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Background: An interaction network involving soluble factors and nuclear pore proteins underlies nucleocytoplasmic
transport.
Results: Nup50 interacts with two regions of Nup153, one of which is bridged by importin �.
Conclusion: Efficient import is dependent on the interaction between Nup153 and Nup50.
Significance: Nup153 provides a scaffold to facilitate interactions that contribute to trafficking through the nuclear pore.

Interactions between Nup50 and soluble transport factors
underlie the efficiency of certain nucleocytoplasmic transport
pathways.Theplatformonwhich these interactions takeplace is
important to building a complete understanding of nucleocyto-
plasmic trafficking. Nup153 is the nucleoporin that provides
this scaffold for Nup50. Here, we have delineated requirements
for the interaction betweenNup153 andNup50, revealing a dual
interface. An interaction between Nup50 and a region in the
unique N-terminal region of Nup153 is critical for the nuclear
pore localization of Nup50. A second site of interaction is at the
distal tail of Nup153 and is dependent on importin �. Both of
these interactions involve theN-terminal domainofNup50.The
configuration of the Nup153-Nup50 partnership suggests that
the Nup153 scaffold provides not just a means of pore targeting
for Nup50 but also serves to provide a local environment that
facilitates bringing Nup50 and importin � together, as well as
other soluble factors involved in transport. Consistent with this,
disruption of the Nup153-Nup50 interface decreases efficiency
of nuclear import.

The basic cycle of nucleocytoplasmic trafficking involves
transport receptors along with the cofactor Ran and regulators
of its nucleotide status (1). However, a broader repertoire of
proteins guides the efficiency of transport and provides addi-
tional layers of regulation and fidelity to this process. One such
protein is Nup50/Npap60 (referred to here as Nup50), which
was discovered as a nuclear pore-associated protein (2) and first
examined in the context of binding and regulating the cell cycle

factor p27Kip1 (3, 4). The pore association of Nup50 was further
characterized by immunoelectron microscopy, which mapped
Nup50 to the basket element of the nuclear pore complex
(NPC),3 in close proximity to Nup153 (5). Indeed, Nup50 and
Nup153 were found to associate (4), and since then, Nup153
was determined to be essential for the nuclear pore localization
of Nup50 (6). Interestingly, both of these nucleoporins are
highly dynamic components of the NPC (7).
Nup50 is a regulator of nuclear transport (5, 8, 9), with most

studies to date focused on a role in facilitating nuclear import.
Although there is not complete agreement on the precise
mechanism by which Nup50 contributes to import, its interac-
tions with soluble transport factors are well characterized. In
this regard, Nup50 has three main functional domains: an
N-terminal region that interacts with importin � (N); a central
region, with phenylalanine-glycine (FG)motifs shared bymany
nucleoporins, that provides a docking site for importin � (F);
and a C-terminal region that confers binding to the transport
regulator Ran (R) (see Fig. 1A) (10). Yoneda and co-workers (11)
recently extended this groundwork by comparing the twomain
isoforms of Nup50, which arise from alternative splicing and
differ in the extreme N-terminal sequences (see Fig. 1A). This
divergence lies at a critical region, where Nup50 binds to
importin �. Thus, although the distinction between the iso-
forms is quite discrete, it results in significantly different behav-
ior with respect to the ability of Nup50 to displace the cognate
nuclear localization signal (NLS) cargo of importin �.

To date, the focus for Nup50 analysis has been on its inter-
faces with soluble transport factors, and this has been very
informative with respect to building functional models (8, 12)
as well as gaining insight into how these interactions are mod-
ulated (13). However, consideration of Nup50 function needs
to further incorporate the fact that, in the context of the nuclear
pore, Nup153 provides not just a targeting site but also a
broader scaffold that likely influences the role of Nup50. Here,
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we have characterized the Nup153-Nup50 partnership to pro-
vide critical information about the context of Nup50 function.

