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107 complex, Nup155 R391H

Lac repressor gene.

Nuclear pore complexes (NPCs) form the gateway to the nucleus, mediating virtually all nucleocytoplasmic
trafficking. Assembly of a nuclear pore complex requires the organization of many soluble sub-complexes into a final
massive structure embedded in the nuclear envelope. By use of a Lacl/LacO reporter system, we were able to assess
nucleoporin (Nup) interactions, show that they occur with a high level of specificity, and identify nucleoporins sufficient
for initiation of the complex process of NPC assembly in vivo. Eleven nucleoporins from different sub-complexes were
fused to Lacl-CFP and transfected separately into a human cell line containing a stably integrated LacO DNA array. The
Lacl-Nup fusion proteins, which bound to the array, were examined for their ability to recruit endogenous nucleoporins
to the intranuclear LacO site. Many could recruit nucleoporins of the same sub-complex and a number could also
recruit other sub-complexes. Strikingly, Nup133 and Nup107 of the Nup107/160 subcomplex and Nup153 and Nup50 of
the nuclear pore basket recruited a near full complement of nucleoporins to the LacO array. Furthermore, Nup133 and
Nup153 efficiently targeted the LacO array to the nuclear periphery. Our data support a hierarchical, seeded assembly
pathway and identify Nup133 and Nup153 as effective “seeds” for NPC assembly. In addition, we show that this system
can be applied to functional studies of individual nucleoporin domains as well as to specific nucleoporin disease
mutations. We find that the R391H cardiac arrhythmia/sudden death mutation of Nup155 prevents both its subcomplex
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assembly and nuclear rim targeting of the LacO array.

Introduction

The nuclear pore complex (NPC) is a large multi-protein
complex that mediates virtually all macromolecular traffic across
the nuclear envelope. Nuclear pores are composed of multiple
copies of ~30 different nucleoporin proteins that contribute to
its structure and function.'™ Nucleoporins can be categorized
into groups based on their location within the NPC. These
groups include transmembrane nucleoporins (such as Pom121),
scaffold nucleoporins such those in the large Nup107/160 or “Y”
subcomplex, central scaffold spoke-ring nucleoporins (such as
Nup53, Nup93, and Nupl55), transport channel nucleoporins
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(such as Nup62 and Nup98), nuclear basket nucleoporins (such
as Nupl53 and Nup50), and cytoplasmic ring and filament
nucleoporins (such as Nup214 and Nup358, respectively)
(Fig. 1A).>>>'* Notably, approximately a third of all nucleopor-
ins contain phenylalanine-glycine (FG) repeats, which are critical
for the interaction with the soluble import and export receptors
that mediate nuclear transport.'*"

In metazoans, assembly of nuclear pores occurs at 2 distinct
phases of the cell cycle: during interphase into an intact, double-
membrane nuclear envelope, and at the end of mitosis when the
nuclear envelope reforms around chromatin, termed post-mitotic
assembly.'¢2°
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Post-mitotic NPC assembly starts with the binding of several
specific nucleoporins to chromatin. First, the DNA-binding
nucleoporin ELYS binds via its DNA-binding AT-hook domain
to chromatin,?"*? where it is required for the proper recruitment
of the large Nup107/160 pore subcomplex to chromatin.'**7>
Indeed, ELYS depletion by RNAi or from 77 vitro nuclear recon-
stitution reactions results in nuclei devoid of NPCs, demonstrat-
ing that ELYS is essential for nuclear pore assembly on
chromatin.?»?*?%?% Live imaging experiments of GFP-tagged
nucleoporins in cultured cells have also revealed early recruitment
of the Nup107/160 complex to mitotic chromosomes.*® In a sep-
arate study, using Xenopus nuclear reconstitution extracts with
either lowered temperature or lipid inhibitors to manipulate the
membrane-membrane fusion event of nuclear pore assembly, we
found that the recruitment of ELYS, the Nup107/160 complex,
and the transmembrane nucleoporin Pom121 occur as early steps
in post-mitotic pore assembly and precede inner/outer nuclear
membrane fusion and recruitment of the FG nucleoporins.®'

The critical Nup107/160 subcomplex of the nuclear pore is
formed in vertebrates from 9 nucleoporins (Fig. 1B; Nup160,
Nup133, Nupl07, Nup96, Nup85, Secl3, Sehl, Nup37 and
Nup43).>2%° This subcomplex is a close relative of the S. cerevi-
siae subcomplex, also called the “Y” complex due to its overall
shape.””? The Y complex is by far the largest subcomplex of
both yeast and vertebrate nuclear pores. Depletion of Xenopus
extracts with antibody to Y complex members (Nup133, Nup85
or Nupl07), like ELYS depletion, leads to nuclei devoid of
NPCs.*%? The Y complex was recently shown to form 4 head-
to-tail rings of 8 Y’s each, with 2 rings situated on either face of
the nuclear pore.>*

Nup153, which comprises much of the nuclear basket of the
NPC, has also been shown to potentially have an early role in
NPC assembly.>**** The association of Nup153 with the
forming nuclear pore in mitosis is biphasic: in live imaging stud-
ies, 10% of GFP-tagged Nupl53 associates with the telophase
chromosomes before many of the other Nups, suggesting a possi-
ble role in the initiation of NPCs (~90% of Nup153 then associ-
ates with the pore later in the assembly process).3 0 Interestingly,
the association of Nup153 with a fully-formed, interphase NPC
is highly dynamic, with a residence time between 1 and
13 min.”**® This is unlike the Y complex, which can be stably
associated with the NPCs of non-dividing somatic cells literally
for years.®*! Thus, the proteins of the Y complex and Nup153,
while quite different from one another in a large number of struc-
tural and functional aspects, both showed evidence for a role in
early steps in nuclear pore assembly.’® Disparate findings such as
these showed a clear need for further and more comprehensive
analysis of the role of nucleoporins in NPC assembly.

Here we developed a direct 77 vivo approach to study the
role of individual nucleoporins in NPC assembly. We used a
previously characterized cell line, U20S 2-6-3, which con-
tains tandem copies of an E. coli LacO-containing DNA array
stably integrated at a single locus in the human genome.’>*’
We transfected these cells with constructs expressing individual
nucleoporins tagged with both E. coli Lac repressor (Lac I) and
cyan fluorescent protein (CFP) sequences. The Lacl tag,
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binding with high affinity to the stably integrated LacO array,
has the ability to target the tagged nucleoporin specifically to
the LacO site. To study steps in pore assembly, we then exam-
ined the immobilized nucleoporin: (1) for its ability to recruit
endogenous nucleoporins to the intranuclear LacO array and,
separately, (2) for the ability to target the LacO/nucleoporin
assemblage to the nuclear rim. This type of approach was used
previously to investigate the de novo formation of intranuclear
bodies such as Cajal bodies** and paraspeckles.”>>® The Lacl-
Nup/LacO approach developed here has allowed us to detect
intra- and inter-NPC subcomplex interactions at an ectopic
nuclear site, and to compare the ability of different nucleopor-
ins to initiate NPC assembly. An advantage of this system is
that we can analyze Nup-Nup interactions in vivo without
having to disrupt the endogenous nuclear pores by RNAI, a
disruption that can lead to unwanted cell cycle defects, meta-
bolic stress, and cell death.

