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The nucleoporin Nup 188 controls passage
of membrane proteins across the nuclear

pore complex

Gandhi Theerthagiri,' Nathalie Eisenhardt,' Heinz Schwarz,? and Wolfram Antonin!

'Friedrich Miescher Laboratory of the Max Planck Society and ?Max Planck Institute for Developmental Biology, Max Planck Campus Tibingen, 72076 Tibingen, Germany

I transport across the nuclear envelope (NE) is
mediated by nuclear pore complexes (NPCs).
Despite their enormous size, ~60 MD in verte-
brates, they are comprised of only ~30 distinct proteins
(nucleoporins or Nups), many of which form subcomplexes
that act as building blocks for NPC assembly. One of
these evolutionarily conserved subcomplexes, the Nup93
complex, is a major structural component linking the NPC
to the membranes of the NE. Using in vitro nuclear assembly

Introduction

The defining attribute of eukaryotes is the compartmentaliza-
tion of genetic material inside the cell’s nucleus. The physical
boundary of the nuclear envelope (NE) has allowed eukaryotic
cells to separate transcription and translation both spatially and
temporally to achieve a level of regulatory complexity unprece-
dented in prokaryotes. Two lipid bilayers form the NE, the outer
nuclear membrane (ONM) and the inner nuclear membrane
(INM; for review see Hetzer et al., 2005). The ONM is continu-
ous with the ER and is thought to have a rather similar protein
composition (Mattaj, 2004; Lusk et al., 2007). The INM is char-
acterized by a set of integral membrane proteins, although little is
currently known as to how this specific protein composition is es-
tablished and maintained (Mattaj, 2004; Zuleger et al., 2008).
Nuclear pore complexes (NPCs) are incorporated into the
NE at sites where the INM and the ONM are fused. They function
as gatekeepers of the nucleus, performing the essential cellular
role of mediating an enormous exchange of proteins, nucleic
acids, and other factors between the nucleoplasm and the cyto-
plasm. Transport of soluble factors has attracted much interest
in previous decades: ions and small metabolites can diffuse

Correspondence to Wolfram Antonin: wolfram.antonin@tuebingen.mpg.de

Abbreviations used in this paper: INM, inner nuclear membrane; LBR, lamin
B receptor; MISTIC, membrane-integrating sequence for translation of integral
membrane protein constructs; NE, nuclear envelope; NPC, nuclear pore com-
plex; ONM, outer nuclear membrane; TEV, tobacco etch virus.

The Rockefeller University Press  $30.00
J. Cell Biol. Vol. 189 No. 7  1129-1142
www.jcb.org/cgi/doi/10.1083/jcb.200912045

assays, we show that two components of the Nup93 com-
plex, Nup188 and Nup205, are dispensable for NPC
formation. However, nuclei lacking Nup188 increase in
size by several fold compared with wild type. We dem-
onstrate that this phenotype is caused by an accelerated
translocation of integral membrane proteins through
NPCs, suggesting that Nup188 confines the passage of
membrane proteins and is thus crucial for the homeostasis
of the different nuclear membranes.

through the NPCs; however, molecules >2.5 nm in radius (Mohr
et al., 2009) are actively translocated by a large family of trans-
port receptors (for reviews see Weis, 2003; Cook et al., 2007).

In addition to soluble cargoes, membrane-anchored pro-
teins must also reach the nuclear interior. In the interphasic cell,
passage through the NPC via the facing pore membrane is the
most likely mechanism by which this could occur (Ohba et al.,
2004). Transmembrane proteins of the NE are thought to be
synthesized in the ER. They might reach the ONM and the cyto-
plasmic portion of the NPC by diffusion, although the existence
of a directed transport mechanism cannot currently be ruled
out. As INM proteins pass along the pore membrane, both trans-
membrane segments and hydrophilic domains encounter elements
of the NPC. A recent study in mammalian cells has demon-
strated that transport of integral membrane proteins to the INM
is energy dependent (Ohba et al., 2004), and in budding yeast,
INM targeting has been found to require transport receptors
(King et al., 20006).

NPCs are huge assemblies of ~45 MD in budding yeast
and 60 MD in vertebrates (for review see Brohawn et al., 2008).
They are formed by about 30 different nuclear pore proteins
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Figure 1. Nup93 forms two distinct complexes. (A) Immunoprecipitations
were performed from Xenopus egg cytosol with antibodies against Nup 188
(two antibodies raised in different rabbits), Nup93, Nup205, Nup 155, and
Nup53 and, as a control, Nup98. The indicated proteins were identified
by Western blotting with the respective antisera. 10% of starting material
(input) was loaded on the left. (B) Quantitative immunoprecipitations were
performed from limited amounts of Xenopus egg cytosol with antibodies
against Nup188, Nup93, and Nup205 and, as a control, Nup98. Immuno-
precipitates and unbound material as well as 10, 30, and 100% of the
starting material (input) were analyzed by Western blotting. The Nup93
antibody also recognized a cross-reactivity (asterisk) in the starting and
unbound material migrating slightly slower.

referred to as nucleoporins or Nups. Although most, if not all,
nucleoporins have now been identified, it is not understood how
the individual nucleoporins interact to form this large complex
(Antonin et al., 2008; D’ Angelo and Hetzer, 2008).

The majority of nucleoporins are organized in discrete
subcomplexes each present in multiple copies in the NPC. The
best characterized of these is the heptameric Nup84 complex in
yeast and the vertebrate counterpart, the nonameric Nup107-
Nup160 complex, which is essential for NPC assembly and one
of the major structural components of the pore (Fabre and Hurt,
1997; Boehmer et al., 2003; Galy et al., 2003; Harel et al., 2003;
Walther et al., 2003). The second major structural unit of the
NPC is the Nup93 subcomplex in vertebrates or the Nic96 com-
plex in yeast. In vertebrates, it is comprised of five nucleoporins:
Nup205, Nup188, Nup155, Nup93, and Nup53. Both Nup155
and Nup53 have been found to be essential for NE and NPC

JCB « VOLUME 189 « NUMBER 7 « 2010

assembly (Franz et al., 2005; Hawryluk-Gara et al., 2008), and
loss of the two budding yeast Nupl55 homologues Nup170p
and Nup157p blocks NPC assembly (Makio et al., 2009). Inter-
estingly, Nup170p and Nup157p bind to Nup53p and Nup59p,
which in turn associate, like the corresponding Nup53 in verte-
brates, with the transmembrane nucleoporin Ndc1p (Mansfeld
et al., 2006; Onischenko et al., 2007), potentially anchoring the
NPC in the membrane of the NE. In vertebrates, the three re-
maining nucleoporins Nup205, Nup188, and Nup93 are thought
to exist in a complex (Meier et al., 1995). Immunodepletion of
Nup93 from Xenopus laevis extracts followed by in vitro nu-
clear assembly reactions resulted in nuclei with reduced NPC
staining, which suggests that NPC formation is impaired in the
absence of Nup93 (Zabel et al., 1996). Similarly, the budding
yeast Nup93 homologue Nic96p is required for NPC formation
and interacts with both Nup188p and Nup192 (Nehrbass et al.,
1996; Zabel et al., 1996; Gomez-Ospina et al., 2000), which in
metazoans correspond to Nup188 and Nup205, respectively.

