hela cells, where levels of
Nup?3 were decreased by RNA interference treatment (Krull et al.,
2004). As expected, when Nup?3 was depleted, neither Nup188
nor Nup205 was detected on the chromatin (Figure 2), as both pro-
teins were codepleted with Nup93 (Figure 1A).

However, the other members of the Nup93 complex—Nup155
and Nup53—as well as the transmembrane nucleoporins pom121
and gp210, were present, albeit at reduced levels, on the chromatin
(Figure 3). In contrast, Nup107, as well as MEL-28, which recruits the
Nup107-160 complex to chromatin, could be detected on chroma-
tin. With the exception of gp210, all of these nucleoporins have
been implicated in early steps of NPC assembly (Harel et al., 2003;
Walther et al., 2003; Antonin et al., 2005; Rasala et al., 2006; Franz
et al.,, 2007). Nup153 and Nup98, both of which interact with the
Nup107-160 complex (Vasu et al., 2001), could also be detected.
Their presence on chromatin probably reflects recruitment via the
Nup107-160 complex, which proceeds in vitro in the absence of
Nup93.

These data indicate that Nup93 crucially contributes to nuclear
envelope and NPC formation subsequent to chromatin binding of
the Nup107-160 complex and the initial recruitment of pom121,
Nup53, and Nup155. However, the phenotype observed could be
either a direct consequence of Nup93 depletion or the result of
codepleting its two interacting partners, Nup205 and Nup188. To
distinguish between these two scenarios, we added recombinant
Nup93 protein, which was expressed and purified from Escherichia
coli, to the Nup93-depleted extracts at approximately endogenous
levels as detected by Western blotting (Figure 1A). The readdition
of Nup93 resulted in the formation of a closed nuclear envelope, as
visualized by the membrane stain DilC18 and electron microscopy
(Figure 1, B-D). Recombinant Nup93 was detected at the nuclear
rim by immunofluorescence and costained with mAB414 (Figure 2),
suggesting that NPC formation is restored and that the recombinant
protein integrates into assembling NPCs.

Despite the fact that a closed nuclear envelope formed, Nup188
and Nup205 could not be detected by immunofluorescence when
recombinant Nup93 was added back to the depleted extracts (Figure
2). Thus the rescue of the depletion phenotype in the add-back ex-
periment cannot be attributed to residual levels of Nup188 and/or
Nup205 in the depleted extracts acting with the recombinant Nup93.
Of interest, the nuclei in the add-back experiment were larger in di-
ameter than mock-treated nuclei, a phenotype that was previously
observed upon depletion of Nup188 (Theerthagiri et al., 2010). Most
likely, this effect is due to the codepletion of Nup188. Structural nu-
cleoporins such as Nup155, Nup53, and Nup107, as well as the
transmembrane nucleoporins pom121 and gp210, showed normal
recruitment in the add-back experiments (Figure 3). In addition, pe-
ripheral nucleoplasmic or cytoplasmic nucleoporins Nup153 and
Nup88, respectively, could be detected on these nuclei.

Taken together, these data indicate that Nup205 and Nup188
are not essential for nuclear envelope and NPC assembly. Thus
NPCs can form even in the absence of two major components of the
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Nup93 is essential for NPC formation. (A) Western blot analysis of untreated, mock, Nup93-depleted
(A93) and Nup93-depleted extracts with full-length recombinant Nup93 (addback), respectively. The Nup93
antibody recognizes a slightly slower migrating cross-reactivity by Western blotting (asterisk), which is neither
immunoprecipitated nor depleted. The recombinant Nup93 migrates slightly more slowly than the endogenous
protein probably due to absence of eukaryotic posttranslational modifications. (B) Nuclei were assembled in mock,
Nup93-depleted extracts (A93) or Nup93-depleted extracts supplemented with full-length recombinant Nup93
(addback) for 90 min, respectively, fixed with 2% paraformaldehyde (PFA) and 0.5% glutaraldehyde, and analyzed
for chromatin and membrane staining (blue, 4’,6-diamidino-2-phenylindole [DAPI]; red, DilC18; bar, 10 pym).
(C) Quantitation of chromatin substrates with a closed nuclear envelope of reactions done as in B. More than
100 randomly chosen chromatin substrates were counted per reaction. The average of three independent
experiments are shown; error bars represent the total variation. (D) Transmission electron micrography of a nucleus
assembled in mock, Nup93-depleted extracts or depleted extracts supplemented with full-length Nup93 as in B.