Our data indicate that this system can detect specific Nup-
Nup interactions, and that nucleoporins vary widely in their abil-
ity to promote extensive assembly. In addition, we find that spe-
cific Nup subcomplexes promote nuclear rim targeting of the
LacO chromatin array, whereas others do not. Furthermore, the
system allows study of the effect of specific nucleoporin disease
mutations or truncations within an 7z vivo context of complex
assembly and nuclear rim targeting.

Results

Development of a Lacl/LacO system for analyzing
nucleoporin interaction and assembly

To investigate the role of different nucleoporins in NPC
assembly, we anchored individual LacI-CFP-tagged Nups to a
specific ectopic nuclear site, with the thought that this nucleo-
porin/LacO-containing site would promote a potential “seed”
site for the recruitment of other nucleoporins. We used the previ-
ously described human U20S 2-6-3 cell line, which contains
~200 copies of a cassette of 256 LacO repeats (see Methods)
integrated into the euchromatic chromosome region 1p36.”>

In order to specifically target different Nups to the LacO
array, we created 11 fusion proteins of individual nucleoporins
that were N-terminally tagged with both the E. co/i Lac repressor
(Lacl) and cyan fluorescent protein (CFP) (Fig. 1C). The Lacl
protein is known to tightly and specifically bind to LacO sequen-
ces. Therefore, a Lacl-CFP-nucleoporin fusion protein should
localize intranuclearly to the LacO site and could be readily iden-
tified by fluorescence microscopy. The nucleoporins chosen for
testing were Nups from different subcomplexes and regions of
the nuclear pore (Fig. 1A). They included proteins of the cyto-
plasmic ring (Nup214), the Y complex (Nup133, Nupl07, and
Nup85), the central scaffold complex (Nup155 and Nup53), the
central transporter region (Nup58 and Nup98), and the nuclear
basket (Nup153 and Nup50).>**3>445759 e also created a
soluble form of the transmembrane nucleoporin Pom121, which
we term Lacl-CFP-sPom121.°° All the LacI-CFP-Nup clones
sequenced to verify then transfected
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Figure 1. (A) A cut-away schematic representation of the massive nuclear pore complex, which has 8 radial spokes, is shown (inset). The subcomplexes
that comprise one radial spoke and their predicted localization within that spoke are shown in the enlarged portion of (A). The nucleoporins used as
Lacl-CFP fusions in this study are highlighted in yellow. Each separate shape indicates a different subcomplex that must assemble with others to form a
nuclear pore. The different colors are used to demarcate distinct regions of the formed nuclear pore, such as the large Y complex subunits (blue), ELYS
(lavender), the central scaffold (green), the central transporter regions (gold), the cytoplasmic ring (purple), the cytoplasmic filaments (deep purple), and
the nuclear basket (light brown). The three transmembrane Nups are shown in gray. (A few nucleoporins such as Aladin and hCG1 have been omitted
for clarity). (B) Details of the Nup107-160 or “Y” complex, with the nucleoporins tested as Lacl-CFP fusions underlined. (C) Diagram of the Lacl-LacO sys-
tem used in this study. A diagram of a U20S 2-6-3 cell is shown, with the LacO array integrated into one location in the genome. The enlargement
shows the expected binding of a fusion Lacl-CFP-NupX (green) to each of the multiple copies of the LacO array (blue). (D-F) U20S 2-6-3 cells were
mock transfected (D), transfected with the negative control fusion Lacl-CFP (E), or transfected with Lacl-CFP-Nup fusion such as Lacl-CFP Nup214 (F). To
test for Lacl-CFP-NupX binding to the LacO array, cells were visualized with anti-Lacl to detect the fusion protein (left panel in each set), or a specific
anti-nucleoporin antibody (middle panel in E and F). DNA was detected with DAPI stain. The right-hand panel in each set shows a merge of all 3 stains.
The arrows point to the position of the LacO array.

individually into U20S 2-6-3 cells. We initially analyzed the
different fusion proteins expressed post-transfection by immuno-
blot analysis and were able to verify the production of intact
fusion proteins of the correct size for each construct (Supp. Fig.
1).

Next, immunofluorescence was performed on the transfected
U20S 2-6-3 cells. The Lacl-CFP-Nup proteins were detected
using either CFP fluorescence or indirect immunofluorescence
with anti-Lacl antibodies. We found that all the LacI-CFP-Nups
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tested were efficiently targeted to the LacO array, as visualized by
appearance of a new discrete bright intranuclear focus after each
transfection (Figs. 1E-F, green; Supp. Fig. 2). When cells were
instead stained with antibodies against the transfected nucleo-
porin, if available, the nucleoporin signal always colocalized with
the bright LacI-CFP spot marking the LacO array (Fig. 1F, right
panel; Supp. Fig. 3). These results indicate that the Lacl-Nup/
LacO system can be used to immobilize individual nucleoporins
onto the LacO chromatin site. When the negative control
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Lacl-CFP fusion clone which has no added nucleoporin sequence
was transfected into U20S 2-6-3 cells, it targeted to the LacO
array as expected (Fig. 1E, green), but did not recruit any of the
nucleoporins we subsequently examined (Fig. 1E, red; Supp.
Fig. 4). This result indicates that endogenous Nups do not bind
to the LacO DNA array, to the Lacl protein domain, or to the
CFP protein domain. Thus, the LacI-Nup/LacO system is a pow-
erful and highly specific tool for studying the ability of individual

nucleoporins to bind and recruit other nucleoporins.

Detection of intra- and inter-NPC subcomplex interactions
using the LacI/LacO system

We asked whether the individual Lacl-Nup nucleoporins were
able to recruit endogenous nucleoporins of their same subcomplex to
the LacO chromatin location. This was done via immunofluores-
cence using antibodies to the different endogenous nucleoporins.

We found that the majority of nucleoporins tested were
indeed able to recruit endogenous nucleoporins of their same sub-
complex. For example, Lacl-tagged Nup53, a member of the cen-
tral scaffold subcomplex®°®* (Fig. 1A, green complex),
recruited endogenous Nup93, a member of the same subcom-
plex, to the LacO array, as seen in 63% of the transfected cells
(Fig. 2A; Table 1). Lacl-tagged Nup155 from the same subcom-
plex,63’64 when transfected into U20S-2-6-3 cells, could be
seen to recruit endogenous Nup53 (46% of cells; Fig. 2C;
Table 1). Thus, both LacI-Nups showed the ability to recruit
known members of their own subcomplex.

Similarly, when a Lacl-tagged nucleoporin from the Nup62
central transporter subcomplex,”®>*® Nup58, (Fig. 1A, middle
gold complex) was transfected, it recruited Nup62 to the LacO
array in 100% of the transfected cells (Fig. 2E; Table 1). Indeed,
the ability to recruit nucleoporins from the same subcomplex was
widespread, including LacI-Nup133 and Nup107 recruitment of
other Y complex Nups (Supp. Figs. 5A-B; Table 1).

