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Abstract

The metazoan nuclear pore complex (NPC) disassembles during mitosis, and many of its
constituents distribute onto spindles and kinetochores, including the Nup107-160 sub-complex1,2.
We have found that Nup107-160 interacts with the y-tubulin ring complex (y-TuRC), an essential
and conserved microtubule (MT) nucleator3,4, and recruits y-TuRC to unattached kinetochores.
Unattached kinetochores nucleate MTs in a manner that is regulated by the Ran GTPase5; such
MTs contribute to the formation of kinetochore fibers (k-fibers)6, MT bundles connecting
kinetochores to spindle poles. Our data indicate that Nup107-160 and y-TuRC act cooperatively to
promote spindle assembly through MTs nucleation at kinetochores: HeLa cells lacking
Nup107-160 or y-TuRC were profoundly deficient in kinetochore-associated MT nucleation.
Moreover, co-precipitated Nup107-160/y-TuRC complexes nucleate MT formation in assays using
purified tubulin. While Ran did not regulate MTs nucleation by y-TuRC alone, Nup107-160/y-
TuRC complexes required Ran-GTP for MT nucleation. Our observations collectively show that
Nup107-160 promotes spindle assembly through Ran-GTP-regulated nucleation of MT by -
TuRC at kinetochores, and reveal a novel relationship between nucleoporins and the MT
cytoskeleton.

Nup107-160 is a stable complex that consists of nine nuclear pore complex (NPC) proteins
(nucleoporins)7: Nup160, Nup133, Nup107, Nup96, Nup85, Nup43, Nup37, Sec13, and
Sehl, as well as a sub-stochiometric component, ELYS. Nup107-160 remains kinetochore-
bound throughout mitosis and shows enhanced accumulation on unattached kinetochores1.
Nup107-160 has been implicated in spindle assembly in yeast8, mammalian tissue culture
cells9 and Xenopus egg extracts (XEESs)1. To understand the nature of spindle defects in the
absence of kinetochore-bound Nup107-160, we sought to identify proteins that interact with
Nup107-160. We performed immunoprecipitation from HelLa cell extracts with anti-Nup96
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antibodies, and analyzed the co-precipitated proteins by mass spectrometry. Among the
precipitated proteins, we found GCP2 and GCP3, core members of y-TuRC4. To confirm
the association between these complexes in mammalian cells, we co-expressed HA-tagged
GCP3 (HA-GCP3) and myc-tagged versions of Nup107-160 members (myc-Nup96, myc-
Nup107) or other nucleoporins (myc-Nup98) in 293T cells. We performed
immunoprecipitations from lysates of these cells using anti-myc antibodies, and Western
blotted the precipitated proteins with antibodies against the HA tag. HA-GCP3 clearly co-
precipitated with myc-Nup96 and myc-Nup107, but not with myc-Nup98 (Fig. 1a),
indicating its specific association to the Nup107-160 complex.

To examine whether this interaction is conserved in other vertebrate species, we cloned
cDNAs of Xenopus laevis Nup107-160 components and generated polyclonal antibodies
against them (Supplementary Information, Fig. S1). Throughout this report, Xenopus
nucleoporins will be distinguished as xNups. We similarly raised antibodies against the
Xenopus laevis homologues of GCP2, as well as Nedd1, another y-TuRC component3,4. In
immunoprecipitation experiments, anti-xGCP2 and -xNedd1 antibodies co-precipitated
XNup107-160 components from XEEs (Fig. 1b; Supplementary Information, Fig. S3).
Conversely, anti-xNup160 antibodies co-precipitated xGCP2, xNedd1 and y-tubulin (Fig.
1c; Supplementary Information, Fig. S3). y-TURC components were co-precipitated with all
other antibodies against xXNup107-160 complex members, although the extent of co-
precipitation varied amongst antibodies (data not shown). We did not observe co-
precipitation with multiple other nucleoporins that are not components of Nup107-160 (Fig.
1a and data not shown). These findings confirmed that Nup107-160 and y-TuRC interact in
amphibians as well as in mammals.