In this study, we characterize vertebrate Nup188 and
Nup205. We show that both interact with Nup93 but not with
each other and form two distinct complexes that can be func-
tionally distinguished. Depletion of the Nup188—Nup93 complex
from Xenopus egg extracts produces in vitro assembled nuclei
that increase several fold in size compared with control nuclei
and that contain NPCs, which allow an elevated flow of INM
proteins across the pore membrane. This suggests that Nup188—
Nup93 can restrict the passage of membrane proteins from the
ONM to the INM and is thus an important factor in the estab-
lishment of these two membrane subcompartments of the NE.

Results

Nup93 is part of two different complexes
To understand the protein interaction network of the Nup93
complex, we performed immunoprecipitations using antibodies
against each of the five members of the complex from the cytosol
of Xenopus egg extracts (Fig. 1 A). Antibodies against Nup53
and Nup155 precipitated the respective antigens but not major
proportions of other members of the Nup93 complex (Fig. 1 A,
lane 6 and 7), as observed previously (Franz et al., 2005; Hawryluk-
Gara et al., 2008). Unexpectedly, the three remaining members of
the complex did not form a trimeric complex: antibodies against
Nup188 from two different rabbits coprecipitated Nup93 but
not Nup205 (Fig. 1 A, lane 2 and 3), and antibodies against
Nup205 precipitated Nup93 but not Nup188 (Fig. 1 A, lane 5).
Consistent with this, antibodies against Nup93 coprecipitated
both Nup188 and Nup205 (Fig. 1 A, lane 4). As a negative con-
trol, no interactions were seen between Nup98 and Nup205,
Nup188, Nup155, Nup93 or Nup53.

To exclude the possibility that the lack of interaction is
caused by precipitating only a subpopulation of Nup188 or
Nup205, we performed the experiment in a quantitative manner
(Fig. 1 B). Even when all Nup188 was immunoprecipitated and
therefore removed from the unbound (Fig. 1 B, lane 9 and 10),
Nup205 was not detected in the precipitate (Fig. 1 B, lane 4
and 5) and vice versa (Fig. 1 B, lane 7 and 12). Both Nup188
and Nup205 immunoprecipitated ~45% of Nup93 (Fig. S1).
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Figure 2. Removal of Nup188-Nup93 enlarges nuclei. (A and C) Western blot analysis of mock- and Nup205-Nup93 (A)- or Nup188-Nup93 (C)-
depleted extracts. (B and D) Nuclei were assembled in mock- and Nup205-Nup93 (B)- or Nup188-Nup93 (D)-depleted extracts for 90 min, fixed with
4% PFA and 0.5% glutaraldehyde, and analyzed for chromatin and membrane staining (blue, DAPI; red, DilC18). (E) Quantitation of the cross-sectional area
of mock- and Nup188-Nup93-depleted nuclei of experiments performed as in D. More than 100 randomly chosen chromatin substrates were counted per
reaction. The mean of three independent experiments is shown, and error bars represent the total variation. Bars, 20 pm.

These data indicate that Nup93 forms two distinct complexes
in Xenopus egg extracts of approximate equal abundance, one
with Nup188 and one with Nup205.

To understand the functional significance of the two Nup93
complexes for NPC assembly and function, we depleted them
separately from Xenopus egg extracts using antibodies specific
for Nup205 or Nup188. Extracts were efficiently depleted of
the respective Nup93 complexes, as determined by Western
blotting (Fig. 2, A and C) and immunofluorescence (Fig. 3 A
and Fig. S2 A). Nuclei formed in extracts depleted of the
Nup205-Nup93 complex for 90 min were normal in appearance,
as visualized by the membrane and chromatin stain (Fig. 2 B),

and contained NPCs (Fig. S2 A), as determined by mAb414
staining, which recognizes FG repeat—containing nucleoporins,
and with Nup93, Nup188, Nup53, and Nup155, the other mem-
bers of the Nup93 complex (Fig. S2 B). In contrast, nuclei
lacking Nup188-Nup93 were much larger than control nuclei
(Fig. 2, D and E). These nuclei also contained NPCs (Fig. 3 A),
as shown by mAb414 immunofluorescence. We found threefold
more NPCs on Nup188-Nup93-depleted (18,480 + 4,224 NPCs
per nucleus) compared with control nuclei (6,137 + 1,080; see
Fig. 7 B). However, the NPC density per membrane area remained
approximately constant (8.5 = 1.2 NPCs/um? in Nup188-Nup93
vs. 9.1 = 1.2 NPCs/um? in mock depletion). The NPCs con-
tained Nup93 as well as Nup205, Nup53, and Nup155 (Fig. 3 B).
Except for their increased size, Nupl88—Nup93-depleted
nuclei did not exhibit morphological alterations of the nuclear
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Figure 3. Nup188-Nup93-depleted nuclei A
contain NPCs and INM proteins. (A) Nuclei
were assembled in mock- or Nup188-Nup93-
depleted extracts for 90 min, fixed with 4%
PFA, and analyzed with Nup188-specific
antibodies (green) or the monoclonal antibody
mAb414, which recognizes FG-repeat nucleo-
porins (red). Chromatin is stained with DAPI.
(B and C) Samples were prepared as in A and
analyzed by immunofluorescence with the indi-
cated antibodies. Bars, 20 pm.
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membranes or NPCs (Fig. S2 C), as determined by transmission
electron microscopy. Also, marker proteins like B-type lamins
and lamin B receptor (LBR) localized to the INM (Fig. 3 C).
In a time course, chromatin substrates in mock- and Nup188-
Nup93-depleted extracts were undistinguishable until a closed
NE was formed at 50 min, after which Nup188—Nup93-depleted
nuclei grew rapidly in size (Fig. S3). It should be noted that
control nuclei also grow after having formed a closed NE as
long as reentry into mitosis is blocked; however, they do this at a
significantly slower rate.