What about the ability to recruit other subcomplexest One subset
of Nups did not extensively recruit other Nup subcomplexes. Two
members of the central scaffold complex, Nup53 and Nup155°
were both inefficient in recruiting nucleoporins from the Y com-
plex (<5% of cells) or recruiting Nup62 from the central trans-
porter region (2-3% of cells) (Figs. 2B and D, respectively;
Table 1). Interestingly, Nup53 was seen to unexpectedly recruit
the nucleoporin ELYS in 34% of cells, identifying a novel interac-
tion (Table 1). Overall, Nup53 and Nup155 were limited in their
ability to recruit other nucleoporin subcomplexes (Table 1).

However, multiple Lacl-tagged Nups could recruit other sub-
complexes. For example, Lacl-tagged Nup214, a protein of the
cytoplasmic ring of the NPC,” recruited endogenous Nup133
(Fig. 3A) and ELYS in 35% and 45% of cells, respectively
(Table 1).

Using the Lacl/LacO system, we were also able to study the
interaction of the normally integral membrane pore protein,
Pom121,°“¢77% with other Nups and Nup subcomplexes — and
to do so away from its normal membrane environs. We observed
that Lacl-tagged soluble Pom121 expressed in U20S 2-6-3 cells
efficiently recruited Nups from different subcomplexes to the
LacO array, including recruitment of Nup93, Nup98, and
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Figure 2. Nucleoporins anchored to the LacO array recruit other nucleopor-
ins from the same subcomplex. Immunofluorescence microscopy of U20S
2-6-3 cells transiently transfected with either Lacl-CFP-Nup53 (A, B),
Lacl-CFP-Nup155 (C, D), or Lacl-CFP-Nup58 (E, F) were stained with the
indicated antibodies. Chromatin is visualized using DAPI stain. In panels
(A) and (B), Lacl-CFP-Nup53 was detected by CFP fluorescence. The right
hand panels show a merged image of the 3 stains. The smaller insets
show a magnified image of the LacO array in each image. Colocalization
of the untagged endogenous Nup in question (middle panels) with the
transfected Lacl-CFP-Nup being tested (left panels) is summarized at the
right.

Nup62 (71, 74, and 89% of cells, respectively) and, with lower
efficiency, recruitment of the Y complex and Nup53 (2-14%)
(Figs. 3B-C and Table 1).

We conclude that the Lacl/LacO system can be used to con-
firm known interactions within the nuclear pore as well as to
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Table 1. Summary of nucleoporin interactions and LacO rim targeting. The nucleoporins tested by IF are shown below. The percentages show the
amount of colocalization of an endogenous Nup with the Lacl-Nup/LacO array, calculated as the percent of transfected cells showing colocalization (tripli-
cate experiments, minimum N = 100 cells per condition). Targeting of the LacO array to the nuclear rim is also shown (last column), calculated as percent of
transfected cells with the LacO focus at the rim. The negative control, Lacl-CFP, recruited no endogenous nucleoporins to the LacO array and showed no
rim targeting, indicating high specificity of the Lacl-Nup/LacO system.

Lacl-tagged Intra-complex interactions Inter-complex interactions Low or not recruited Rim targeting
Nup133 Nup160 (44%) ELYS (62%) Nup214 (23%) Nup62 (5%) Yes (57%)
Nup85 (86%) Nup53 (20%) Nup98 (70%)
Nup93 (21%) Pom121(45%)
mAb414 (18%)
Nup107 Nup133 (94%) ELYS (72%) Nup62 (24%) Sometimes (25%)
Nup160 (39%) Nup93 (9%) Pom121 (26%)
Nup85 (88%) mADb414 (20%)
Nup153 N/A Nup133 (35%) Nup93 (23%) Yes (76%)
Nup160 (33%) Nup214 (6%)
Nup85 (58%) Nup62 (56%)
ELYS (65%) Nup98 (11%)
Nup53 (14%) Pom121(31%)
Nup50 N/A Nup133 (11%) Nup62 (43%) Nup160 (4%) Sometimes (30%)
Nup85 (32%) mMAb414(46%)
ELYS (37%) Nup98 (11%)
Nup53 (6%) Pom121(24%)
Nup93 (28%)
Nup214 Not tested Nup133 (35%) Nup62 (97%) Nup53 (0%) No (0%)
ELYS (40%) Nup98 (90%)
mAb414 (100%)
Nup53 Nup93 (67%) ELYS (34%) Nup133 (3%) Nup62 (2%) Sometimes (27%)
mAb414 (3%) Pom121 (0%)
Nup155 Nup53 (46%) Pom121 (56%) Nup133 (3%) Nup62 (3%) Sometimes (16%)
Nup160 (5%) Nup214 (5%)
Nup93 (2%) Nup98 (2%)
sPom121 N/A Nup133 (8%) Nup62 (89%) Nup160 (0%) No (1%)
Nup85 (7%) mAb414 (20% Nup53 (2%)
ELYS (14%) Nup98 (72%)
Nup93 (68%)
Nup58 Nup62 (100%) ELYS (13%) Nup133 (3%) Nup21 (1%) No (1%)
Pom121 (14%) Nup160 (5%) Nup98 (5%)
Nup85 (2%)
mNup85 ELYS (9%) Nup133 (0%) Nup98 (0%) No (1%)
Nup160 (2%) Pom121 (4%)
Nup53 (0%)
Nup98 Not tested ELYS (16%) Nup133 (2%) mAb414 (4%) No (1%)
Nup62 (8%) Nup53 (0%) Nup214 (1%)
CFP Nup133 (0%) mAb414 (0%) No (1%)
Nup160 (0%) Nup62 (0%)
Nup85 (0%) Nup214 (0%)
ELYS (0%) Nup98 (0%)
Nup53 (0%) Pom121 (0%)
Nup93 (0%) Nup155 (0%)

propose novel Nup-Nup interactions in an in vive situation.
Moreover, this system allows one to do so without the need for
immunoprecipitation or pulldown. Future studies can assess
whether such novel interactions are direct or indirect, i.e.,
whether they occur via an intermediary subcomplex.

Both the Y complex and Nup153/Nup50 nuclear pore

basket complex can recruit a near full complement of

nucleoporins

Strikingly, Lacl-tagged Nup133 of the Y complex was able to
efficiently recruit members of all the endogenous nucleoporin

a4 Nucleus
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Recruitment of different subcomplexes
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Figure 3. Recruitment of nucleoporins from other NPC subcomplexes to
the LacO array. Immunofluorescence microscopy of U20S 2-6-3 cells
transiently transfected with either Lacl-CFP-Nup214 (A) or Lacl-CFP-
Pom121 (B, €), then stained with antibody against Lacl or visualized by
CFP fluorescence (left panel). The endogenous nucleoporins Nup133
(A), Nup62 (B), or Nup93 (C) were detected with specific antibodies
(middle panel). Chromatin is visualized by DAPI staining. The smaller
insets show a magnified image of the LacO array in each image. The
right hand panels are a merge of the previous 2 images with DAPI
staining. All three cases show examples of positive recruitment of an
endogenous nucleoporin from a different subcomplex than that of the
Lacl-CFP-NupX. Full results are summarized in Table 1.

subcomplexes that were tested. This included the Y complex nucle-
oporins Nup160 and Nup85, ELYS, the central scaffold proteins
Nup53 and Nup93, the cytoplasmic ring protein Nup214, the cen-
tral transporter region protein Nup98, and Pom121 (Figs. 4A-G
and Table 1; 44, 86, 62, 20, 21, 23, 70, and 45%, respectively).
Lower recruitment of the central transporter protein Nup62 was
also observed (Table 1, 5% of cells). When a second member of the
Y complex was examined, Lacl-tagged Nup107, it also efficiently
recruited all the endogenous nucleoporins we tested, which
included Nup133, Nup160, Nup85, ELYS, Nup62, Pom121, and
Nup93 (Supp. Figs. 5A-D; Table 1; 94, 39, 88, 72, 24, 26, and
9%, respectively).