Bar is 2 pm.
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Nup188 and Nup205 together are not essential for NPC
formation. Nuclei were assembled in mock, Nup93-depleted extracts
(A93) or Nup93-depleted extracts supplemented with full-length
Nup93 (addback) for 90 min, fixed with 4% PFA, and analyzed with
Nup93-, Nup188-, or Nup205-specific antibodies, respectively (green),
and the monoclonal antibody mAb414, which recognizes FG repeat
nucleoporins (red). Chromatin is stained with DAPI; scale bar, 10 pm.

Nup?3 subcomplex. However, Nup93 is essential for NPC forma-
tion, and addition of Nup%3 alone is sufficient to compensate for
the loss of the Nup188-Nup93 and Nup205-Nup?3 complexes.
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Nuclei lacking Nup188 and Nup205 have a normal NPC
composition. Nuclei were assembled in mock, Nup93-depleted
extracts (A93) or Nup93-depleted extracts supplemented with
full-length Nup93 (addback) for 90 min, fixed with 4% PFA, and
stained with the respective antibodies. Scale bar, 10 pm.

The C-terminal domain of Nup93 is sufficient for assembly
of a minimal pore

Because Nup93 is essential for NPC formation but neither its inter-
action with Nup188 nor Nup205 is necessary in this regard, we
sought to determine which regions of the protein contribute to NPC
assembly and function. The amino terminus of Nup?3 and its yeast
homologue Nic96p is predicted to form a coiled-coil domain (Grandi
etal., 1995, 1997). In yeast, this region is important for the interac-
tion to Nsp1p, the Nupé2 homologue (Grandi et al., 1995). The re-
mainder of the protein consists of an elongated, mostly o-helical
structure (Jeudy and Schwartz, 2007; Schrader et al., 2008) that can
be subdivided into a middle part (amino acids [aa] 197-583 in
S. cerevisiae, corresponding to aa 183-579 in Xenopus) and C-
terminal part (aa 617-839, corresponding to aa 608-820 in Xeno-
pus). To analyze the function of the different regions of Nup93, we
generated fragments of the protein comprising the N-terminal (aa
1-175), middle (aa 183-579), and C-terminal (aa 608-820) portions,
as well as fragments lacking either the N-terminal or C-terminal do-
main (aa 183-820 or 1-579, respectively) and expressed and puri-
fied them in E. coli (see Figure 4A for a schematic representation of
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The C-terminal Nup93 fragment supports formation of a
closed nuclear envelope. (A) Schematic representation of the domain
structure of Xenopus Nup93 and the fragments used. The N-terminal
coiled-coil region is marked in red, the o-helical region in blue.
Numbers indicate the amino acids of the respective constructs.

(B) Nuclei were assembled in Nup93-depleted extracts supplemented
as indicated either with full-length recombinant Nup93 (1-820) or the
respective fragments for 90 min, fixed with 2% PFA and 0.5%
glutaraldehyde, and analyzed for chromatin and membrane staining
(blue, DAPI; red, DilC18; bar, 20 pm). (C) Quantitation of chromatin
substrates with a closed nuclear envelope of reactions done as in B.
More than 100 randomly chosen chromatin substrates were counted
per reaction. The average of three independent experiments is
shown; error bars represent the total variation.

744 | R. Sachdev etal.