EXPERIMENTAL PROCEDURES

DNA Constructs—Mammalian plasmids that express an
enhanced GFP (EGFP) fusion of Nup50 and its domains were
generated by cloning their PCR fragments into the pEGFP-N2
vector (Clontech). A plasmid encoding a HA-tagged version of
the Nup50 N terminus was established by replacing the EGFP
genewith synthetic oligonucleotides encoding 3�HA.Tomake
integration plasmids for T-REx HeLa cells, genes cloned into
the pEGFP-N2 vector described above were digested with BglII
and NotI, and the resultant fragments were ligated into the
BamHI and NotI sites of pcDNA5/FRT/TO (Invitrogen). A
bacterial expression plasmid that expresses GST fused to
Nup153(401–609) was generated by cloning this region as a
PCR fragment into pGEX4T-1 (GE Healthcare). Escherichia
coli expression plasmids for T7-tagged versions of Nup153 and
its N-terminal deletion mutant were described by Dimaano et
al. (14).
Cell Culture and Transfection Conditions—Plasmids were

introduced into HeLa cells with Lipofectamine LTX reagent
(Invitrogen) according to the manufacturer’s instructions.
T-REx HeLa cells containing genes encoding the Tet repressor
and Flp recombination target site were a kind gift from Drs.
Dobrikova and Gromeier (Duke University) (15). To establish
stable cell lines, the parental cells were cotransfected with
pcDNA5/FRT/TO containing genes of interest and pOG44
(Invitrogen), which expresses Flp recombinase, and selected in
medium containing 100 �g/ml hygromycin B and 2.5 �g/ml
blasticidin. Protein expression in the established cell lines was
stimulated with 0.3 �g/ml doxycycline in medium without
selection drugs for 24–48 h.
Preparation of Mammalian Cell Lysate—HeLa cells were

harvested after trypsinization and two washes with ice-cold
PBS. For immunoprecipitation and GST pulldown assays, cells
were resuspended inNonidet P-40 lysis buffer (50mMTris-HCl
(pH 8.0), 150 mM NaCl, 5 mM EDTA, 15 mM magnesium chlo-
ride, 1% Nonidet P-40, 60 mM �-glycerophosphate, 1 mMDTT,
0.1 mM sodium vanadate, 100 �M PMSF, and 0.1 mM sodium
fluoride) or in PBS lysis buffer (PBS containing 0.2% Triton
X-100) with cOmplete protease inhibitor (Roche Applied Sci-
ence) and then incubated on ice for 5 min. For Western blot-
ting, cells were resuspended in radioimmune precipitation
assay buffer (50 mM Tris-HCl (pH 7.4). 150 mMNaCl, 1% Non-
idet P-40, 1% sodium deoxycholate, and 0.05% SDS) and then
incubated on ice for 5 min.
Preparation of E. coli Cell Lysate—Bacteria harvested by cen-

trifugation were frozen once, resuspended in E. coli lysis buffer
(50 mM Tris-HCl (pH 8.0), 5 mM EDTA, 200 mM KCl, 1 mM

DTT, and 0.05%TritonX-100) containing 400�g/ml lysozyme,
and then incubated on ice for 30min with gentle shaking. After
lysis, the supernatant was collected by centrifugation. The lev-
els of recombinant protein were normalized by mixing with
bacterial lysate without expressed protein to achieve approxi-
mately similar levels (determined by Western analysis) of the
T7-tagged fusion protein in each input.

Purification of GST Fusion Proteins—Bacterial lysates con-
taining GST, GST-Nup50, and GST-Nup153(401–609) were
incubated overnight with glutathione-Sepharose 4B beads (GE
Healthcare) at 4 °Cwith rotation. Proteins were eluted from the
beads with E. coli lysis buffer containing 10% glycerol and 20
mM reduced glutathione. Eluates were dialyzed overnight
against lysis buffer without Triton X-100 at 4 °C.
GST Pulldown Assay—500 �g of mammalian cell lysate (1

mg/ml) was incubated with GST and GST fusion proteins
immobilized on glutathione-Sepharose 4B beads and incubated
at 4 °C for 1 h. After the incubation, beads were washed three
times with ice-cold lysis buffer containing protease inhibitors,
and proteins bound to the beads were eluted with SDS sample
buffer.
GFP-Trap�Assay—GFP fusion proteins were retrieved from

mammalian cell lysates usingGFP-TrapAbeads (ChromoTek).
500 �g of mammalian cell lysate (1 mg/ml) containing the