Given that Nup188—Nup93-depleted nuclei grow to an increased
size after a closed NE is formed, we sought to determine which
nuclear function is responsible for the observed phenotype.
Upon nuclear assembly in Xenopus egg extracts, DNA can
undergo one round of replication. Replication licensing ensures
that replication happens exactly once during each round of

overlay

mAb414  and DAPI

a-Nup155 a-Nup53

o-LBR

the cell cycle (Blow and Sleeman, 1990). We wanted to know
whether Nup188—-Nup93 depletion impairs replication licens-
ing, causing more than one round of DNA replication, which
would in turn lead to increased DNA content in the nuclei.
To test this idea, we assembled nuclei in mock- and Nup188—
Nup93-depleted extracts in the presence of 16 uM of the DNA
polymerase inhibitor aphidicolin. These conditions blocked
DNA replication, as confirmed by the failure of DNA to incor-
porate fluorescently labeled nucleotides (Fig. 4 A). When DNA
replication was blocked, the size of Nup188—Nup93-depleted
nuclei still enlarged, indicating that the volume increase is not
caused by a higher DNA content.

NPCs constitute a diffusion barrier between the cytoplasm
and the nucleoplasm for substances >30 kD (Mohr et al., 2009),
which can be translocated only by signal-mediated transport.
We were wondering whether depletion of Nup188—Nup93
would impair this diffusion barrier, causing an uncontrolled
accumulation of material in the nucleus and in turn lead to the
observed size increase. Indeed, the yeast homologue Nup188p
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was shown to be important for the diffusion barrier (Shulga
et al., 2000). To test the integrity of the diffusion barrier of the
NPC, we added fluorescently labeled dextrans of different but
defined sizes to in vitro assembled nuclei that were lacking
either Nup205 or Nup188 (Fig. 4 B). Both, Nup205-Nup93-
and Nup188-Nup93-depleted nuclei were still able to exclude
70-kD dextrans, indicating that the diffusion barrier in these
nuclei was intact. Smaller sized 10-kD dextrans could diffuse
through the NPC as expected. As a control for an impaired dif-
fusion barrier, nuclei depleted for Nup98 did not exclude the
70-kD dextran. These data indicate that a malfunction of the
diffusion barrier of the NPC is unlikely to cause the enlarge-
ment of Nup188—Nup93-depleted nuclei.

NPCs mediate signal-dependent import and export across
the NE. To check whether these functions are affected by
Nup188-Nup93 depletion, we first tested nuclear accumulation
of substrates containing an importin o/f3— or transportin-based
import signal, respectively. Both substrates were fused
to an N-terminal EGFP linked to a tobacco etch virus (TEV)
protease recognition site. They were added to a nuclear as-
sembly reaction at 50 min, when an NE had formed and
Nup188-Nup93- and mock-depleted nuclei were of similar size
with approximately the same NPC content (2,737 = 1,160
NPCs per nucleus in mock-depleted nuclei vs. 2,739 + 1,437
in Nup188-Nup93-depleted nuclei; see Fig. 7 B). At the indi-
cated time points, a TEV protease fused to a bacterial protein
(NusA) was added. NusA increased the size of the prote-
ase fusion protein to 90 kD, which prevented its diffusion
through the NPC. Nuclear import of the substrates rendered
them protease protected and they could thus be quantified
by Western blotting. Import kinetics were unchanged upon
Nup188-Nup93 depletion for both substrates (Fig. 4 C).

To check for nuclear export, we used an EGFP-fused shut-
tling substrate with a nuclear import and export signal. The sub-
strate did not accumulate in the nucleus both in mock- and
Nup188-Nup93-depleted nuclei, indicating that nuclear export
was not impaired (Fig. 4 D). To verify the function of the
shuttling substrate, we added leptomycin B, which blocks crm1-
mediated nuclear export (Fornerod et al., 1997). As expected,
under these conditions, the shuttling substrate accumulated in
the nucleus. Interestingly, leptomycin B—treated control nuclei
did not increase in size, showing that a block in nuclear export
does not phenocopy Nup188—Nup93 depletion. These data
show that nuclei lacking Nup188-Nup93 have unchanged
nuclear transport capabilities for the tested proteins. Together
with the fact that the Nup188-Nup93-depleted nuclei repli-
cate their DNA and grow, both processes requiring nuclear
import, it is unlikely that an impairment of nuclear transport
of soluble cargoes causes the observed nuclear growth pheno-
type upon Nup188—Nup93 depletion.

Xenopus egg extracts are largely transcriptionally in-
active. Thus, an accumulation of mRNA in the nucleus is
unlikely to cause nuclear enlargement. Coherent with this,
addition of the transcriptional inhibitors 5,6-dichloro-1-
B-D-ribobenzimidazole or actinomycin D did not block
nuclear growth of Nupl188—Nup93-depleted nuclei (unpub-
lished data).

Nup188-Nup93 restricts transport of
membrane proteins through the NPC

Having established that both diffusion and active transport of
soluble substrates is unlikely to account for the increase in
nuclear size upon Nupl188-Nup93 depletion, we focused on
the transport of membrane components. As described in the
section Nuclei lacking Nup188-Nup93 enlarge in size, nuclei
assembled in Xenopus egg extracts did enlarge upon further
incubation provided that reentry into mitosis was prevented.
However, this nuclear growth was much slower in untreated
or mock-depleted extracts compared with the Nup188—Nup93-
depleted nuclei (Fig. S3 and not depicted). We reasoned that
as nuclear growth requires expansion of the NE, it must also
involve an acquisition of nuclear membrane components. As
the ER is continuous with the ONM, it is easy to envision how
membrane components (both lipids and proteins) can be deliv-
ered to the ONM. The INM and ONM are connected by the
membrane facing the NPC, the pore membrane. Thus, if the
INM expands, membrane components need to pass through
the NPC via the pore membrane. We speculated that pore
membrane passage could limit and restrict nuclear growth and
that this restriction might be attenuated upon Nup188—-Nup93
depletion. To investigate this, we developed an assay to fol-
low the transport of integral membrane proteins to the INM.
BCO08, an INM protein with a single C-terminal transmembrane
region (Ulbert et al., 2006), was fused to an N-terminal EGFP
followed by a recognition site for the TEV protease. The
fusion protein was expressed and purified in Escherichia coli
and reconstituted into liposomes. Liposomes were then added
to a nuclear assembly reaction at time points when the NE
had already formed around chromatin and under conditions in
which they readily fused with the ER (Fig. 5, A and B). The re-
porter was distributed immediately throughout the membranes
of the ER, including the NE, as observed by immunofluores-
cence (Fig. 5 B). After 30 min, the reporter was enriched at
the NE. To distinguish between INM and ONM (including bulk
ER) localization, we added the TEV protease fused to NusA,
which prevents its diffusion through the NPC. Initially, the re-
porter was protease sensitive, indicating that it was localized
to the ER and the ONM. However, after 30 min, the reporter
was protease protected, which is indicative of INM localization.
At the same time point, a TEV protease coupled to an NLS-
bearing peptide (which is therefore localized to the interior
of the nucleus) was able to cleave the reporter. This confirms
that the reporter remains cleavable when it is accessible to the
protease, and therefore, it is localization to INM that renders it
protease protected in this assay. Cleavage of the reporter and its
protease protection can be also followed by Western blotting
over time, which indicates that about half of the reporter was
protease protected after 10 min (Fig. 5 C).