A93+ A93+
1-820 608-820

B mock A93

mAB414

a-Nup62

a-Nup58

a-Nup107 o-MEL-28 a-pom121 o-Nup153

a-Nup155 a-Nup53 «-Nup88 o-Nup98

The C-terminal Nup93 fragment supports formation of
the structural part of the NPC but not incorporation of the Nup62
complex. (A) Transmission electron micrographs of nuclei assembled
in Nup93-depleted extracts supplemented with the C-terminal Nup93
fragment containing aa 608-820. Note the presence of a closed
nuclear envelope. Bar, 2 um. (B) Nuclei were assembled in mock,
Nup93-depleted extracts (A93) or Nup93-depleted extracts
supplemented with either full-length recombinant Nup93 (1-820) or
the C-terminal fragment (608-820) for 90 min, fixed with 4% PFA, and
analyzed with the antibody mAB414 (top), an antibody against Nupé62
(middle), or one against Nup58 (bottom). Overlays with DAPI staining
(blue) are shown. Scale bar, 10 um. (C) Nuclei were assembled in
Nup93-depleted extracts supplemented with the C-terminal fragment
(aa 608-820) for 90 min, fixed with 4% PFA, and stained with the
respective antibodies. Scale bar, 10 pm.

the generated fragments). When added to extracts depleted of en-
dogenous Nup?3, all fragments lacking the C-terminal region of
Nup93 did not support formation of a closed nuclear envelope
(Figure 4, B and C). In contrast, fragments containing the middle
and C-terminal regions (183-820) or, surprisingly, only the C-termi-
nal region of Nup93 (608-820) formed small nuclei with closed nu-
clear envelopes as visualized by membrane staining.

Thus an astonishingly small part of Nup93 of ~200 amino acids
is sufficient to seemingly compensate for the loss of the endoge-
nous protein in nuclear assembly. It allows for formation of a closed
nuclear envelope, as confirmed by electron microscopy (Figure 5A).
We therefore analyzed these nuclei in detail. First, we checked for
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the presence or absence of nucleoporins. Immunofluorescence us-
ing the antibody mAB414 as a marker for FG-containing nucleo-
porins revealed a weaker nuclear rim staining after readdition of the
C-terminal fragment (608-820) compared with control nuclei or nu-
clei formed when full-length Nup93 (1-820) was added back to the
depleted extracts (Figure 5B).

The antibody mAB414 recognizes a subset of nucleoporins, in-
cluding Nup62. Because Nupé2 is known to interact with the N-
terminal region of Nup93, we tested for the presence of Nupé2 on
nuclei formed in the presence of the extreme C-terminal Nup93
fragment (Figure 5B). The antigen was absent, indicating that the
Nup62 complex, a major constituent of the NPC, is missing. The
absence of Nupé2 is not due to a codepletion of the protein with
Nup?3 from the egg extracts (Figure 1A). Consistent with this, the
readdition of full-length Nup93 results in detectable Nup62 at the
nuclear rim (Figure 5B). Similarly, Nup58, which is also part of the
Nup62 subcomplex, was only detected in the presence of full-length
Nup?3 and not in nuclei formed in the presence of the C-terminal
Nup?3 fragment (Figure 5B).

Of interest, structural nucleoporins such as Nup107, Nup53,
Nup155, and MEL-28 could be detected in nuclei formed in the
presence of the C-terminal Nup93 fragment (Figure 5C). Nup153,
which is a part of the nuclear basket of the NPC and interacts with
the Nup107-160 subcomplex (Vasu et al., 2001), was also detected
at the NPCs of these nuclei. The weak mAB414 staining observed
might therefore be Nup153, which is also recognized by this anti-
body. Furthermore, the FG-repeat containing nucleoporin Nup98
was detected on these nuclei, albeit at reduced levels. At least a
subfraction of this protein interacts with the Nup107-160 complex
(Vasu et al., 2001), and its recruitment to the chromatin probably
reflects this feature. Together, these data suggest that nuclei in
which endogenous Nup93 is replaced by the C-terminal fragment
form a closed nuclear envelope and the structural part of NPCs but
lack Nup62 complexes—a substantial portion of the unstructured
FG repeat-containing nucleoporins.