FIGURE 1. Limited levels of Nup50 associate with Nup153. A, schematic
depicting the three regions of Nup50, designated N, F, and R (9), as well as the
sequence differences between the long and short isoforms of Nup50, as
annotated previously (11). B, Nup153 was immunoprecipitated (I.P.) from
lysates of HeLa cells expressing GFP or Nup50L (50L)-GFP (lanes 5 and 6);
material isolated with equivalent levels of protein A-Sepharose beads alone
was run alongside (lanes 3 and 4). The precipitated material was immuno-
blotted for the presence of Nup153, Nup50 (both recombinant and endoge-
nous), and GFP. For comparison, samples of the input material are shown
(7.5% input for Nup153 and Nup50 detection and 10% input for GFP detec-
tion) (lanes 1 and 2). The immunoglobulin heavy chain (HC) and light chain
(LC) and an unknown background band (*) are indicated. Tfx, transfection.
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appropriate EGFP fusion protein was incubated with the beads
at 4 °C for 15 min with rotation. After the reaction, the beads
were washed three times with mammalian lysis buffer at 4 °C
and incubated with SDS sample buffer to elute proteins.
Immunofluorescence and Live Imaging Import Assay—

Immunofluorescence analysis was performed as described
previously (16). For live import assay, HeLa cells were grown
in CO2-independent medium supplemented with 10% char-
coal-stripped FBS (Invitrogen). Following cotransfection
with Rev-GFP-glucocorticoid receptor (RGG) (17) and con-
structs encoding either mCherry fused to Nup153(401–609)
or mCherry alone, cells were seeded in 4-well Lab-Tek II
chambers (Thermo Scientific) coated with fibronectin. After
24 h, dexamethasone was added to a final concentration of
25 nM. Images were acquired with a DeltaVision system
every 3 min for 40 min at 37 °C using a 20� objective. Image
analysis and intensity measurements were performed on
background subtracted images of specific time points in
ImageJ. Thresholds were applied to GFP montages to mea-
sure total raw integrated intensity. Freehand selections were
used to measure raw integrated intensity of nuclei.

RESULTS

A Limited Pool of Nup50 Interacts with Nup153—Nup50 is
an established protein partner of Nup153 (4), and the two pro-
teins share specific attributes. Both associatewith protein phos-
phatase complexes (18, 19), and both are highly mobile nuclear
pore proteins (7). They are also both recruited relatively early
during the process of post-mitotic NPC formation (20). Some
of the assays underlying these observations also point to dis-
tinctions between the two nucleoporins, as their off-rates from
the pore are different, and their recruitment to newly forming
pores is not in precise synchrony (7, 20). Thus, althoughNup50

and Nup153 overlap spatially and participate in similar pro-
cesses (likely in concert), a fundamental question that has not
been addressed is whether this partnership is limited to a subset
of Nup50 found in the cell.
We observed that relatively little Nup50 co-precipitated in

an immunoprecipitation of endogenous Nup153 (supplemen-
tal Fig. S1). Because the absolute level of co-immunoprecipita-
tion is influenced by the arbitrary conditions of the experiment,
we tested whether a limited pool of Nup50 associates with
Nup153 by challenging the system with exogenous GFP-
Nup50. If the lack of efficient co-precipitation were due simply
to a failure to maintain the association during the procedure,
GFP-Nup50 would be predicted to be recovered in the same
proportion relative to its input and independent of endogenous

FIGURE 2. Nup153 interacts with the N-terminal domains of both Nup50
isoforms. A panel of Nup50-derived and control GFP fusion proteins were
expressed in HeLa cells and recovered on an affinity matrix as indicated.
Immunoblotting was performed to track the co-recovery of Nup153 (upper
panels) along with the recovery of GFP fusion protein (middle left panel and
lower right panel). The input levels of these proteins were assessed in parallel
(5% loaded for Nup153 and 10% loaded for GFP) (lanes 1–7). The levels of
�-tubulin (�Tub) were probed (lower left panel) to confirm that equivalent
levels of lysate were used for each condition. Molecular mass markers indi-
cated are 130, 100, 70, 55, 40, and 35 kDa. S, short; L, long.