Having established a functional assay for INM transloca-
tion, we asked whether the increased size of Nup188—Nup93-
depleted nuclei is the result of accelerated membrane delivery
to the INM. Nuclei were assembled in Nupl88—Nup93- or
mock-depleted extracts for 50 min, at which point the NE was
closed but the nuclei had not increased in size (Fig. S3, 50-min
time points). Liposomes containing the reporter were then added,
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and protease protection followed over time. In Nup188—Nup93-
depleted nuclei, ~50% of the reporter was protease pro-
tected after 5 min, significantly earlier than in control-treated
nuclei (Fig. 6, A and B). Similar results were obtained when a
reporter containing the first transmembrane region of the LBR,
sufficient for INM targeting (Soullam and Worman, 1995), was
used (Fig. S4 A). To confirm that the effect of Nup188—Nup93
depletion was specific, an addback experiment was performed.
Xenopus Nup93 and mouse Nup188 were cotranslated in vitro
(Fig. S4 B) and added to mock- or Nup188—Nup93-depleted
extracts. Nuclei assembled in these extracts grew to a similar

30 min
NusA-TEVNusA-TEV NLS-TEV

Figure 5. An assay for the transport of
membrane protfeins to the INM. (A) Schematic
representation of the assay. The transmembrane-
containing INM protein BCO8 is fused to an
EGFP domain followed by a recognition site
for the TEV protease (top). The fusion protein
is reconstituted into liposomes that rapidly fuse
with the ER and ONM in the nuclear assem-
bly reaction. INM localization of the reporter
can be distinguished from ONM and ER
localization by the reporter’s protection from
TEV protease fused with a large NusA do-
main to prevent its diffusion through the NPC.
(B) Nuclei were assembled in Xenopus egg
extracts. After 50 min, i.e., when a closed NE
had formed, proteoliposomes containing the
reporter were added. At the indicated time
points, buffer, NusAfused TEV protease, or
TEV protease linked to NLS peptides was
added. Protease cleavage was stopped after
5 min by fixation, and samples were processed
for immunofluorescence and analyzed by con-
focal microscopy. a-EGFP immunofluorescence
is shown in red, and DAPI is shown in blue.
(C) Reactions were performed as in B. Protease
cleavage was stopped by the addition of SDS
sample buffer and boiling. Protease protection
of the reporter was analyzed by Western blot-
ting with the position of the uncleaved (EGFP-
BCO8) and the cleaved reporter with only the
EGFP visible indicated. Bar, 20 pm.

ONM
INM

30 min

EGFP-BCO08

size as mock-treated extracts (Fig. 6 C and Fig. S4 C) and,
importantly, did not show accelerated delivery of the BCO8 and
LBR reporter to the INM (Fig. 6 B and Fig. S4 A). As the anti-
body against Xenopus Nup188 does not detect the mamma-
lian orthologue by immunofluorescence, nuclei assembled in
Nup188-Nup93-depleted extracts supplemented with the recom-
binant proteins were isolated, and incorporation of recombinant
Nup188—Nup93 into the nuclei was confirmed by Western blot-
ting (Fig. 6 D). Notably, addition of neither Nup188 nor Nup93
alone rescued the observed phenotypes, indicating that the com-
plex of Nup188 and Nup93 is indeed required (unpublished data).

Nup205-Nup93-, Nup188-Nup?3-, and Nup98-depleted extracts. After 90 min, fluorescently labeled 2-MD (not depicted), 70-kD (middle), and 10-kD
(bottom) dextrans were added. DNA was stained with DAPI, and samples were analyzed by confocal microscopy. For quantitation, only nuclei with an
intact NE (as judged by the exclusion of 2-MD dextrans; >95% of nuclei in each sample) were analyzed. For mock- and Nup188-Nup93-depleted sam-
ples, seven independent experiments were analyzed (error bars show the standard deviation), and for Nup205-Nup93- and Nup98-depleted samples,
two independent experiments were analyzed. (C) Nuclei were assembled as in A. After 50 min, i.e., when a closed NE had formed, importin /B~ or
transportin-dependent reporter substrates containing a TEV cleavage site were added. To assay the nuclear import kinetics of the reporter, NusA-fused
TEV protease was added at the indicated time points. Protease cleavage was stopped after 1 min by the addition of SDS sample buffer and boiling. Lines
mark the mean of four independent experiments. (D) Nuclei were assembled as in A, and an EGFP-fused shuttling substrate was added. Nuclear export
function was inhibited by the addition of 300 nM leptomycin B. Nuclei were isolated and analyzed by confocal microscopy. Membranes are stained

with DilC18 (red). Bars, 20 pm.
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reporter are indicated. (B) Quantification from three independent experiments performed as in A. Squares are from Nup188-Nup93-depleted samples
(green without and red with the addition of in vitro translated Nup188-Nup93 [addback]), and circles are from mock-treated samples. Lines mark the
mean of three independent experiments. (C) The addition of recombinant Nup188-Nup93 rescues the Nup188-Nup93 depletion phenotype. Nuclei
were assembled for 120 min in mock- or Nup188-Nup93-depleted extracts without or with the addition of in vitro translated Nup188-Nup93 (addback),
fixed with 4% PFA and 0.5% glutaraldehyde, and analyzed for chromatin and membrane staining (blue, DAPI; red, DilC18). (D) In vitro translated
Nup 188-Nup93 is incorporated info in vitro assembled nuclei. Nuclei were assembled for 1 h to ensure approximately equal NPC numbers per nucleus,
isolated, and analyzed by Western blotting. In vitro franslated Nup 188 and Nup%3 could be also detected using an anti-His6 antibody (third and fourth row).
The nucleoporin p62 was detected with mAb414, and the chromatin-binding protein RCC1 serves as a control for equal loading of nuclei. Bar, 20 pm.