Surprisingly, Nup153 of the pore basket also recruited a large
set of nucleoporins. Lacl-tagged Nup153 recruited to the LacO
array endogenous Nup160, Nup133, and Nup85 of the Y com-
plex, ELYS, Nup53, Nup93, Nup62, Nup98, and Poml21
(Figs. 5A-D and Table 1; 33, 35, 58, 65, 14, 23, 56, 11, and
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Figure 4. Nup133 is able to recruit an extensive array of nucleoporins to the
LacO array. Immunofluorescence microscopy was performed on U20S 2-
6-3 cells transiently transfected with Lacl-CFP-Nup133. The location of
Lacl-CFP-Nup133 was visualized by CFP fluorescence (left panel). To
assay for recruitment of endogenous nucleoporins, the transfected cells
were stained with antibody against: (A) Nup85, (B) Nup160, (C) ELYS, (D)
Nup53, (E) Nup93, (F) Nup214, and (G) Nup98, followed by a Texas Red-
labeled secondary antibody (middle panel). DNA was visualized by DAPI
staining. The smaller panels show a magnified image of the LacO array.
The right hand panels are a merge of the previous 2 images together
with a DAPI-stained image. We note that when Nup133 was used as the
Lacl-CFP-tagged fusion protein, a large percentage of the transfected
cells showed rim localization of the LacO array. Quantitation is shown in
Table 1.
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Widespread recruitment by Lacl-CFP-Nup153

alacl

Figure 5. Widespread recruitment of nucleoporins to the LacO array by the
Lacl-CFP-Nup153 fusion protein. Immunofluorescence microscopy of
U20S 2-6-3 cells transiently transfected with a Lacl-CFP-Nup153 con-
struct. The location of Lacl-CFP-Nup153 was visualized by CFP fluores-
cence or staining with anti-Lacl antibody (left panel). Endogenous
nucleoporin recruitment was assessed with antibody against: (A)
Nup133, (B) ELYS, (C) Nup62, or (D) Nup93 (middle panel). Chromatin
was visualized by DAPI staining. The smaller panel shows a magnified
image of the LacO array for each image; the right hand panel is a merge
of the previous 2 images with the DAPI DNA stain. Data for additional
nucleoporins tested as well as the quantitation for colocalization and rim
localization for all tested nucleoporins are shown in Table 1.

31%, respectively). Lacl-tagged Nup50, a partner of Nup153 in
the nuclear basket, also showed recruitment of Nup160, Nup133,
Nup85, ELYS, Nup53, Nup93, Nup62, Nup98, and Pom121
(Table 1; 4, 11, 32, 37, 6, 28, 43, 11, 24%, respectively).

These results indicate that Nup133 and Nupl07 of the Y
complex and Nup153 and Nup50 of the nuclear pore basket,
when anchored to chromatin, are each able to seed the formation
of a structure that includes almost all of the nucleoporins we
tested.

Lacl-tagged Nup133 and -Nup153 efficiently target the
LacO chromatin array with recruited nucleoporins to the
nuclear rim

For many Lacl-tagged Nups, the LacO array in the U20S
2-6-3 cells appeared as a single spot in the nuclear interior. Such
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an internal localization is identical to what is seen for the negative
control fusion construct, Lacl-CFP, which contains no nucleo-
porin sequence (Fig. 1E, green; Table 1). We observed internal
localization for the Lacl-tagged fusions of Nup214 (Fig. 3A),
Nup98, Nup58 (Figs. 2E-F), Nup85, and soluble Pom121
(Figs. 3B—C) (see Table 1 for quantitation).

Strikingly, Lacl-tagged Nup133 and Lacl-tagged Nup153 tar-
geted the LacO array and their extensive set of recruited nucleo-
porins to the nuclear envelope in 57% and 76% of the cells,
respectively (Figs. 4 and 5; Table 1). Their respective partners,
Nup107 of the Y complex, and Nup50, the partner of Nup153,
also targeted the LacO array to the nuclear envelope, albeit in a
lesser fraction of the cells (25-30%; see, for example, Supp. Fig.
5D; Table 1).

Interestingly, targeting of the LacO array to the nuclear
periphery was also seen with a third subcomplex of Nups: Lacl-
tagged Nup53 and its partner Nup155, where 27% and 16% of
cells, respectively, targeted to the rim (Table 1). This rim target-
ing indicates that these latter nucleoporins, while each able to
recruit only one other nucleoporin subcomplex tested, are never-
theless able to either directly interact with the nuclear membrane,
or interact with an intermediating factor that can target them
and the LacO array to the nuclear membrane. Nup53 does have
the ability to interact with membranes,®* but Nup155 has not
been described to have such activity. The Lacl/LacO system
could prove valuable for future analysis of what the intermediat-
ing factor might be.

Together, the above results demonstrate that both Nup133
and Nup153, when targeted to an ectopic site such as the LacO
array, are able to recruit an extensive number of nucleoporins to
a structure and, importantly, to efficiently localize the structure
formed to the nuclear envelope, suggesting that these 2 nucleo-
porins are able to initiate nuclear pore complex assembly at the
correct location.

Combining domain analysis with the LacI/LacO system
allows dissection of the role of specific domains in Nup-Nup
interaction and nuclear envelope targeting

We reasoned that the Lacl/LacO system should also allow us
to dissect — 77 vivo — the role of different structural domains of a
given nucleoporin in binding to other nucleoporins. Toward this
goal, we examined Nup133, the nucleoporin that shows the most
extensive subcomplex recruitment in our study as well as having
a high ability to target the resulting Nup/LacO array to the
nuclear envelope. Nup133 is known to map to the base of the Y
complex37 (Fig. 1B). Nup133 has 2 major structural features: a
C-terminal a-helical domain that contains the binding site for
Nup107 (aa 934-980) that mediates interaction of Nup133 with
the rest of the Y-complex, and a conserved N-terminal 3-propel-
ler domain, a type of domain thought to mediate protein-protein
interaction.”"”? Indeed, the S. cerevisiae B-propeller domain of
Nup133 has been shown to interact with Nup120, the yeast
Nup160 homolog.” In addition, the Nup133 N-terminus con-
tains a putative membrane curvature-sensing motif, termed the
ALPS motif, which when mutant decreases localization of
Nup133 to the nuclear porc:.lg’74

Volume 6 Issue 1



A ALPS

76 245( Y267 478 =500 934 980
y Nup107
Nup133 1[ [ {3 propeller ] [ a helical [interacﬁonJ ]1141
Nt Nup133 1[ [ ] [ ]805