FIGURE 3. Nup50 interacts with two distinct sites within Nup153. A, sche-
matic of Nup153 with the unique N-terminal region (N), the zinc finger
domain (Z), and the FG-rich C-terminal region (C) indicated. The gray box
indicates an interface between Nup153 and Nup50 identified in Fig. 4. B, GFP
proteins were recovered from lysates of cells expressing GFP alone or GFP
fusions of the N-terminal, zinc finger, or C-terminal domain of Nup153. Recov-
ery of Nup50 (upper panels) along with each GFP protein (lower panels) was
tracked by immunoblotting. Molecular mass markers indicated are 130, 100,
70, 55, 40, and 35 kDa. C, lysates of cells expressing GFP fusions of Nup153-N,
Nup153-Z, or Nup153-C in conjunction with either the HA-tagged Nup50S-N
(S) or Nup50L-N (L) were used for a GFP-Trap assay. Immunoblotting was
performed to track the co-recovery of the Nup50 fragments (anti-HA; upper
panels) along with the recovery of GFP fusion protein (lower panels).
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Nup50 recovery. In contrast, if the population of Nup153 avail-
able for interaction with Nup50 is limited, then the total levels
of Nup50 recovered would be restricted, and GFP-Nup50
would displace comparable levels of endogenous Nup50. For
this experiment, we expressed the Nup50L isoform, as this is
the isoform we confirmed was expressed in the line of HeLa
cells used here (supplemental Fig. S1A). As shown in Fig. 1B,
despite robust levels of GFP-Nup50 expression (lane 2), its
recovery (lane 6) did not exceed the recovery of endogenous
Nup50 in the presence of control GFP protein expression (lane
5), and in fact, endogenous Nup50 recovery was reduced in the
presence of GFP-Nup50 (lane 6 versus lane 5). This could be
due to limiting levels of Nup153 or to other factors that affect
accessibility of the two partners. In either case, models that
integrate the context of Nup153 in understanding the role of
Nup50must account for a limited pool of Nup50 in association
with Nup153 at any one time (see “Discussion”).
The N-terminal Domain of Nup50Mediates Interaction with

Two Regions within Nup153—To better understand themolec-
ular determinants of the Nup50-Nup153 partnership, expres-
sion constructs encoding either full-length Nup50 or domain
fragments were expressed as GFP fusions in HeLa cells. Pro-
teins with theGFPmoiety were then recovered from cell lysates
using a previously employed affinity-trap method (21) and
probed for the co-precipitation of Nup153. The N-terminal
domain of Nup50 robustly isolated Nup153, whereas the cen-
tral FG domain region (F) or the Ran-binding region (R) had no
detectable interaction despite equivalent expression and recov-
ery. Notably, Nup153 associated to a similar degree with both
short and long isoforms ofNup50, whether in the context of the
full-length protein or the N-terminal domain fragment (Fig. 2).
To next determine the interface on Nup153 that mediates

interaction with Nup50, fragments of Nup153 corresponding
to its unique N-terminal domain (N), tandem zinc finger
domain (Z), or FG-rich C-terminal domain (C) were expressed
in HeLa cells (Fig. 3A). These GFP fusions proteins were then

recovered and probed for the co-isolation of endogenous
Nup50. Both the N- and C-terminal domains were found to
recover Nup50, although interaction with the C-terminal
domain of Nup153 was somewhat less robust (Fig. 3B).
As theN-terminal region ofNup50 accounted for interaction

with Nup153 (Fig. 2), we next specifically tested if the Nup50
N-terminal domain binds to these two distinct regions within
Nup153. We further wanted to probe both Nup50 isoforms for
the two contacts with Nup153. HA-tagged Nup50 N-terminal
domain constructs representing both the short and long iso-
forms were therefore expressed along with the same panel of
Nup153-derived GFP fusion proteins. The N-terminal domain
from Nup50L indeed interacted with both Nup153-N and
Nup153-C (Fig. 3C, lanes 8 and 12). In contrast, whereas the
Nup50S N-terminal domain was recovered proportionately to
input withNup153-N, little was recoveredwithNup153-C (Fig.
3C, lanes 7 and 11), suggesting that the sequence differences
between these isoforms selectively impact one interface with
Nup153.
Docking of Nup50 at the Nuclear Pore Is Dependent on Its