Because the Nup62 subcomplex is implicated in nuclear trans-
port and establishment of the permeability barrier of the NPC, we
tested whether either function was impaired in nuclei that had been
assembled with the C-terminal Nup93 fragment instead of the en-
dogenous protein. When an enhanced green fluorescent protein—
fused nuclear import substrate was added to in vitro assembly reac-
tions it was quickly imported and enriched in the nucleoplasm in the
mock control as well as when full-length Nup93 was added back to
depleted extracts (Figure 6). In contrast, only faint or no nuclear
staining could be detected in nuclei assembled in the presence of
the C-terminal Nup93 fragment only. The same results were ob-
tained when a fragment comprising the middle and C-terminal re-
gions of Nup93 and thus missing the N-terminus was used. Thus
the NPCs in the nuclei assembled in the presence of Nup93 frag-
ments lacking the N-terminus were not competent for nuclear im-
port. This defect could explain why these nuclei are small (Figure
4B), as nuclear growth requires nuclear import after initial nuclear
envelope enclosure.

A second major function of FG-nucleoporins is the establishment
of a diffusion barrier within the NPC. Small molecules are able to
diffuse between cytoplasm and nucleoplasm, but substances larger
2.5 nm in radius are excluded from the nucleus (Mohr et al., 2009)
and are translocated only by signal-mediated transport. The exclu-
sion of nonnuclear factors larger than 30 kDa from the nucleoplasm
is important for the establishment of the distinct environments of
the cytosol and nuclear compartments. We assayed the integrity of
the nuclear envelope barrier by adding fluorescently labeled dex-
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The N-terminal coiled-coil region of Nup93 is required to
assemble import-competent nuclei. (A) Nuclei were assembled in
mock or Nup93-depleted extracts supplemented with the either
full-length Nup93 (1-820), a fragment lacking the N-terminal
coiled-coil region (183-820), or the C-terminal fragment (608-820).
After 50 min an enhanced green fluorescent protein-fused nuclear
import substrate was added. After 120 min nuclei were isolated and
analyzed by confocal microscopy. Membranes are stained with DilC18
(red). Bars, 20 pm. (B) Quantitation of import reactions performed as
in A. More than 100 randomly chosen chromatin substrates were
counted per reaction. The average of three independent experiments
is shown; error bars represent the total variation.

trans to the in vitro—reconstituted nuclei (Figure 7). Control nuclei, as
well as nuclei assembled in the presence of full-length Nup93, ex-
cluded 70-kDa dextrans. However, nuclei assembled in the pres-
ence of the C-terminal Nup93 fragment (608-820) did not exclude
dextrans of this size. These nuclei form an apparently closed nuclear
envelope (Figure 5A), indicating that the loss of permeability barrier
function is not due to a block in nuclear envelope formation.

Together these data indicate that Nup93 is important for the as-
sembly of import- and exclusion-competent nuclei. Our data sup-
port the view that in vertebrates, similar to yeast (Grandi et al.,
1995), the N-terminal coiled-coil region is important for recruiting
the Nupé2 complex and thus establishing the barrier function of
NPCs. The C-terminal Nup93 fragment (608-820) does not support
recruitment of the Nup62 complex or assembly of import- and ex-
clusion-competent nuclei. However, this fragment is sufficient for
formation of a closed nuclear envelope and at least partially assem-
bled NPCs. These NPCs contain structural nucleoporins (Figure 5),
including Nup53 and Nup155.
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FIGURE 7: The N-terminal-coiled coil region of Nup93 is required to
assemble exclusion-competent nuclei. (a) Nuclei were assembled in
mock or Nup93-depleted extracts supplemented with the either
full-length Nup93 (1-820) or the C-terminal fragment (608-820). After
120 min fluorescein-labeled, 70-kDa dextran was added. DNA was
stained with DAPI to identify nuclei. Samples were analyzed by
confocal microscopy. Representative images of the dextran staining
are shown. Scale bar, 10 pm. (B) Quantitation of the size exclusion
assays with 70-kDa dextran performed as in A. For each condition
more than 40 nuclei from at least two independent experiments were
analyzed.