Collectively, these data indicate that both the increase in nuclear
size and the accelerated targeting of integral membrane proteins
to the INM are specific for Nup188—Nup93 depletion. Interest-
ingly, nuclei depleted for Nup205-Nup93 showed the same rate of
INM targeting of the two reporters as mock controls (Fig. S4 D),
which is consistent with the fact that they do not show the nu-
clear growth phenotype.

As INM proteins reached the nuclear interior significantly
faster in Nup188—Nup93-depleted nuclei compared with con-
trols, we wondered whether the effect was specific to proteins
destined for the INM or whether the segregation of the INM
from the ONM and connected ER was lost in the absence of
Nup188-Nup93. To test this idea, we replaced the INM reporter
with bona fide ER membrane proteins: SPC18, a membrane-
spanning subunit of the signal peptidase complex, or a C-terminal
fragment (including the transmembrane region) of the ER-
localized chaperone protein calnexin. Both reporters were sen-
sitive to TEV protease cleavage even after 60 min, indicating
that they were not localized to the INM (Fig. S5 A). Notably,
the cytoplasmic domains for the SPC18 (31 kD)- and calnexin
(41 kD)-based reporters fall within the size range of the nucleo-
plasmic regions of the BCO8 and LBR reporters described in
the preceding experiments. Therefore, Nup188—Nup93-depleted
NPCs continue to act as a diffusion barrier preventing uncon-
trolled intermixing of INM and ONM (and ER) components.

The nucleoplasmic domains of most INM proteins are
limited in size to ~40 kD. It has been shown that increasing this
size to 47 kD prevents membrane protein targeting to the INM
(Ohba et al., 2004). We tested whether depletion of Nup188—
Nup93 would impair the stringency of this size limit. For this,
the size of the BCOS reporter was increased to 94 kD and 64 kD
by fusing an additional NusA or GST moiety, respectively
(Fig. S5 B). In all cases, the reporter did not target to the INM,
both in mock- and Nup188-Nup93-depleted nuclei.

Up to now, we have demonstrated that upon Nupl88—
Nup93 depletion, the passage of INM proteins through the
pore is enhanced and that the transfer of membrane compo-
nents could be rate limiting for nuclear growth. Two possible
scenarios can be envisioned. Nup188—Nup93 could restrict
the passage of transmembrane or membrane proteins through
the pore. Depletion of Nup188—Nup93 might abrogate this re-
striction, causing an increased flow of membrane components
through the pore, leading to an enlargement of the NE in which
more NPCs can integrate (Fig. 7 A, top route). Alternatively,
Nup188-Nup93 depletion could facilitate NPC formation, giv-
ing rise to more NPCs with an overall increased total transport
capacity (Fig. 7 A, bottom route). In this scenario, the increase
in NE area would be a secondary effect. To distinguish the two
possibilities, we blocked de novo NPC assembly into intact NEs
by an excess of importin 3 (D’Angelo et al., 2006), which in-
hibits the Nupl07-Nupl160 complex, an essential early com-
ponent for NPC formation (Harel et al., 2003; Walther et al.,
2003; Rasala et al., 2006; Franz et al., 2007). When 2 pM
importin (3 was added to mock- and Nup188—-Nup93-depleted
extracts after 50 min, i.e., when a closed NE with intact NPCs
was formed, the NPC number did not increase in the next
70 min (Fig. 7 B, green bars). Despite approximately the same

number of NPCs at the time of importin 3 addition and a sub-
sequent block in de novo NPC assembly, Nupl88—Nup93-
depleted nuclei grew within the next 70 min significantly faster
than mock-depleted nuclei so that the NPC density at the end
of the incubation time was more decreased in Nup188—Nup93-
depleted compared with mock-depleted nuclei (2.8 NPCs/um?
NE membrane vs. 5.2 NPCs/um?; Fig. 7 B, red bars). These
data indicate that the accelerated growth of the nuclei and the
nuclear membrane expansion upon Nup188-Nup93 depletion
cannot only be attributed to an increased NPC number. Impor-
tantly, in Nup188-Nup93-depleted nuclei treated with importin
3, the EGFP-BCOS8 reporter was still protease protected sig-
nificantly earlier than in mock-treated nuclei (Fig. 7 C). There-
fore, we could rule out that an increased NPC number was the
primary cause of the enhanced translocation of the reporter to
the INM. Collectively, this demonstrates that Nup188—Nup93
depletion results in increased passage of proteins destined for
the INM across the NPC. This suggests that Nup188—Nup93 is a
crucial component within the NPC that restricts the flux of inte-
gral membrane proteins and likely other membrane components
along the pore membrane.

Discussion

In this study, we have shown that the nucleoporin Nup93 is
part of two distinct complexes. It interacts either with Nup205
or -188. Unexpectedly, nuclei depleted of Nup188—Nup93 grew
to enormous sizes, a phenotype previously not observed upon
depletion of a nucleoporin. Integral membrane proteins and
probably other membrane components are delivered faster to
the INM upon Nup188-Nup93 depletion. We suggest that this
causes rapid expansion of the NE as a primary effect and in turn
facilitates increased integration of NPCs. The higher NPC number
would have a higher overall transport rate both for soluble car-
goes and membrane components, which would then further
augment the nuclear growth effect.