Depletion of Nup107-160 or y-TuRC blocks spindle assembly around sperm chromosomes
in M-phase (CSF) XEEs1,10. Chromatin-coated beads within CSF XEEs can also form MTs
and spindles through mechanisms that depend on Ran11. We found that the assembly of
these structures was similarly dependent upon both xNup107-160 and y-TuRC (data not
shown). We hypothesized that y-TURC acts with Nup107-160 to nucleate MTs during early
stages of k-fiber assembly. We made three predictions based upon this idea: First, y-TURC
should localize to kinetochores with Nup107-160. Second, kinetochore-associated MT
nucleation should require both Nup107-160 and y-TuRC. Third, complexes containing
XNup107-160 and y-TuRC should have the capacity to nucleate MTs.

To test the first prediction, we examined y-TuRC localization in nocodazole-treated HeLa
cells by immunostaining with human auto-antibodies against centromeric antigens (CREST
sera)12 and antibodies against GCP2 (Fig. 2a). GCP2 localized in foci that were juxtaposed
to CREST antigens at mitotic kinetochores, in a pattern that was similar to that pattern of
Nup107-160 localization (Supplementary Information, Fig. S2a). We likewise stained
kinetochores of mitotic chromosomes assembled in XEEs treated with nocodazole, using
antibodies against a kinetochore marker (Bubl) and against GCP2, Nedd1, y-Tubulin or
components of Nup107-160 (Supplementary Information, Fig. S2b). We observed co-
localization of Bubl and y-TuRC, indicating that y-TuRC is recruited to unattached
kinetochores in a manner similar to Nup107-160.
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We further wished to determine whether y-TuRC and Nup107-160 are recruited to
kinetochores in a coordinated fashion. To address this question, we transfected HelLa cells
with control oligonucleotides or siRNAs designed to inhibit synthesis of GCP2 or Nup160,
and stained with antibodies against components of the y-TURC and Nup107-160 complexes.
In nocodazole-arrested cells depleted of GCP2, we observed a clear loss of GCP2 from
kinetochores (Fig. 2a). Notably, we did not observe changes in the levels Nup107 at
kinetochores of GCP2-depleted cells (Fig. 2b), indicating that the Nup107-160 complex is
recruited in a manner that does not require y-TuRC. By contrast, when we depleted Nup160
we observed a loss of both Nup107 and y-TuRC from kinetochores (Fig. 2a,b), clearly
indicating that the Nup107-160 complex is essential for accumulation of y-TuRC on
kinetochores. Similar patterns were observed with oligonucleotides directed against other
members of the Nup107-160 complex (Nup133, Nupl107, Sehl), but not with control
oligonucleotides (data not shown).

To test whether kinetochore-associated MT nucleation requires Nup107-160 or y-TuRC, we
performed a nocodazole wash-out assay13 using HeLa cells transfected with control
oligonucleotides or siRNAs against Nup160 or GCP2. (Fig. 3a,b; Supplementary
Information, Fig. S3). We synchronized cells in mitosis with nocodazole, which was
removed by washing with fresh, cold media, maintaining MTs in a de-polymerized state.
The cells were warmed to 37°C, followed by fixation and staining with anti-a-tubulin
antibodies (Fig. 3a). Control cells showed MTSs associated to kinetochores (kMTS) as early
as 60 seconds after temperature shift, which grew to give rise to MT fibers within 5 minutes.
However, cells depleted of Nup160 or GCP2 showed no KMT seeds adjacent to chromatin or
kinetochores at early times, and a striking deficiency of KMTs at later times. Similar results
were obtained after depletion of other Nup107-160 components (data not shown). These
finding validate our second prediction, that both Nup107-160 and y-TuRC are indispensable
for MT nucleation at kinetochores.

Our findings showed that y-TuRC localizes to kinetochores in a Nup107-160-dependent
manner and that it is required for MT nucleation at kinetochores. We wished to test directly
whether y-TURC might be a MT-nucleating agent at that site. To address this question, we
tested whether supercomplexes containing xNup107-160 and y-TuRC retain the capacity to
nucleate MTs. We incubated magnetic beads coated with anti-xNup160, anti-xGCP2 or
control 1gG in CSF XEEs, followed by isolation and washing. The beads were incubated in
vitro with purified tubulinl4. The reactions were fixed after 10 minutes, followed by
immunostaining for a-tubulin. As expected, the anti-xGCP2 antibody coated beads formed
robust MTs, giving an aster-like appearance, while there were no MTs associated with 1gG-
coated beads (Fig. 4a). Importantly, anti-xNup107-160 antibody-coated beads also nucleated
MTs, proportional to the amount of y-TuRC that was co-precipitated (Fig. 4b;
Supplementary Information, Fig. S3). These findings clearly validate the third prediction of
our hypothesis, that y-TuRC can nucleate MTs in association with Nup107-160.