The C-terminal domain of Nup93 promotes

the Nup155-Nup53 interaction

Nup53 is known to interact with Nup93 and Nup155 via its N- and
C-terminal regions, respectively (Fahrenkrog et al., 2000; Hawryluk-
Gara et al., 2008; Amlacher et al., 2011), linking these two protein in
an interaction network (Onischenko et al., 2009; Amlacher et al.,
2011). We wondered how the C-terminal region of Nup93 could
contribute to this interaction. Previous immunoprecipitation experi-
ments in Xenopus egg extracts did not reveal detectable interac-
tions between Nup93, Nup53, or Nup155 (data not shown, but see
Figure 1A in Theerthagiri et al., 2010). However, using glutathione
S-transferase (GST) pulldowns with recombinant Nup53 that was in-
cubated with Xenopus egg extracts, we could detect its interaction
with Nup155 (Figure 8A). This interaction was strengthened in the
presence of the C-terminal Nup93 fragment (aa 608-820, expressed
as a SUMO fusion to facilitate detection) but not the middle part of
Nup93 (aa 183-579). Of note, when we performed GST pulldowns
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using the C-terminal Nup93 fragment, its interaction with Nup155
could not be detected (data not shown). This result is consistent with
the fact that Nup53 is necessary for the formation of a trimeric com-
plex, as detected with recombinant proteins from the fungus
Chaetomium thermophilum (Amlacher et al., 2011). Indeed, if we
replace Xenopus egg extracts in our GST-pulldown experiments by
bacterial lysates containing recombinant Xenopus Nup155, we de-
tect an interaction with Nup53 that is strengthened in the presence
of the C-terminal Nup93 fragment (aa 608-820), supporting the ex-
istence of direct interactions between these proteins. Thus our data
indicate that the C-terminus of Nup93 is sufficient for its binding to
Nup53, which in turn promotes the interaction between Nup53 and
Nup155.

Taken together with the nuclear assembly experiments, these
data suggest that the C-terminal region of Nup93 induces or stabi-
lizes an interaction between Nup155 and Nup53 as central compo-
nents of the structural part of the NPC and that this region is suffi-
cient for formation of the structural backbone of the NPC.

DISCUSSION

In summary, we found that Nup93 is essential for NPC formation
and function in Xenopus egg extracts, whereas both Nup188 and
Nup205 are dispensable. Unexpectedly, the C-terminal domain of
Nup93 is able to replace the full-length protein for the assembly of
the structural part of the NPC. Our data indicate that it does so by
strengthening the interaction between Nup155 and Nup53, which
are core components of the structural part of NPCs.

We previously showed that two large vertebrate nucleoporins—
Nup205 and Nup188—can be individually depleted without com-
promising NPC assembly. This is surprising when considering that
both proteins are localized to the structural part of the pore and
believed to participate in central ring formation (Alber et al., 2007;
Amlacher et al., 2011). It was proposed that both proteins arose dur-
ing evolution from a common ancestor (Alber et al., 2007). Such
duplication and diversification of nucleoporins could well explain
the redundancies observed among other NPC components (Stavru
et al., 2006). However, here we demonstrate that NPCs, which are
functional with regard to nuclear transport and exclusion properties,
can form in vitro in the absence of both proteins. These experiments
rule out the possibility that each protein compensates for the loss of
the other when nuclei are assembled in vitro. Of course, we cannot
exclude that other nuclear functions are affected in vitro or in vivo by
the codepletion of Nup188 and Nup205. Indeed, in vitro—assem-
bled nuclei lacking both proteins grow larger. This phenotype was
previously observed upon depletion of Nup188 and was found to
be caused by an enhanced passage of integral membrane proteins
through NPCs (Theerthagiri et al., 2010; Antonin et al., 2011).

In contrast to Nup188 and Nup205, the nucleoporin Nup93 is
essential for the formation of in vitro functional NPCs. In the ab-
sence of Nup93, NPC assembly and nuclear envelope closure are
blocked. Our add-back experiments unambiguously demonstrate
that this phenotype is caused by the absence of Nup%3 and not by
the codepletion of Nup205 and/or Nup188. Nic96, the yeast Nup93
homologue, is essential, and a thermosensitive Nic9ép protein leads
to a decrease in NPC density at restrictive temperature (Grandi
et al., 1993; Zabel et al., 1996) suggesting that its function in NPC
assembly is conserved during evolution.