Interaction with the N-terminal Interface on Nup153—To test
for direct binding as well as to map the determinants of Nup50
binding to Nup153 more finely, we produced a series of N-ter-
minal truncations of Nup153 in E. coli. Bacterial lysates were
then incubated with GST-Nup50L or GST alone. Full-length
Nup153 and several constructs with residues truncated from
the N-terminal end of this nucleoporin were recovered specif-
ically with GST-Nup50L (Fig. 4A, lanes 11–14), strongly sug-
gesting a direct interaction betweenNup50 andNup153.When
the full-length N-terminal domain of Nup153 was deleted
(�609), the Nup50-binding activity lost (Fig. 4A, lane 15). In
contrast, truncation of the first 400 amino acids (�400) retained
full binding capacity (Fig. 4A, lane 14). This result identifies
residues between positions 401 and 609 (Fig. 3A, gray box) as
necessary for this interaction. To determine whether these res-
idues are sufficient for interaction with Nup50, this small

FIGURE 4. Amino acids 401– 609 within Nup153 are necessary and sufficient for contact with Nup50. A, bacterial lysates containing a panel of N-terminally
truncated, recombinantly expressed Nup153 constructs were incubated with GST (lanes 6 –10) or GST-Nup50L (lanes 11–15), followed by affinity purification on
glutathione-Sepharose beads. Co-purifying Nup153-derived proteins were tracked by immunoblotting with the anti-T7 antibody (left panel and upper right
panel), and recovery of GST proteins themselves was monitored by immunoblotting with anti-GST antibody (lower right panel). Molecular mass markers
indicated are 170, 130, and 70 kDa. FL, full-length. B, GFP was recovered from lysates of cells expressing GFP alone or a GFP fusion with amino acids 401– 609
of Nup153. Recovery of any co-isolated Nup50 (upper panels) along with each GFP protein (middle left panel and lower right panel) was tracked by immuno-
blotting. The levels of �-tubulin (�Tub) were tracked to ensure equivalent loading of samples (lower left panel). Molecular mass markers indicated are 100, 70,
40, 35, and 25 kDa. C, Nup153 was immunoprecipitated (I.P.) from lysates of cells expressing GFP or GFP-Nup153(401– 609) (lanes 5 and 6); material isolated with
equivalent levels of protein A-Sepharose beads alone was run alongside (lanes 3 and 4). The precipitated material was immunoblotted for the presence of
Nup153 and Nup50. For comparison, samples of the input material are shown (lanes 1 and 2).
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region was expressed as a fusion protein with GFP and recov-
ered as before. The co-isolation observed for endogenous
Nup50L with Nup153(401–609) (Fig. 4B, lane 4) establishes
this distal part of the Nup153 N-terminal domain as sufficient
for contact with Nup50. Expressing a GFP fusion of this frag-
ment was also found to reduce recovery of Nup50 in a Nup153
immunoprecipitation (Fig. 4C). Although contact between
Nup153-N and Nup50may not be restricted to this region, this
experiment confirms the necessity of this interface for Nup50-
Nup153 interaction.
Next, to investigate the contribution of this interface to the