Ran is a critical regulator of trafficking through interphase NPCs15 and it has also been
directly implicated in the assembly of MTs at kinetochores5. Ran-GTP depletion blocks MT
nucleation at kinetochores, while preventing association of Ran’s GTPase activating protein
(RanGAP1) to kinetochores enhances MT nucleation5. Thus, we asked whether Ran might
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control MT assembly through xNup107-160-bound y-TuRC. To test this idea, we
precipitated complexes on magnetic beads coated with anti-xNup160, anti-xGCP2 or 1gG
after manipulation of Ran-GTP levels within XEEs. Ran-GTP levels were increased through
the addition of a constitutively GTP-bound Ran mutant (Ran-Q69L), decreased through
addition of a mutant that blocks Ran’s guanine nucleotide exchange factor (Ran-T24N) or
decreased by the addition of the Ran-GTP binding protein Importin-f15,16.

Manipulation of Ran-GTP levels did not alter the recruitment of y-TuRC to anti-xNup160-
coated beads suggesting that the binding of y-TuURC to xNup107-160 was not sensitive to
Ran-GTP (Fig. 4d; Supplementary Information, Fig. S3). When assayed for their capacity to
form MTs, IgG-coated beads did not show nucleation of MTs, as expected (Fig. 4c). Anti-
XGCP2 beads showed MT nucleation that was equivalent in all samples, suggesting that -
TuRC is not directly sensitive to Ran-GTP levels. Importantly, anti-xNup160-coated beads
from both Ran-T24N and Importin-B-treated XEEs showed a dramatic suppression of MT
assembly, indicating that Ran regulates the capacity of the y-TURC/xNup107-160
supercomplex to nucleate MTs (Fig. 4c,e).

Nup107-160 plays a central role in the assembly of NPC-containing nuclear envelopes
(NE)17,18 and in kinetochore-associated MT nucleation (Fig. 3). Notably, Ran-GTP
controls its activity in both of these contexts: The Nup107-160 complex becomes bound to
Importin-f during mitosis, negatively regulating the association of nucleoporins and thus
NPC assembly19. As cells return to interphase, NPC assembly is facilitated by the local
generation of Ran-GTP near chromatin, which releases the inhibition by Importin-p. Our
findings indicate that Nup107-160 mediates kinetochore-associated MT nucleation through
recruitment of y-TUuRC to kinetochores (Fig. 2). The MT nucleation activity of
xNup107-160-bound y-TuRC was high in the presence of Ran-GTP, but low when Ran-GTP
was depleted (Fig. 4). Since Ran-GTP does not control the activity of y-TuRC in the absence
of Nup107-160, one possibility that would account for these findings is that Nup107-160
binding inhibits y-TuRC activity, but that this inhibition is released by Ran-GTP.

It is possible that Ran-GTP may release one or more Importin-p-family proteins
(karyopherins), whose binding to the Nup107-160/y-TuRC supercomplex inhibits its activity
in MT nucleation. Importin-f itself does not show a pattern of accumulation that would be
consistent with it acting as the effector in this model (data not shown), but other
karyopherins would be attractive effector candidates. Alternatively, Ran-GTP may promote
the release of a cargo from soluble karyopherin-cargo complexes, and this cargo may
activate MT nucleation by the Nup107-160/y-TuRC supercomplex (Fig. 5).