Fragments lacking the N-terminal domain of Nup93 can substi-
tute for the endogenous protein in NPC assembly. However, these
NPCs lack the Nup62 complex and are not functional for nuclear
import or exclusion of nonnuclear factors. The amino-terminal
coiled-coil region of yeast Nic?ép is known to interact with the
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FIGURE 8: The C-terminus of Nup93 stabilizes the Nup53-Nup155
interaction. (A) GST fusions of the nucleoplasmic domain of gp210
(control) or Nup53 were incubated with cytosol from Xenopus egg
extracts alone or, where indicated, in the presence of SUMO fusions
of the Nup93 middle fragment (183-582) or Nup93 C-terminal
fragment (608-820), respectively. Eluates were analyzed by Western
blotting with antibodies against SUMO to detect the Nup93
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Nupé2 complex (Grandi et al., 1995). Recent data from the Hurt lab
suggest that the Nup62 complex is synergistically recruited by this
region and interactions with Nup188 and Nup192—the yeast ho-
mologues of vertebrate Nup188 and Nup205, respectively
(Amlacher et al., 2011). Deletion of an a-helix in Nic96p, which is
known to be important for its interaction with Nup188 and Nup192
and probably its recruitment to NPCs, showed a mild growth defect.
In contrast, deletion of the coiled-coil region important for the inter-
action of Nic96p with the Nup62 complex retarded cell growth
more severely. If both interacting regions were lacking, an extremely
slow growth phenotype was observed. This could indicate that the
Nup62 complex is recruited to NPCs by a direct and more important
interaction to Nic96p and an indirect interaction via Nup188p and/
or Nup192p. In support of this view, our add-back experiments with
full-length Nup93 and fragments show that in vertebrates the
N-terminus of Nup93 is sufficient to recruit the Nup62 complex in
the absence of Nup188 and Nup205.

A small portion of Nup93 in the extreme C-terminus, ~200 amino
acids, is sufficient for the assembly of a minimal pore. This finding is
surprising in light of results in S. cerevisiae, where the C-terminus
was regarded as of minor importance (Grandi et al., 1995; Schrader
et al., 2008). However, one of two highly conserved surface patches
identified in Nic9ép is located in this C-terminal region and likely
represents an important site for protein—protein interactions (Jeudy
and Schwartz, 2007). Our data suggest that this region interacts
with Nup53, but we cannot exclude that a different region is in-
volved in the Nic96p-Nup53p interaction in yeast. Although it has
been suggested that yeast Nic?6p and vertebrate Nup93 are likely
to exhibit the same overall structure (Jeudy and Schwartz, 2007;
Schrader et al., 2008), Nup93 is predicted to have a much smaller
dipole moment than Nic?6p, which might hint at a yeast-specific
particularity (Schrader et al., 2008). Certainly, we cannot exclude
that the discrepancy observed in the importance of the Nic96p and
Nup93 C-terminal domains reflects differences in the assembly of
NPC between yeast and vertebrates. In yeast, where closed mitosis
is used, NPCs assemble only into the intact nuclear envelope. In
metazoa, NPC assembly also occurs postmitotically on the chroma-
tin surface concomitantly with formation of a closed nuclear enve-
lope (for review see Antonin et al., 2008; Kutay and Hetzer, 2008).
This process is particularly emphasized in the Xenopus egg extract
nuclear assembly system and probably has distinct requirements of

fragments or antibodies against Nup155, Nup153, and Nup98 to
detect the respective protein. In the left three lanes 5% of the input
of the Nup93 fragments and 2% of the cytosol were loaded.

(B) Purified recombinant GST or GST-Nup53 fusion protein was
incubated with lysates from bacteria expressing recombinant Xenopus
Nup155 and supplemented with the C-terminal fragment Nup93
(608-820) where indicated. Eluates and 2% of the input were analyzed
by Western blotting using antibodies against the Hisé tag. Because of
the removal of the Hisé tag from the Nup93 fragment during TEV
protease elution, it is not possible to detect this protein in the eluate.
(C) Model for Nup93 function in postmitotic NPC assembly. The
C-terminal region of Nup93 stabilizes the Nup155-Nup53 interaction,
allowing the assembly of the structural part of the NPC. This function
of Nup93 can be substituted by a fragment comprising amino acids
608-820 (right). The N-terminal coiled-coil region of Nup93 recruits
the Nup62 complex to the structural part of the NPC. This requires in
the assembly reaction full-length Nup93 and leads to the association
of the central channel and formation of functional NPCs (left). Note
that for the sake of simplicity, transmembrane nucleoporins and the
Nup107-160 complex are not shown, although our data indicate that
they are present in both assembly lines.
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nucleoporin interactions. The fact that the N-terminal domain of
Nic96p is sufficient to substitute for the loss of the endogenous
protein in yeast (Jeudy and Schwartz, 2007) but not in our system
might reflect such a differences in NPC assembly pathways and
mechanisms.