Ct Nup133

Lacl-CFP-Nt Nup133

Lacl-CFP-Ct Nup133

D
Transfected Colocalization No Rim
Lacl-tagged colocalization | targeting
Pom121 (14%) | Nup180 (0%)
ELYS (1%) 10%
1
b Nup53  (1%)
Nup98  (1%)
Nup160 (79%) | Nup53  (3%)
ELYS (65%) | Nup214 (2%) 3%
Nup133
CtNup133 | \pos  (66%)
Pom121 (52%)

Figure 6. Nup133 N- and C-terminal protein fragments bind nucleoporins
differentially. (AR) Full length human Nup133 (1141 aa) and specific
mapped domains are shown. The N-terminal, designated Nt-Nup133,
consisted of 805 aa and contained the B-propeller domain, the ALPS
motif, and a portion of the a-helical domain. The C-terminal Ct-Nup133
construct consisted of aa 917-1141 and contained the site for Nup107
interaction (aa 934-980). (B-C) U20S 2-6-3 cells were transfected with
the designated Nup133 fragment. The extent of nucleoporin recruitment
was then tested by staining with anti-Lacl antibody together with anti-
bodies to Nup160 (B-C) or Pom121, ELYS, Nup53, Nup98, and Nup214
(D). The percentage of transfected cells showing rim localization is
shown in last column of (D). The comparative data for full length
Nup133 is presented in Table 1.

To test the role of the N- and C-terminal domains in recruit-
ing nucleoporins to the LacO array, fusion LacI-CFP constructs
of these domains, termed Nt-Nup133 and Ct-Nup133 were
made and transfected separately into U20S 2-6-3 cells
(Fig. 6A). We found that the Ct-Nup133 fragment (aa 917—
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Figure 7. The Nup155 R391H mutation that causes human cardiac
arrhythmia abrogates binding of its normal nucleoporin partners and
rim localization. U20S 2-6-3 cells were transfected with a Lacl-CFP con-
struct of full-length wild type human Nup155 and the R391H mutant ver-
sion of the same construct. The transfected cells were tested by
immunofluorescence for colocalization of Nup53 or Pom121 with the
wild type or mutant Nup155. Note that Nup53 and Pom121 were the
only tested nucleoporins that had been seen to be recruited to wild type
Lacl-CFP-Nup155 (see Table 1). Here Nup53 recruitment can be
observed with wild type Lacl-CFP-Nup155 (A), but not with the R391H
mutant Nup155 (B). (C) Quantitation for the level of Nup53 and Pom121
colocalization and rim targeting is shown for the wild type and mutant
Nup155 constructs.

1141), which contains the Nup107 binding site, was very effi-
clent at recruiting certain nucleoporins recruited by full length
Nup133, i.e., Nup160, ELYS, Nup98 and Pom121 (52-79%,
Figs. 6C and D). The Ct domain did not, however, significantly
recruit Nup214 or Nup53 (2-3%; Fig. 6D), while the full length
Lacl-tagged Nup133 had recruited them at 20-23%. When the
Nt fragment of Nup133 (aa 1-805) was tested, it failed to recruit
any of these nucleoporins except Pom121 (14%; Fig. 6B and D).
We conclude that the binding site for Nup107 on Nup133 Ct is
critical for Nup133 to recruit other nucleoporins to the LacO
array. This further suggests that the nucleoporin recruitment by
Lacl-tagged full-length Nupl133 that we previously observed
(Fig. 4) is occurring through a Y complex-initiated mechanism.
Interestingly, neither the Nt-Nup133 nor the Ce-Nup133 was
observed to target the LacO array to the nuclear rim to any large
extent (10% and 3% of cells, respectively; Fig. 6D), in clear con-
trast to the efficient nuclear rim-targeting of the full length Lacl-
tagged Nup133 construct, seen in 57% of cells (Table 1). We
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conclude from these results that both the Nt and Ct domains in
full length Nupl33 must contribute to promoting efficient
nuclear rim targeting of the LacO array.

Analysis of defects in Nup recruitment and rim localization
caused by the human cardiac arrhythmia mutation Nup155
R391H

A predicted advantage of the Lacl-Nup/LacO system is its
potential to dissect the mechanism by which a specific nucle-
oporin mutation disrupts function, by analyzing the effect of
the disease mutation on Nup-Nup interaction and nuclear
envelope targeting. We focused on the human Nupl155 point

mutation, R391H, which has been found to lead to atrial
fibrillation and early sudden cardiac death in both mice and
humans.”

Nup155, similar to Nup133, is predicted to contain 2 distinct
regions based on the structure of its homologues in yeast
Nup157/170: an N terminal B-propeller, which has been shown
to interact with other nucleoporins such as Pom121 and Nup53,
and a C-terminal a-solenoid.**”*”? The human R391H muta-
tion, located in the predicted B-propeller, has been shown to
adversely affect the ability of Nup155 R391H to localize to the
nuclear pore 7 vivo and, furthermore, functionally blocks the
nucleocytoplasmic transport of both hsc70 mRNA and hsc70
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Figure 8. A schematic summary of the recruitment and rim localization results for each Lacl-CFP-Nup tested. The individual Lacl-tagged Nup construct trans-
fected (outlined in red) is indicated above each drawing. Endogenous nucleoporins tested that were recruited to the Lacl-Nup/LacO array are shown
above the dotted line, while the non-recruited Nups are shown below the dotted line. Nups belonging to the same subcomplex are in the same color
(and correlate with the subcomplexes in Fig. 1A). Rim localization of the Lacl-Nup/LacO array (% of cells) is denoted by close proximity of the recruited
nucleoporins to the double nuclear membrane lines, and also by the % of cells that showed rim localization of the array (RIM: %). Double headed arrows
indicate the Nups where the Lacl-Nup/LacO array was found adjacent to the membranes, but in lesser percentages. A number of Lacl-Nup/LacO arrays
(sPom121, Nup214, Nup58, Nup85, and Nup98) showed essentially no rim localization. Red squares denote the members of the 2 subcomplexes that are
able to initiate both extensive Nup recruitment to the array and rim localization of the array.
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protein.”” The molecular basis for the mutant’s lack of binding to
the nuclear pore has been unknown.

Above we observed that a wild type Lacl-tagged Nupl55
strongly interacts with Nup53 and Pom121 (Fig. 2C; Fig. 7A;
Table 1), with the previously published
Nup155-interacting nucleoporins.*** To ask whether introduc-
tion of the R391H disease mutation impaired the ability of
Nupl55 to interact with these Nup partners, Lacl-tagged
Nup155 R391H was constructed. When the mutant Nup155
was transfected into U20S 2-6-3 cells, no colocalization of
Nup53 was observed at the LacO array (Figs. 7B and C). Coloc-
alization of Pom121 with the Nup155 R391H/LacO array was
also greatly reduced (~8% of cells as compared to 56% colocali-
zation with wild type Lacl-Nup155) (Fig. 7C).