Transport of soluble cargo via the NPC has been intensely
studied in previous decades (for reviews see Weis, 2003; Cook
et al., 2007). However, transmembrane proteins must also access
the INM, where several of them bind lamin and/or chromatin.
Little is currently known about how transmembrane proteins are
delivered to the INM of the interphasic nucleus (Zuleger et al.,
2008). Although a scenario can be envisioned in which the
ONM and INM periodically fuse to provide transient connec-
tions allowing diffusional exchange between these membrane
domains, there is at present no evidence supporting this. Alter-
natively, membrane vesicle budding from the ONM into the
perinuclear lumen and subsequent fusion with the INM could
also explain how membrane proteins are delivered to the INM.
However, aside from the observation that the reverse process
occurs during herpesvirus egress from the nucleus (Mettenleiter
et al., 2009), there is little proof for this model. A more likely
scenario involves transmembrane protein transit from the ONM
to the INM via the NPC along the plane of the pore membrane.
Indeed, antibodies to the transmembrane nucleoporin gp210
as well as WGA, a lectin which cross-links several nucleopo-
rins, are both able to block the movement of integral membrane
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Figure 7. The nuclear growth phenotype and the
faster INM targeting are independent of the increased
NPC number upon Nup188-Nup93 depletion.
(A) Two possible scenarios for the relationship of the
nuclear membrane expansion and the increase in
NPC numbers upon Nup188-Nup%3 depletion. In
the top route, Nup188-Nup93 depletion causes a
faster growth of the NE, which in turn allows more
NPCs (red) to be integrated. In the bottom route, NPC
assembly increases on Nup188-Nup93-depleted
nuclei. The resulting higher total transport capacity of
these allows accelerated nuclear volume and envelope
expansion. (B) Nuclei were assembled in mock- and
Nup188-Nup93-depleted extracts for 50 min and
120 min. Where indicated, de novo NPC assembly
was blocked by the addition of 2 yM importin B after
50 min, i.e., after a closed NE had formed, and nuclei
were further incubated for 70 min. NPC numbers per
nucleus (green bars) and NPC density (red bars) were

quantified. (C) Nuclei were assembled in mock- and 20,000 I 10
Nup188-Nup93-depleted extracts for 50 min. Then,
where indicated, de novo NPC assembly was blocked
by the addition of 2 pM importin . INM targeting of 15.000 | 7.5

the reporter was analyzed as in Fig. 6. Squares are
from Nup188-Nup93-depleted samples, and circles
from mock-treated samples. Lines mark the mean of

two independent experiments.
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proteins from the ONM to the INM, most likely by sterically oc-
cluding the passageways (Ohba et al., 2004). In yeast, deletion of
Nup170, one of the Nup155 homologues, causes delocalization
of two integral membrane proteins, Heh1p and Heh2p, from the
INM (King et al., 2006). Together with the fact that delivery of
Hehl1p and Heh2p to the INM requires classical transport recep-
tors (importin o and 3), these data argue strongly in favor of NPC
involvement in the movement of integral membrane proteins
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from the ONM to the INM. Indeed, when depleting the Nup107-
Nup160 complex, which leads to the formation of nuclei without
NPCs (Harel et al., 2003; Walther et al., 2003), no INM target-
ing of the reporter constructs was observed (Fig. S5 C).

In this study, we show that Nup188—Nup93 restricts the
passage of integral membrane proteins from the ONM to the
INM. Although proteins destined to the INM reach these sites
faster in Nup188—Nup93-depleted nuclei, bona fide ER proteins



are not mislocalized to the INM. In yeast, depletion of Nup188p
or the integral membrane nucleoporin Pom152p was found to
reduce INM localization of the ubiquitin ligase DoalOp (Deng
and Hochstrasser, 2006). Normally, the majority of cellular
DoalOp resides in the ER, although it is also found at the INM,
where it drives the degradation of intranuclear targets. During
excessive nuclear membrane proliferation, DoalOp is enriched
at the INM. Under these conditions, deletion of Nup188 causes
the redistribution of DoalOp to the ER, probably via enhanced
passage through the NPC.

Nucleoporins containing FG-repeat domains contribute to
the transport properties of the NPC by establishing a perme-
ability barrier and promoting transport receptor—-mediated NPC
passage. They are mainly localized to the interior center of the
NPC (Rout et al., 2000; Alber et al., 2007). In contrast, Nup188p
and Nup170p do not contain FG repeats and are found compara-
tively more proximal to the pore membrane. Interestingly, deple-
tion of Nup188—Nup93 did not reduce mAb414 staining, which
recognizes FG-containing nucleoporins (Fig. 3 A), and did not
destroy the diffusion barrier of the NPC or affect nuclear import
and export of soluble reporter cargoes (Fig. 4). This suggests
that the transport of soluble and membrane proteins requires dis-
tinct features within the NPC and uses different pathways within
the pore.

It has been proposed that NPCs accommodate not
only a large central channel for active and transport receptor—
mediated import and export but also eight peripheral channels
that mediate passive exchange of metabolites and ions (Hinshaw
and Milligan, 2003; Kramer et al., 2007; Naim et al., 2007).
Although recent cryoelectron tomography of NPCs from Dic-
tyostelium discoideum confirmed the existence of peripheral
channels ~9 nm in diameter (Beck et al., 2007), the idea of sep-
arate passageways for soluble factors is in contrast to the pre-
vailing model in which FG-repeat domains form a common
barrier for both facilitated and passive exchange (Ribbeck and
Gorlich, 2001; Rout and Aitchison, 2001). Passive diffusion is
sensitive to many of the same ligands and inhibitors that target
active transport across the NE. This argues strongly for a single
permeability barrier for soluble molecules passing through the
NPC either by active transport or passive diffusion (Mohr et al.,
2009). Alternatively, the peripheral channels could be important
for membrane proteins passing the NPC (Powell and Burke,
1990; Zuleger et al., 2008). Although the nucleoplasmic do-
mains of most INM proteins are limited in size to ~40 kD and
therefore might be small enough to fit in the cavities of the chan-
nels, we propose that structural rearrangements within the NPC
are necessary to allow for integral membrane passage without
disrupting the diffusion barrier. Depletion of Nup188—Nup93
may enhance conformational flexibility within the NPC, resulting
in the increased passage of membrane proteins through the NPC
that we have observed in this study without affecting the size
limit for these proteins.

The metazoan Nup93 complex and the corresponding
Nic96 complex in yeast is one of the major building blocks of the
NPC. However, compared with the well-characterized Nup107-
Nup160 complex, which can be purified from Xenopus egg
extracts (Vasu et al., 2001; Walther et al., 2003), the association of

Nup93 complex components is remarkably less stable. Nup155
and Nup53 can be precipitated mainly as individual proteins, as
observed previously (Franz et al., 2005; Hawryluk-Gara et al.,
2008). Additionally, Nup205, Nup188, and Nup93 do not existin a
single complex in Xenopus egg extracts as previously suggested
(Meier et al., 1995). Formerly, immunoprecipitations were
performed using antibodies against Nup93, which, as we have
shown, actually precipitates two different Nup93-containing com-
plexes. However, the Nup188—Nup93 and the Nup205-Nup93
interactions seem to be rather stable. Interestingly, in the add-
back experiment, we could only restore the phenotype if Nup188
and Nup93 were coexpressed and added despite the fact that
after Nup188-Nup93 depletion, ~50% of Nup93 remains in the
extracts (most in a complex with Nup205 and a smaller propor-
tion not bound to Nup205; Fig. 1 and Fig. S1), suggesting that
Nup93 cannot exchange between the different complexes under
the given conditions.