localization of Nup50, we engineered HeLa cells to inducibly
express the minimal binding fragment (Nup153(401–609)).
Induction of this fragment did not alter the levels of Nup50 or
other basket nucleoporins (Fig. 5A). Under non-induced con-
ditions, Nup50 was detected throughout the nucleus and at the
nuclear rim (Fig. 5B), consistentwith its dynamic localization at
the NPC (7) and its additional nucleoplasmic roles (22). The
specificity of this pattern was confirmed by pretreating cells
withNup50-specific siRNA and similarly performing immuno-
localization of Nup50 (supplemental Fig. S2). A reduction in
signal at both the rim and nucleoplasm was seen using two
independent siRNAs. In the presence of doxycycline-induced
GFP-Nup153(401–609), the population of Nup50 at the rim of
the nucleuswas notably reduced (Fig. 5B) comparedwith either
the non-induced cells or cells induced to express GFP alone.
This implicates the Nup153 N-terminal site of interaction as a
key determinant of Nup50NPC targeting. Importantly, expres-
sion of this fragment did not alter the localization of Nup153
itself, and it did not interferewith the localization of the nuclear
pore basket component Tpr (Fig. 5C), which binds an adjacent
region of Nup153 (6).
A Second Site of Interaction between Nup153 and Nup50 Is

Bridged by Importin �—The lack of detectable binding upon
deletion of the Nup153 N-terminal domain in the context of
recombinant proteins (Fig. 4A) suggested that interaction
between Nup50 and the Nup153 C-terminal domain requires
an additional factor(s).Moreover, any bridging factors are likely
to interact differentially with the short and long isoforms of
the Nup50, as the isoforms differ in their interaction with
Nup153-C (Fig. 3C). These data pointed to importin� as a good
candidate for modulating the interaction of Nup50 with
Nup153-C. Both binding segments BS1 and BS2 make contact
with importin � (8, 12), but BS1 is not present in the short form
of Nup50 (Fig. 1A). The resulting absence of contact sites for
Nup50S in the minor NLS-binding site of importin � results in
lower affinity between the short Nup50 isoform and importin�
compared with the long isoform (Fig. 6B, lane 7 versus lane 9).

To test for a role of importin � in the Nup50-Nup153 inter-
action, residues within the BS2 region of Nup50 critical to the
Nup50-importin � interface (8) were mutated. This five-amino
acid substitution (Fig. 6A) was previously found to disrupt asso-
ciation with importin � (Fig. 6B, lane 9 versus lane 10) (9,
11). Epitope (HA)-tagged versions of the Nup50L N-terminal
domain in either wild-type or mutant form were coexpressed

FIGURE 5. Disruption of Nup50-Nup153 interaction prevents nuclear rim
localization of Nup50. A, HeLa cells were engineered to express either GFP
or GFP-Nup153(401– 609) in response to doxycycline (DOX). Cells that were
either untreated or incubated with doxycycline for 24 h were harvested, and
the cell lysates were probed for levels of Nup50, Tpr, and Nup153 as indicated.
The induction was confirmed by tracking GFP fusion proteins, and �-tubulin
(�Tub) was tracked to ensure equivalent loading of samples. B, following
doxycycline-induced expression of GFP (left panels) or before (middle panels)
and after (right panels) similarly induced GFP-Nup153(401– 609) expression,
the localization of Nup50 was tracked by indirect immunofluorescence, with
DNA detection by DAPI staining shown in the accompanying panels.
C, the nucleoporins Nup153 and Tpr, as well as lamin, were detected by indirect

immunofluorescence under similar conditions in which either GFP or GFP-
Nup153(401–609) had been induced by doxycycline. Scale bars � 10 �m.
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with GFP fusion proteins of Nup153 domain fragments (Fig.
6C). Recovery of these GFP fusion proteins again revealed an
interactionwith both theN- andC-terminal regions of Nup153
(Fig. 6C). Interestingly, whereas both wild-type and mutant
Nup50 associated equivalently with Nup153-N (Fig. 6C, lanes 7
and 8), mutation of Nup50 abrogated its association with
Nup153-C (lane 12). Thus, binding of importin � by Nup50
appears to aide specifically in mediating the association of the
Nup153 C-terminal domain and Nup50.
The C-terminal region of Nup153 is FG-rich. Nup domains