Moreover, the presence of the Nup155 R391H point muta-
tion almost completely prevented nuclear rim localization of the
LacO array (2% instead of 16% with wild type Lacl-Nup155;
Fig. 7C). We conclude that: (1) the cardiac arrhythmia mutation
R391H disrupts the ability of Nup155 to interact with Nup53
and Pom121, and (2) this lack of interaction is likely to be the
cause for lack of localization to the nuclear rim.

consistent

Discussion

In this study we adapted a highly efficient Lacl-LacO sys-
tem’>> for the study of nucleoporin-nucleoporin interactions
and of initiation of steps in nuclear pore complex assembly. Our
system, where nucleoporins are anchored to a specific ectopic site
on chromatin, enables us to study assembly in the nuclear envi-
ronment and to examine the ability of different nucleoporins to
induce localization of the forming structure to the nuclear enve-
lope. We focused on 11 different nucleoporins derived from mul-
tiple distinct NPC subcomplexes. We found that most of the
tested nucleoporins recruited Nups from their own subcomplex
to the LacO array. A number also recruited neighboring subcom-
plexes (Table 1; Intra- and Inter-complexes). Strikingly, certain
Nups were capable of initiating much more inclusive assembly as
well as rim localization, as summarized in Figure 8. The system
in addition allowed targeted analysis of the role of individual
Nup domains in promoting assembly and rim localization, as
well as providing a unique platform for dissecting the functional
consequences of disease mutations in human cells.

The Y complex and Nup153/Nup50 were each found to
initiate extensive Nup recruitment and nuclear rim targeting

Significantly, when the Y complex protein Nupl33 was
tagged with Lacl-CFP, it recruited a near full complement of
nuclear pore subcomplexes (Fig. 8, Table 1). In addition, the
LacO/Nup133 assemblage became targeted to the nuclear rim in
a majority of transfected cells (57%, Table 1, right column).
Nup107, another member of the Y complex, when targeted to
the LacO array by Lacl, was similarly able to recruit multiple
nucleoporin subcomplexes. However, the Nupl07-initiated
structure localized to the nuclear rim in only 25% of cells.
Nup133, as the base of the Y complex, might be concluded from
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this data to be more ideally suited to initiate recruitment and to
be able to do so in a more hierarchical, ordered manner.

Unexpectedly, the basket nucleoporin Nup153 was also able
to efficiently recruit a near full complement of nucleoporin sub-
complexes and target the assemblage to the nuclear envelope
(76% of cells) (Fig. 8, Table 1). In an in vivo time course done
previously in HeLa cells, a fraction of GFP-Nup153 was seen to
be recruited to telophase chromosomes very early in the forma-
tion of nuclear pores.””*" Recruiting Nup153 onto chromatin in
our study might either substitute for the need for ELYS to initiate
nuclear pore assembly or, alternately, recruit the Y complex with
bound ELYS, and in that way seed nucleoporin assembly. In the
HeLa study, recruitment of a small fraction of Nup50, partner to
Nup153, was also seen early in mitotic NPC assembly,’® which
suggested that Nup50 too might be part of an early nuclear pore
intermediate. Indeed, we found that Lacl-tagged Nup50 was able
to recruit many of the subcomplexes recruited by Nupl53
(Fig. 8), although to a lesser extent particularly in case of the Y
complex (Table 1). It is interesting to point out that all 3 putative
“seeds” found to have the capacity to initiate pore assembly, i.e.,
ELYS,*>?*?%?7 the Y complex, and Nup153/50, are found on
the nuclear face of the NPC.

The central scaffold proteins, Nup53 and Nup155, recruit
few nucleoporins but can induce rim localization of the LacO
array

Prior to this study, we might have predicted that targeting of
the LacO array to the nuclear rim would require a large and com-
plex set of pore proteins, as seen above. However, we found that
Lacl-tagged Nup155 and Nup53, members of the central scaf-
fold subcomplex (Fig. 1A), were able to target the LacO array to
the nuclear rim in 16 and 27% of cells. This was surprising to us,
especially given our initial prediction, because we found that nei-
ther of these Nups recruited more than one nucleoporin, at least
of those we tested, other than from their own subcomplex
(Fig. 8). In the case of Nup155, the explanation could lie in the
fact that the only nucleoporin from a different subcomplex that
it efficiently recruited was the endogenous transmembrane nucle-
oporin Pom121 (56% of cells), previously shown biochemically
to directly bind to Nup155.°* Nup53, on the other hand,
showed no Pom121 recruitment (0%), but Nup53 itself has
been shown to have membrane-binding regions and also to inter-
act with lamin B, which could more readily explain its nuclear
membrane/rim targeting in the face of very few other nucleopor-
ins.#°1%2 In sum, because of their very limited ability to recruit
the majority of nucleoporins, we think that — with respect to
nuclear pore assembly — Nup155 and Nup53s rim-targeting may
simply represent dead-end pathways, i.e., Nup155 and Nup53
cannot act as “seeds” for further assembly.

Soluble Pom121 cannot act as an efficient seed in the Lacl/
LacO system

Pom121 is a critical, transmembrane FG-nucleoporin essen-
tial for interphase NPC assembly 77 vip. 1920646769 [ o]
CFP-sPom121, a soluble form of Pom121, when immobilized to
the LacO array in our study recruited multiple nucleoporins,
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including the FG Nup, Nup62 (89% of cells), which was previ-
ously observed to be recruited in a study where Pom121 was
inserted into the mitochondrial membrane of Hela and 3T3
cells.®® Lacl-tagged sPom121 also efficiently recruited the FG
nucleoporin Nup98 (72% of cells) and the central scaffold pro-
tein Nup93 (68% of cells). However, soluble Pom121 did not
substantially recruit Nup53 (2% of cells; a partner of Nup93), or
proteins of the Y complex or ELYS (0-14% of cells). These
results indicate that in our system the soluble form of Pom121
cannot act as a major initiator of Nup recruitment.

Stochastic, hierarchical, or seeded assembly?

The different mechanisms of assembly of multi-subunit struc-
tures have been addressed and categorized in a recent review, and
fall into 3 major types of assembly: stochastic, hierarchical, or
seeded.’® For a stochastic assembly process, theoretically any sub-
unit can initiate the recruitment and assembly of all the other
subunits into a final full structure.>® Stochastic assembly has been
proposed for Cajal bodies in a previous study that used the Lacl/
LacO system in U20S 2-6-3 cells,”* although certain caveats
still remain.’® For an ordered, hierarchical assembly mechanism,
a very defined pathway of assembly is followed, with each subunit
being recruited in a specific order. Lastly, for seeded assembly,
one or, at most, a few different subunits have the ability to initi-
ate or “seed” assembly of the majority of the structure, while all
the others do not. However, with this model, after the initial
“seeding event," the remainder of assembly could theoretically be
stochastic (any downstream pathway is OK) or ordered (a specific
downstream order of assembly must be followed).

Given the bulk of Lacl-tagged nucleoporins that we tested
were unable to initiate the recruitment of most of the other sub-
complexes, this argues against a stochastic mechanism of assem-
bly for nuclear pore structure.

Two nucleoporins, Nup85 of the Y complex and Nup98, had
the lowest ability to recruit other nucleoporins. One possibility is
that the Lacl-tagging of their N-termini disrupted their structure
or their ability to interact with other Nups. Lacl-tagged Nup85
did indeed show low ability to incorporate into endogenous
nuclear pores of U20S cells (Supp. Fig. 6E), potentially indicat-
ing a defective Nup85. However, LacI-Nup98 efficiently incor-
porated into endogenous nuclear pores of U20S cells (Supp.
Fig. 6G), which indicates that the LacI-Nup98 maintains its abil-
ity to interact with nucleoporins. We thus believe that Lacl-
Nup98s observed recruitment to the LacO array of only Nup62
(8% of cells) and ELYS (16% of cells) (Table 1) further contrib-
utes to the argument against a stochastic model for nuclear pore
assembly.