Whereas depletion of Nupl55 and Nup53 from Xenopus
egg extracts prevents NPC and NE formation (Franz et al., 2005;
Hawryluk-Gara et al., 2008), extracts depleted of Nup205-Nup93
or Nup188-Nup93 assemble nuclei with seemingly intact NPCs
and a closed NE. Currently, we cannot exclude the possibility
that the Nup188—Nup93 and Nup205-Nup93 complexes have
partially redundant functions during NPC formation. Double
depletion of both complexes (with antibodies against Nup205
and Nup188) followed by nuclear assembly reactions was for
technical reasons unfeasible, requiring, in total, four rounds of
incubation of extracts with antibody beads. Interestingly, deple-
tion of Nup93-containing complexes from Xenopus egg extracts
with a-Nup93 antibodies blocked NPC assembly (Grandi et al.,
1997; unpublished data). However, we cannot exclude the pos-
sibility that Nup93 is of functional importance outside of its
role in the Nupl88-Nup93 and Nup205-Nup93 complexes.
Indeed, a subfraction of 5-10% of Nup93 has been shown to
interact with the FG repeat—containing nucleoporin p62 (Zabel
et al., 1996), as does the yeast homologue Nic96p with Nsplp
(Zabel et al., 1996). This could be a subpopulation distinct from
the Nup188-Nup93 and Nup205-Nup93 complexes. Notably,
we found that ~5% of Nup93 cannot be depleted with a combi-
nation of antibodies against Nup205 and Nup188 (Fig. S1)

Depletion of neither Nup188—-Nup93 nor Nup205-Nup93
impaired the exclusion limit of the NPCs for inert substances
(Fig. 4 B). For Nup205-Nup93, this was particularly unexpected
as depletion of Caenorhabditis elegans Nup205 by RNAi causes
failure of nuclear exclusion of 70-kD dextrans (Galy et al., 2003).
Interestingly, up to now, no C. elegans Nupl188 orthologue
has been identified. It is possible that the Nup205-Nup93
and Nup188-Nup93 complexes in Xenopus have partially re-
dundant functions in establishing the exclusion limit of NPCs.
Because of the absence of Nupl88 in C. elegans, Nup205—
Nup93 could still accommodate this function, which is lost
upon Nup205 depletion.

In summary, our work establishes that members of the
Nup93 complex, which is regarded as one of the structural
building blocks of the NPC, can be depleted without blocking
NPC formation. Intriguingly, Nup188—Nup93 is rather impor-
tant for controlling the passage of transmembrane proteins and
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probably other membrane components through the NPC. Thus,
in addition to regulating the composition of the nucleoplasm by
restricting access of soluble factors to the nuclear interior, NPCs
are also important in the establishment of the two membrane
subcompartments of the NE.

Materials and methods

Materials
An EST containing the C-terminal region of Xenopus Nup188 (GenBank/
EMBL/DDB]J accession number BQ725804) was identified by BLAST search
using the mouse sequence as bait. ESTs for Xenopus Nup98, Nup205,
BCO8, LBR, and mouse Nup188 were under GenBank/EMBL/DDBJ
accession numbers CF286969, CA986989, BC082226, BC124994,
BG861579, respectively. Xenopus Nup53, NPM2, calnexin, and SPC18
were amplified from a Xenopus cDNA.

Leptomycin B and aphidicolin were obtained from Enzo Life Sciences,
Inc., and DilC18 (1,1'dioctadecyl-3,3,3’,3 tetramethylindocarbocyanine
perchlorate), fluorescently labeled dextrans, and secondary antibodies
(Alexa Fluor 488 goat a-rabbit IgG and Cy3 goat a-mouse IgG) were ob-
tained from Invitrogen. Detergents were purchased from EMD, and lipids
were purchased from Avanti Polar Lipids, Inc.

Antibodies

For the generation of antibodies, a fragment of Xenopus Nup188 correspond-
ing to aa 1573-1731 of the mouse sequence and a fragment of Nup98
(aa 1-185) were expressed as GST fusion proteins and purified using
glutathione Sepharose (GE Healthcare). Fragments of Xenopus Nup53
(aa 78-310) and LBR (aa 47-216) were cloned into pET28a (EMD), ex-
pressed as a Hisé-tagged fusion, and purified using Ni-nitrilotriacetic acid
agarose (QIAGEN). A fragment of Xenopus Nup205 (aa 1-283) was
fused to NusA as a solubility tag, cloned into pET28a, and expressed as
a Hisé-tagged fusion. Recombinant proteins were dialyzed to PBS and
injected info rabbits for antibody production.

Antibodies against Nup155 and RCC1 (Franz et al., 2005) as well as
Nup160 and Nup93 (Franz et al., 2007) have been described previously.
mAb414 was obtained from Babco, anti-lamin B (X223) was obtained from
ImmuQuest, and anti-EGFP and anti-Hisé were obtained from Roche.

DNA replication, dextran exclusion, and nuclear transport function

For testing DNA replication, nuclear assembly reactions were incubated
with 43.5 pM fluorescein-12-dUTP and, where indicated, 16 pM aphidi-
colin. Samples were fixed and processed for microscopy as described
previously (Franz et al., 2005). All fluorescence microscopy images were
recorded on the confocal microscope (FV1000; Olympus; equipped with
a photomultiplier [model R7862; Hamamatsu]) with 405-, 488-, and
559-nm laser lines and a 60x NA 1.35 oil immersion objective lens using
the Fluoview software (Olympus) at room temperature using Vectashield
(Vector Laboratories) as a mounting medium.

For the size exclusion assay, nuclei were assembled for 90 min, at
which point 10 pg/ml of 10-kD dextran labeled with Texas red, 30 pg/ml
of 70D dextran labeled with fluorescein, and 40 pg/ml of 2-MD dextran
labeled with tetramethylrhodamine were added. The samples were incu-
bated for 5 min and analyzed by confocal microscopy without fixation and
mounting, but otherwise as in the previous paragraph.

TEV protease was fused to a NusA domain, cloned into pET28aq,
and expressed and purified as a Hisé-tagged fusion. TEV protease without
a NusA domain was expressed and purified as a Hisétagged fusion and
cross-linked to NLS peptides as described previously (Vasu et al., 2001).