Our pulldown data suggest not only that the C-terminal region
of Nup93 is interacting with Nup53, but also that this interaction
stabilizes the Nup155-Nup53 interaction, probably by inducing a
conformational change in Nup53. Both Nup155 and Nup53 are es-
sential for NPC formation in vertebrates (Franz et al., 2005; Hawryluk-
Gara et al., 2008; Mitchell et al., 2010) and are most likely central
components of the structural backbone of the NPC (Alber et al.,
2007). Establishing and/or stabilizing the Nup53-Nup155 interac-
tion might be a key event in assembling the structural backbone of
the NPC (Onischenko et al., 2009). Of interest, depletion of Nup53
blocks Nup93 recruitment to chromatin substrates (Hawryluk-Gara
et al., 2008), whereas depletion of Nup93 reduces but does not
abolish Nup53 staining on chromatin (Figure 3). This could indicate
that Nup53 recruitment not only precedes but is also required for
Nup?3 binding to the assembling NPC at the end of mitosis, a hy-
pothesis consistent with models for yeast nuclear pore complex as-
sembly (Rexach, 2009).

On the basis of our findings, we propose a model (Figure 8B) in
which Nup53 and Nup155 are recruited to the assembling NPC,
probably via their interactions with the transmembrane nucleo-
porins ndc1 and pom121 (Mansfeld et al., 2006; Onischenko et al.,
2009; Mitchell et al., 2010). The Nup53-Nup155 interaction is sta-
bilized by the C-terminal region of Nup93 interacting with Nup53.
This leads to the assembly of the structural part of the NPC (Figure
8C, right). Neither Nup188 nor Nup205 is required for the stabili-
zation of Nup53 at the pore. In the presence of full-length Nup93
the N-terminus of the protein recruits the Nupé2 complex (Figure
8C, left). This recruitments allows for formation of import- and ex-
clusion-competent NPCs. Our data suggest that Nup93 is a key
factor in the ordered assembly of NPCs during postmitotic nuclear
envelope reassembly, completing the formation of the structural
part of the NPC via its C-terminal domain and recruiting, via its
N-terminus, the Nup62 complex and thus the central channel to
the pore.

MATERIALS AND METHODS

Materials

1,1"-Dioctadecyl-3,3,3’,3"-tetramethylindocarbocyanine perchlorate
(DilC18), fluorescein-labeled dextran, and secondary antibodies (Al-
exa Fluor 488 goat a-rabbit immunoglobulin G [IgG] and Cy3 goat
o-mouse IgG) were obtained from Invitrogen (Carlsbad, CA).

Antibodies

For the generation of antibodies, an amino-terminal fragment of
Xenopus Nup93 (aa 1-230) or full-length Nup58, respectively,
was cloned into a pET28a vector (EMD, San Diego, CA) and puri-
fied using Ni-nitrilotriacetic acid agarose (Qiagen, Valencia, CA),
dialyzed to phosphate-buffered saline (PBS), and injected into
rabbits.

Antibodies against pom121 and gp210 (Antonin et al., 2005),
Nup155 (Franz et al., 2005), Nup160 and MEL-28 (Franz et al., 2007),
and Nup153 and Nup107 (Walther et al., 2003), as well as Nup188,
Nup205, Nup98, and Nup53 (Theerthagiri et al., 2010), were as de-
scribed. mAB414 was obtained from BAbCO (Richmond, CA), anti-
bodies against yeast SUMO (SMT3) are from Acris (Herford, Ger-
many), Nup88 is from BD Biosciences (San Diego, CA), é-histidine
(His6) antibodly is from Roche (Indianapolis, IN), and Nup62 is from

748 | R.Sachdev etal.