rich in this motif share the ability to interact with import and
export transport receptors (23, 24), suggesting that this general
property may confer a Nup50/importin �/�-docking site. In
addition to the general affinity for karyopherin familymembers
via its FG repeats, however, Nup153 has been noted to have a
specific binding site for importin � (25, 26). This independent
motif is found in the terminal residues of Nup153 (amino acids
1458–1475). To determine whether Nup50 docking at the
C-terminal region of Nup153 relies on this specific binding site
for importin � or whether the general properties of the FG-rich
terminal domain confer this indirect interaction with Nup50,
we compared the recovery of endogenous Nup50L with GFP
fusions of the Nup153 C-terminal domain in its wild-type form
or with a 18-amino acid truncation of the terminal residues
(153C�). Recovery of Nup50 was markedly decreased by trun-
cation of Nup153-C (Fig. 6D). As expected, recovery of impor-
tin � was decreased by this mutation. Of note, this was the case
for a range of importin� isoforms (supplemental Fig. S3). Prob-
ing for importin� revealed that it too relies on these residues in
Nup153 for robust interaction (supplemental Fig. S3); presum-
ably, the more general interaction with FG repeat domains is
below the threshold of detection in this pulldown assay.
Together, this mutational analysis supports the notion that
importin � bridges Nup50 to Nup153 specifically at a discrete
region at the C terminus of Nup153.
Efficient Nuclear Import Relies on the Context of Nup153 for

Nup50 Function—To test the importance of contact between
Nup153 and Nup50, HeLa cells were transfected with the
Nup153(401–609) fragment to interfere with this partnership
(Fig. 4C). Nuclear import was then assessed by tracking a
cotransfected glucocorticoid-responsive import cargo, RGG
(17). Using low levels of dexamethasone and tracking import in
real time (Fig. 7, A and B), we observed that nuclear accumula-
tion of the RGG cargo was notably slower when the Nup50-
Nup153 interaction was disrupted by Nup153(401–609). This
was also the case in an independent experiment tracked at
intervals with fixed samples (data not shown). These results
suggest that the contribution of Nup50 to transport efficiency
relies on its interaction with Nup153.

DISCUSSION

Taken together, these results suggest a model in which
Nup153 works as a scaffold for Nup50 by means of an anchor-
ing interaction at the Nup153 N-terminal domain in conjunc-
tion with an indirect interaction with the distal C terminus of

FIGURE 6. Importin � mediates an interaction between the C-terminal tail
of Nup153 and Nup50. A, the sequence context of mutations (underlined)
used to test the role of the N-terminal region of Nup50 (9). Mutations were
made in HA-tagged Nup50 N-terminal domain constructs. B, GFP fusions with
the Nup50 N-terminal domain from the short (S) and long (L) isoforms in
either the wild-type (W) or mutant (M) form were expressed. Material recov-
ered by GFP-Trap was then immunoblotted to detect association of importin
� (Imp-�). The molecular mass markers indicated are 70, 55, 40, and 30 kDa.
C, following coexpression of Nup153 domain constructs (N, Z, and C) fused to
GFP along with HA-tagged Nup50L-N in either the wild-type or mutant form,
GFP proteins were recovered from cell lysates. GFP proteins, as well as co-iso-
lating Nup50-N and endogenous importin �, were tracked by immunoblot-
ting as indicated (inputs are 2% for HA-Nup50-N, 4% for importin �, and 8%
for GFP). D, GFP fusion proteins were recovered from lysates of cells express-
ing GFP alone, a GFP fusion with the Nup153 C-terminal region, or a GFP
fusion with a truncated version of the Nup153 C-terminal domain lacking the
terminal 18 amino acids, previously defined as an importin �-binding motif.
Recovery of endogenous Nup50 and importin �, along with each GFP protein,
was tracked by immunoblotting as indicated (inputs are 6% for Nup50, 16%