Importantly, the finding that proteins of 2 different com-
plexes, Nup133 (the base of the Y complex) and Nup153 (critical
for formation of the nuclear pore basket), could initiate recruit-
ment of most nucleoporin subcomplexes points toward a seeding
model with 2 different molecular seeds possible. In the case of
the Y complex, our observations using the Lacl/LacO system, are
consistent with the critical roles proposed for the Y complex and
its chromatin adaptor ELYS in studies. ELYS, the AT-rich DNA-
binding protein identified as a “seed” in post-mitotic studies and
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important to the targeting of the forming complex to chroma-
tin,' 922232627 would thus map upstream of the 2 seeds that act
in our ectopic studies, or be a parallel seed. The two subcom-
plexes identified as being able to act as seeds in the Lacl/LacO
system, where they are directly tethered to chromatin, could be
predicted to be recruited under normal cellular conditions after

the DNA-binding NPC initiator ELYS.

What are the recruited entities? - Individual proteins
and subcomplexes

A clear question involves the nature of the recruited entities.
Nup133, Nup107, and Nup153 all appear to recruit the 3 tested
members of the Y complex and ELYS. This argues that the
recruited entity in this case is likely the full Y complex itself. On
the other hand, Lacl-tagged Nup155, a member of the central
scaffold complex (Fig. 1A; Nupl155/53/93/205/188), when
anchored to the LacO array, efficiently recruited Nup53 (46% of
cells), but only recruited Nup93 to a low level (2% of cells). This
latter result argues that certain Nup subcomplexes are less stable,
since we see selective protein recruitment. We conclude that both
individual pore proteins and full subcomplexes can be recruited,
depending on the stability or steric conformation of their specific
molecular interactions.

FG-based interactions may also make a contribution to nucle-
oporin recruitment to the LacO array. For instance, as described
above, the soluble form of Pom121, which contains FG repeats,
was observed to recruit 2 other FG-rich nucleoporins, Nup62
and Nup98, to the LacO array. FG repeats are hydrophobic and
their interaction is known to be disrupted by the addition of 1,
6-hexanediol or other aliphatic alcohols."#8182 A such, hexane-
diol may in future help reveal the contribution of FG-repeats to
nucleoporin recruitment.

With respect to the nature of the large structures formed at the
nuclear rim, different possibilities can be imagined: a large cluster
of fully formed nuclear pores embedded in the nuclear mem-
branes with the LacO DNA array on the inner face of the nuclear
envelope, a structure containing most or all of the nucleoporins
but not perforating the nuclear membranes, and a structure con-
taining only a small set of subcomplexes, at least one of which
has membrane-binding capability (as in Nupl55/53-initiated
structures). Determining which structure each Lacl-tagged Nup
initiates will require careful electron microscopic analysis, a study
beyond the scope of this present work.

The system allows for detection of highly specific
interactions and domain dissection

Beyond addressing large questions in nuclear pore assembly,
the LacI-Nup/LacO system proves quite useful for approaching
specific molecular questions. By examining different subdomains,
we were able to distinguish roles for individual Nup133 domains
and compare them to full length Nup133. The efficient binding
of Nup160, ELYS, and Nup98 by the C-terminal domain, Ct
Nup133 (65-79% of cells), and lack of binding of these by the
N-terminal domain, Nt Nup133 (0-1% of cells), highlights the
fact that the system can detect Nup-Nup interactions with a very
high degree of specificity. With respect to the ALPS domain,
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prior studies have shown that the ALPS motif of Nup133 on its
own is ER-membrane binding and, in the context of full
Nup133, mutation of the ALPS motif decreases integration of
Nup133 into existing nuclear pores.'” We found that a construct
containing the Nt Nup133 domain that includes the ALPS motif
did not target the LacO array to the nuclear rim as efficiently
(10%) compared to full length Nup133 (57%; Table 1). The
ability of the Lacl-Nup/LacO system to precisely address such
questions will be of use in increasingly detailed studies of pro-
tein-protein interaction with respect to nuclear pore structure.

The human cardiac arrhythmia mutation, Nup155 R391H,
disrupts Nup recruitment and rim localization

The cardiac arrhythmia mutation Nup155 R391H prevents
mutant Nupl55 from associating with nuclear pores, creating
the overall human disease phenotype of atrial fibrillation and/or
carly sudden death.”” Our data clearly reveal that the R391H
mutation renders Nupl55 unable to interact with one of its
major partners, Nup53, and greatly reduces its ability to interact
with the membrane protein Pom121 (Fig. 7). This data argues
that these defects can well be the basis for the lack of association
of mutant Nup155 with the nuclear pore that results in human
and mouse cardiac disease.

Summary and conclusions

In sum, we took advantage of the Lacl-LacO system to study
nucleoporin interactions and nuclear pore assembly. Using this
extremely versatile tool we demonstrate formation of a partial
nuclear pore complex containing a large number of nucleoporins
by immobilizing specific single nucleoporins. Importantly, our
results show that not every nucleoporin that is essential for assem-
bly (i.e., pore structure) also has the ability to recruit other nucle-
oporins and initiate assembly. Therefore, there is a distinction
between nucleoporins that may be important for maintaining
NPC structure and those that function as a platform or “seed”
for NPC assembly. Our analysis revealed that Nupl33 and
Nup153 upon recruitment to chromatin act as seeds sufficient to
initiate much of NPC assembly.

We further conclude that the Lacl-Nup/LacO system can
prove effective in analyzing the modularity of the NPC, both
through allowing the study of different nucleoporin domains as
compared to full-length proteins, as well as providing a powerful
approach to determining the effects of specific Nup mutations
important to human health.

Materials and Methods

Plasmids

To generate Lacl-CFP-Nup expressing constructs, Nup153,
Nup53, Nup98 and Nup58 were PCR amplified from pEGFP-
NUP expression plasmids (Euroscarf, Frankfurt, Germany;
deposited by Dr. Jan Ellenberg). Nup133 and Nupl07 were
amplified from pEGFP-C2, and Nup50 L isoform was amplified
from pEGFP-N2 (all were the kind gift of Dr. Katharine Ull-
man, University of Salt Lake City, USA). Nup214 was amplified
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from pEFGP-N2 (the kind gift of Dr. Maureen Powers, Emory
University School of Medicine, Atlanta, USA). Mouse Nup85
was amplified from pET28. Subsequently, all were subcloned
into a pSV2-Lacl-CFP vector (the kind gift of Dr. David Spec-
tor, CSH Labs, USA), using either EcoRI and Xhol, or Xhol and
Sall. Pom121 was amplified from a pEXPR-PEF-lalpha-
Pom121A-venus clone (the kind gift of Dr. Naoko Imamoto,
Cellular Dynamics Laboratory, RIKEN, Wako, Saitama, Japan)
and subcloned into the pSV2-Lacl-CFP vector using BglIl and
Sall. All of the above encode human nucleoporins except for the
mouse Nup85, which is 92% identical to the human homolog.