Birthe Fahrenkrog (Université Libre de Bruxelles, Belgium; Schwarz-
Herion et al., 2007).

Nuclear assembly
Nuclear assembly reactions, dextran exclusion, nuclear transport as-
says, and transmission electron microscopy were performed as de-
scribed (Theerthagiri et al., 2010). Generation of affinity resins for
protein depletion and preparation of sperm heads and floated
membranes were described previously (Franz et al., 2005). For de-
pletions, high-speed extracts were incubated twice with a 1:1.2
bead-to-cytosol ratio for 20 min (Franz et al., 2007). Prelabeled
membranes were prepared as in Antonin et al. (2005) using DilC18.
All fluorescence microscopy images were recorded on the confo-
cal microscope (FV1000 [Olympus, Center Valley, PA] equipped with
a photomultiplier [model R7862; Hamamatsu, Hamamatsu, Japan])
with 405-, 488-, and 559-nm laser lines and a 60x numerical aper-
ture 1.35 oil immersion objective lens using the FluoView software
(Olympus) at room temperature with Vectashield (Vector Laborato-
ries, Burlingame, CA) as a mounting medium.

Generation of Nup93 and fragments

Expression constructs for full-length Xenopus Nup93 and frag-
ments were generated from a synthetic DNA optimized for codon
usage and expression in E. coli (Geneart, Regensburg, Germany;
see Supplemental Information for DNA sequence) and cloned
into a modified pET28a vector (EMD) with a yeast SUMO (SMT3)
as solubility tag, followed by a recognition site for the tobacco
etch virus (TEV) protease upstream of the Nup93 fragments. The
proteins were expressed in E. coli, purified using Ni-nitrilotriacetic
acid agarose (Qiagen) via N-terminal Hisé tag, and dialyzed to
sucrose buffer (10 mM 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid [HEPES], 50 mM KCl, 2.5 mM MgCl,, 250 mM sucrose,
pH 7.5) and the Hisé and SUMO tag was cleaved using TEV
protease.

Pulldown experiments

Full-length Xenopus Nup53 or the nucleoplasmic domain of gp210
(Antonin et al., 2005) was cloned into a modified pET28a vector
(EMD) with GST tag, followed by a recognition site for thrombin
protease and purified via an N-terminal Hisé tag as described. In a
800-pl volume, 2 pM of the respective proteins was incubated with
Xenopus egg extracts (diluted 1:1 with 10 mM HEPES, 50 mM KCl,
2.5 mM MgCly, pH 7.5, and cleared by centrifugation for 10 min at
100,000 rpm in a TLA110 rotor [Beckman Coulter, Brea, CA]) and
5 pM SUMO-tagged Nup93 (aa 183-582) or Nup93 (aa 608-820),
respectively (except for the TEV cleavage generated and purified as
in the preceding section). After 2 h, 50 pl of GSH-Sepharose (GE
Healthcare, Piscataway, NJ) was added and the sample incubated
for another 90 min. After six washes with PBS the samples were
eluted by cleavage with thrombin (0.1 mg/ml) for 1 h and analyzed
by SDS-PAGE and Western blotting.

For bacterial lysate pulldown experiments, full-length Xenopus
Nup155 was cloned into a modified pET28a vector containing an
N-terminal NusA solubility tag and a C-terminal Hisé tag. In a vol-
ume of 800 pl, 2 pM GST or GST-Nup53 was incubated with 500 pl
of lysates from bacteria expressing Nup155 or from untransformed
bacteria and 10 pM recombinant Nup93 (608-820), After 1 h, 50 pl
of GSH-Sepharose (GE Healthcare) was added, and the sample was
further incubated for 1 h. After six washes with 20 mM Tris and
50 mM NaCl, pH 7.4, the samples were eluted by cleavage using
30 pl of TEV protease (0.5 mg/ml) for 1 h and analyzed by SDS-
PAGE and Western blotting.
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