To test importin a/B- or transportin-dependent nuclear import func-
tion, fulllength NPM2 (nucleoplasmin) or Nplc-M9-M10 (from Englmeier
et al. [1999]), respectively, was fused to an N-+erminal EGFP, followed
by a TEV recognition site, and cloned into a modified pET28a vector,
allowing purification via a Cterminal His6 tag. After Ni-nitrilotriacetic
acid chromatography, all substrates were further purified by size exclu-
sion chromatography on a Sepharose 200 column (GE Healthcare). 50-p!
nuclear assembly reactions were assembled in the volume ratio as de-
scribed previously (Franz et al., 2005). 50 min after the addition of mem-
branes, 1 pg of the respective reporter was added. At the indicated time
points, 10 pl of the samples was added to 1 pl of 5 pg/pl NusATEV pro-
tease and incubated for 1 min at 20°C. TEV cleavage was stopped by
the addition of SDS sample buffer and immediate incubation at 95°C for
5 min, followed by SDS-PAGE and Western blotting.
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For testing nuclear export function, a reporter as well as a control
substrate, Nplc-M9-NES and Nplc-M9-M10, respectively (from Englmeier
et al. [1999]) were fused to an N-terminal EGFP, cloned into pET28a, and
purified as in the previous paragraph. 0.1 mg/ml of the export reporters
was added fo a nuclear assembly reaction, incubated for 90 min, fixed,
and processed for microscopy.

For generation of reporter constructs for INM targeting, fulllength
BCO8, a part of the N terminus of LBR including the first transmembrane
region (aa 146-258), and fulllength SPC18 (all from Xenopus) were fused
to an N-erminal MISTIC (membrane-integrating sequence for translation of
infegral membrane protein constructs) fragment (Roosild et al., 2005), fol-
lowed by a thrombin cleavage site, an EGFP domain, and a TEV protease
cleavage site, and cloned into a modified pET28a vector, allowing purifi-
cation via a Cterminal Hisé tag. For the calnexin reporter construct, the
C-terminal region including the transmembrane region of calnexin
(aa 485-608) was placed 3' of the MISTIC fragment and 5’ of the TEV
cleavage site and the EGFP domain and integrated into the modified
pET28a vector with a Cterminal Hisé tag. For the INM targeting constructs
with increased nucleoplasmatic sizes, a NusA or GST domain was inserted
5’ of the EGFP moiety in the reporter constructs.

Proteins were expressed in E. coli BL21de3, purified in the presence
of 1% (wt/vol) cetyltrimethylammonium bromide on magnetic Niloaded
agarose beads (EMD), and dialyzed for 16 h against PBS containing
1 mM EDTA. The MISTIC fragments were cleaved off using thrombin,
and the reporters were reconstituted into liposomes. For this, ~10 pg of
protein was mixed with 20 pl of a lipid mix containing 3 mg/ml choles-
terol, 3 mg/ml Na-phosphatidylserine, 3 mg/ml Na-phosphatidylinositol,
6 mg/ml phosphatidylethanolamine, 15 mg/ml phosphatidylcholine (all
solubilized in 10% octylglucopyranoside), and 2 pl of T mg/ml DilC18
in DMSO. Detergent was removed by passing the sample over a G-50
column equilibrated in sucrose buffer (10 mM Hepes, 250 mM sucrose,
50 mM KCl, and 2.5 mM MgCl,, pH 7.5). The proteoliposome<ontaining
fraction (identified by the color of the dye) was collected, and the lipo-
somes were pelleted by centrifugation for 30 min at 200,000 g. The pellets
were resuspended in 40 pl of sucrose buffer. Proteins were correctly ori-
ented within the liposomes with the EGFP unit facing the exterior as judged
by their sensitivity to TEV protease cleavage.

45 pl of cytosol supplemented with 1 pl of 20 mg/ml glycogen
and 1 pl of energy mix (50 mM ATP, 500 mM creatine phosphate, and
10 mg/ml creatine kinase) was incubated with 7,500 sperm heads as chro-
matin template. 50 min after the addition of 2.5 pl of membranes, 5 pl
of resuspended proteoliposomes was added. At the indicated time points,
10 pl of the samples was added to 1 pl of 5 pg/pl NusA-TEV protease in
sucrose buffer and incubated for 5 min at 20°C. The cleavage reaction was
stopped by fixation with 4% PFA and processed for microscopy as described
previously (Franz et al., 2005). For Western blot analysis, TEV cleavage was
stopped by the addition of SDS sample buffer and immediate incubation at
95°C for 5 min, followed by SDS-PAGE and Western blotting.

In vitro translation

For the in vitro translation, we generated a modified pET28a vector containing
a stem loop-forming sequence derived from the 5" untranslated region of gene
10 of the T7 bacteriophage (5'-AGGGAGACCACAACGGUUUCCCU-3')
5’ of the in vitro franscribed /translated gene. This is known to enhance in vitro
transcription (O’Connor and Dahlberg, 2001). As DNA templates, fulllength
mouse Nup 188 and Xenopus Nup93 were cloned info this vector and used in
the PURExpress in vitro synthesis kit (New England Biolabs, Inc.) according to
the manufacturer’s instructions, extending the incubation time to 4 h.

Miscellaneous

Generation of affinity resins for protein depletion, preparation of sperm
heads and floated membranes, nuclear assembly reactions, and transmis-
sion electron microscopy were performed as described previously (Franz
et al., 2005) except that tannic acid was omitted to increase the visibility of
NPCs. For depletions, high speed extracts were incubated twice with a 1:1
bead fo cytosol ratio for 40 min (Franz et al., 2007). Prelabeled membranes
were prepared as in Antonin et al. [2005] using DilC18, and immuno-
precipitations were performed as in Franz et al. [2007]. NPCs from at least
50 nuclei from three independent experiments were counted (D’Angelo
et al., 2006) using the Imiaris 6.1.5 software (Bitplane AG) for 3D recon-
struction. In vitro assembled nuclei were isolated as in Baur et al. (2007).

Online supplemental material
Fig. S1 shows the quantification of the relative amounts of the different
Nup93 complexes. Fig. S2 shows immunofluorescences of nuclei lacking



Nup205-Nup93 as well as transmission electron images of mock- and
Nup188-Nup93-depleted nuclei. Fig. S3 shows the time course of nuclear
assembly in mock- and Nup188-Nup93-depleted extracts. Fig. S4 shows
INM targeting assays on nuclei lacking Nup188-Nup93 and Nup205-
Nup93 and additional data of the addback experiments. Fig. S5 pro-
vides supporting experiments characterizing the INM targeting assay.
Online supplemental material is available at http://www.jcb.org/cgi/

content/full/jcb.200912045/DC1.
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