Constructs of N-terminal and C-terminal fragments of
Nup133 (Fig. 6A) were constructed as follows: pSV2-Lacl-CFP-
Nup133 was digested with AflI], which cut the plasmid at 2 sites,
one immediately before the sequence encoding amino acid resi-
due 806 of hNup133 and at a site 276 nucleotides downstream
from the Nup133 ORF. The fragment containing the vector plus
the N terminus of Nup133 (aa 1-805) was purified and religated,
generating pSV2-Lacl-CFP-Nt Nup133. To clone the desired
Lacl-CFP-tagged C-terminal fragment of Nup133, specific oligos
were designed to amplify the region on pSV2-Lacl-CFP-Nup133
between amino acid residue 917 and the STOP codon after
amino acid 1141. This PCR fragment was subcloned into pSV2-
LacI-CFP using Xhol and Sall.

Wild type human Nup155 was amplified from pBlueScriptR-
hNup155 (clone Image: 5295664) and subcloned into the
pSV2-Lacl-CFP vector using Smal. The point mutant Nup155
R391H was constructed by site-directed mutagenesis PCR from
the wild type pSV2-Lacl-CFP-hNup155, with primers designed
to change the nucleotide G1172 to A. All of the above clones
were sequenced to verify correctness.

Antibodies

Antibodies used in this study included rabbit anti-Nup133-555
conjugated,40 .ELnti—NupIGO,40 anti-Nup53, anti—NupSS,40 anti-
Nup62 (Sigma-Aldrich, SAB1410438), anti-Nup214 (Abcam,
ab84357), Anti-Nup98 (Cell Signaling Technology, #2598), anti-
Nup93,* anti-Pom121 (Gene-Tex, GTX102128), anti-ELYS
(Bethyl Laboratories, A300-166A), and mouse antd-FG Nup
mAb414 (Biolegend, #mms-120p) and anti-Lacl (Merck Milli-
pore, 05-503).

Cell culture and transfection

U20S 2-6-3 cells were kindly provided by Dr. David Spec-
tor, Cold Spring Harbor Laboratory, NY, USA. U20S 2-6-3
cells contain, stably integrated into a single locus on their
genome, approximately 200 copies of the expression plasmid,
p3216PECMS2PB, which is composed of 256 copies of the Lac
operator, 96 tetracycline response elements, a minimal CMV
promoter, CFP fused to the peroxisomal targeting signal SKL, 24
MS2 translational operators (MS2 repeats), a rabbit B-globin
intron/exon module, and a cleavage/polyadenylation signal.”***

U20S and U20S 2-6-3 cells were grown in DMEM media
(CellGro, 10-017-CV) supplemented with 10% FBS (fetal
bovine serum; Gemini Bio-products, #100-106), 1% glutamine,
1% with 500 wg/ml

penicillin/streptomycin, hygromycin
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(Invitrogen, 10687-010) added in the case of the U20S 2-6-3
cells. Before transfection, the cells were seeded on cover slips
(12 mm) in 12-well plates containing 1 ml of DMEM media
(CellGro, 10-017-CV) supplemented with 10% FBS (fetal
bovine serum; Gemini Bio-products, #100-106), 1% glutamine,
at ~7.5 x 10* cells per well and grown overnight at 37°C in 5%
CO;. Cells were transfected using a JetPEI transfection kit (Poly-
plus, cat n. 89129-938), as per manufacturer’s instructions. The
media was removed 24 hours post-transfection and the cells
incubated with fresh DMEM medium plus antibiotics for 24
additional hours before proceeding with immunofluorescence.

As a control, to ensure that the fusion proteins were functional
with respect to assembly into the existing NPCs on the nuclear
envelope, we transfected the above Lacl-CFP-Nup fusion plas-
mids individually into U20S cells that did not contain the LacO
array and determined their ability to localize to the nuclear pore.
As shown in Supplemental Figure 6, 10 out of the 11 LacI-CFP-
Nup fusion proteins clearly localized to the nuclear rim, showing
a typical nuclear pore-staining pattern (i.e., a punctate nuclear
rim). This indicated that the Lacl-CFP tag does not disrupt the
ability of the tagged nucleoporins to assemble into endogenous
nuclear pores. LacI-CFP-Nup50 exhibited relatively high nucleo-
plasmic staining, but one could still see its presence at the nuclear
rim (Supp. Fig. 6). We note that Nup98 showed both rim stain-
ing of nuclear pores and also the expected staining of Nup98
intranuclear bodies®>™®* (Supp. Fig GE, green). Lacl-CFP-
Pom121 is a soluble form of the transmembrane nucleoporin,
due to absence of a functional ER signal sequence; instead of
localizing to the nuclear rim as in the case of wild type POM121,
it localized to the nuclear interior**®° (Supp. Fig. 6K, green).

Immunofluorescence and microscopy

Cells on coverslips were washed with 1x phosphate-buffered
saline (PBS) and fixed with 4% paraformaldehyde in PBS for 10
minutes, washed again with PBS, then permeabilized in 0.2%
Triton X-100/PBS for 10 minutes. After being washed again
with PBS, cells were blocked with 5% Fetal Goat Serum/PBS
(Gemini Bio-products, #100-109) for 2h at room temperature,
and immunolabeled using specific antibodies against different
nucleoporins (see Antibodies for a list of the antibodies used)
overnight at 4°C. Primary antibodies were either conjugated to a
fluorophore (Alexa Fluor 555) or detected by incubation with a
fluorescently labeled secondary antibody [Texas Red-labeled
goat-anti-rabbit (Jackson Immunoresearch Laboratories Inc..,
#111-075-144) or FITC-labeled goat anti-mouse (Jackson
Immunoresearch Laboratories Inc.., #115-095-146)], at a 1:500
dilution for 1 hour at room temperature. The cells on coverslips
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were mounted on slides with 2 ml Vectashield (Vector, H-1200)
containing DAPI DNA dye (0.75 mg/ml), and viewed in a Zeiss
Axioplan 2 fluorescence microscope (Zeiss) using a 63X oil objec-
tive. Images were taken using an AxioCam HRc camera. Alterna-
tively, the slides were viewed with a Leica SP5 II Upright
Spectral Confocal using a 63X oil objective. All the experiments
were performed at least 3 times and more than a 100 cells were
counted overall for each combination of transfected LacI-CFP-
tagged nucleoporin and each different antibody.

Immunoblotting

Approximately 10° transfected U20S 2-6-3 cells were
washed twice with cold PBS. They were then resuspended with
100 ml 2x Laemmli buffer (100 mM Tris-HCl pH 6.8,
200 mM DTT, 4% SDS, 20% glycerol, 0.008% bromophenol
blue), and boiled for 4 minutes. 70 ml of the transfected U20S
2-6-3 whole cell extracts were resolved using gradient SDS-
PAGE gels, transferred to a nitrocellulose membrane (BioRad,
162-0115), and blocked with 5% milk (Non-fat dry milk, Apex
Bioresearch products, #20-241) for 30 min. Following blocking,
the LacI-CFP fusion proteins produced were immunodetected
using a mouse anti-Lacl antibody (Merck Millipore, 05-503)
and a secondary goat anti-mouse conjugated to HRP (Invitrogen,
626520). Detection was performed using Western Lightning
Plus-ECL (Perkin Elmer, NEL103001EA).
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