importin �, and 8% for GFP). Molecular mass markers indicated are 130, 100,
70, 55, 40, and 35 kDa.
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Nup153 via importin � (Fig. 7C). The role of Nup153 as a scaf-
fold likely extends to its ability to bind other participants in the
nuclear import cycle as well, such as Ran and CAS (cellular
apoptosis susceptibility protein) (27, 28). Thus, at any one time,
a limited population of Nup50 (which includes and may be
restricted to the population dynamically localized to the
nuclear pore) is in a local environment where factors necessary
for delivery of theNLS cargo and recycling of importins� and�
are readily accessible to facilitate this process efficiently. Con-
sistently, importin � interaction with the Nup153 C terminus
was found to be important for efficient import (26). The results
reported here also underscore a distinction between Nup50S
and Nup50L that may underlie certain functional differences
(11). Specifically, Nup50S lacks determinants that contribute to
a second site of interaction with Nup153.
The C-terminal importin�-docking site onNup153 is highly

conserved across species (29) and has affinity for a range of
importin � isoforms (supplemental Fig. S3) (29). In the context
of the Saccharomyces cerevisiae basket nucleoporinNup1p, this
tail region has been found to be important for the efficiency of
import (30). In mammalian cells, this motif has been proposed
to contribute to export of importin � (25). In both cases, asso-
ciation was shown to take place (even enhanced) between the
Nup protein and importin � in the presence of the NLS peptide
cargo (25, 26). In the context of Nup50L docked at the N-ter-
minal domain of Nup153, the NLS cargo would be subject to
displacement by the high affinity binding of the Nup50LN-ter-
minal region (BS1 and BS2) as described (12). Although previ-
ous studies have indicated that Nup153 is not required for

import to take place, subtle effects on import were noted in
mammalian cells (16, 31) and characterized in Drosophila cells
(32) as well in nuclei reconstituted inXenopus egg extracts (33).
The results reported here are consistent with a role for Nup153
in the efficiency of import, perhaps by promoting the Nup50-
importin � interaction in a spatially restricted manner.

Intriguingly, the more recent analysis of importin � binding
at the Nup153 C terminus suggested that there could be a non-
canonical role for importin � at this site (26). The model pro-
posed, in which importin � can occupy this site and contribute
to import without binding the NLS cargo itself, could further
influence the interpretation of the Nup153-Nup50 interaction.
For instance, two molecules of Nup50 could be in contact with
Nup153 (one at region 401–609 and one bridged by importin �
at the C terminus), playing separate roles in transport. It is also
important to keep in mind that RGG is a complex cargo, with
multiple sequences that can direct transport, including those
that bind importins � and 7 (34). For all of these reasons, to
continue moving beyond the core machinery of transport and
to understand regulatory layers that ensure efficiency, further
study will be required.
In Nup124p (Schizosaccharomyces pombe), this C-terminal

motif was found to be critical retrotransposon activity, specifi-
cally for Tf1-Gag import (29). Interestingly, the other region of
Nup124p critical to retrotransposon function shares homology
with Nup153 as well, in this case, at the site within the N-ter-
minal domain of Nup153 (residues 448–634) that we found
here is important for the interface with Nup50 (35). This dual
mode of interaction with Nup153 (or similar Nup proteins in

FIGURE 7. Nup153-Nup50 interaction is required for efficient nuclear import. A, frames from a live imaging movie showing import kinetics of RGG (green)
in cells expressing mCherry (upper panels) or mCherry-Nup153(401– 609) (lower panels) at 0, 12, 24, and 36 min after addition of dexamethasone (dex). Scale
bar � 10 �m. B, quantification of raw fluorescence signal graphed as nuclear to total ratios (the mean for 25 control (blue squares) and 31 Nup153(401– 609)-
expressing (red triangles) cells), with error bars representing S.D. C, a working model is depicted in which two interfaces between the N-terminal region of Nup50
and Nup153, one mediated by importin �, aide in releasing the NLS cargo. Interaction between Nup153 and soluble factors CAS and Ran may create local
concentrations that facilitate rapid capture of importin � for export.
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other species) may be a paradigm used more generally, as two
distinct types of Nup153-binding proteins, lamins (36) and
NPC-associated SUMO (small ubiquitin-like modifier) pro-
teases (37), have each recently been found to interact with sites
in both the N- and C-terminal regions of Nup153. The charac-
terization here of interaction regions within both the N- and
C-terminal domains ofNup153with respect toNup50 provides
an important framework for understanding the cooperative
roles of these dynamic nucleoporins.
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