Notably, Ran’s GTPase activating protein (RanGAP1) is targeted to mammalian
kinetochores in a manner that is closely coupled to the formation of initial MT
attachments20, and this targeting is critical for suppressing nucleation at later stages of
spindle assembly5. It is possible that Ran-dependent MT nucleation at kinetochores is
important for the early assembly or capture of MTs, but less desirable as k-fibers mature. It
could therefore be inhibited through RanGAP1 recruitment and suppression of Ran-GTP
levels in the vicinity of kinetochores.
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Utilization of y-TuRC at kinetochores poses conundrum because kinetochore-anchored +-
TuRC should nucleate kMTs of polarity opposite to mature k-fibers. We envision three
possible resolutions of this issue: First, MTs may be nucleated near kinetochores without
anchorage, and become subsequently attached and stabilized by interactions of their plus-
ends with kinetochores21. Second, y-TuRC might be anchored during nucleation, but would
be subsequently released, allowing plus-end attachments to form. Either of these ideas is
consistent with y-TuURC localization throughout Drosophila spindles, and with the essential
role of non-centrosomal y-TuRC in k-fiber assembly22. Finally, kinetochore-nucleated MTs
may be anchored with an inverse polarity as an assembly intermediate, perhaps to facilitate
centrosomal MT capture through anti-parallel MT-MT interactions. Failure to disassemble
such an intermediate could contribute to k-fibers defects when RanGAP1 association to
kinetochores is blocked5,23.

In summary, we have demonstrated that Nup107-160 and y-TuRC associate with each other
and promote Ran-dependent MT nucleation on mitotic kinetochores. Notably, this finding
may reflect a broader relationship between the MT cytoskeleton and the NE that is shared
among vertebrates24, insects25, plants26 and fungi27. Since Nup107-160 and y-TuRC are
both found throughout spindles during prometaphasel,28, this mechanism may also be
operative in other parts of the spindle. The utilization of v-TuRC unifies MT nucleation at
kinetochores with mechanisms previously documented at other sites, particularly at
centrosomes, and establishes an intimate linkage between the dynamics of the NE and MT
cytoskeleton.

METHODS

Antibodies and reagents

Xenopus laevis cDNA corresponding to the following fragment of Nup107-160 and y-TuRC
components were sub-cloned into bacterial expression vector pET28a+ for bacterial
expression: Nup160 (aa 1100-1400), Nup133 (aa 865-1138), Nup107 (aa 216-516), Nup96
(aa 679-924), Nup85 (aa 352-653), Sec13 (aa 1-320), Seh1 (aa 195-360), ELYS (aa
2106-2408), GCP2 (aa 1-260) and Nedd1 (aa 351-651). Proteins were expressed in E. coli
BI21 (DE3) cells. Except for xNedd1 and xSec13, all expressed fragments were insoluble.
Insoluble proteins were purified from inclusion body and gel bands were used for
immunizing rabbits. Antibodies against human Nup160 (aa 994-1316) and human GCP2 (aa
286-486) were also raised similarly. Rabbit polyclonal antibodies were generated by Pacific
Immunology. To affinity purify antibodies, the recombinant fragments were solubilized in
urea and cross-linked to NHS-Sepharose beads. In Supplementary Information, Fig. S1,
these affinity purified antibodies recognized correct size protein on western blots. CREST
sera were a gift from 1. Ouspensky (National Institutes of Health, Bethesda, MD). Mouse
monoclonal anti-a-tubulin and rabbit polyclonal anti-y-tubulin were purchased from Sigma-
Aldrich. Fluorescent secondary antibodies were from Molecular Probes. All other reagents
were obtained from Sigma-Aldrich unless otherwise stated.

Nat Cell Biol. Author manuscript; available in PMC 2010 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mishra et al. Page 6

Xenopus egg extract preparation and use

CSF-arrested XEEs were prepared as described29. For immunodepletion, 500 pg of control
IgG or indicated antibodies were immobilized on Protein A Sepharose beads and cross-
linked with 5 mg ml~1 of dimethyl pimelidate (DMP) in 0.2 M triethanolamine (pH=8.3).
Immunodepletions were performed as described1.

Immunofluorescence of XEE samples

In Supplementary Information, Fig. S2b, CSF XEESs containing sperm chromatin were
driven into interphase by addition of 0.6 mM CaCl,. After 60 minutes at room temperatures,
CSF arrest was reinstated through addition of 0.5 volumes of fresh CSF extract, with
simultaneous addition of 0.04 mg ml~1 nocodazole. The samples were incubated at room
temperature for 40 minutes. Reactions were diluted 10-fold in dilution buffer 1 (0.8X CSF-
XB, 250 mM sucrose) and fixed with an equal volume of fixation buffer (4% formaldehyde
in dilution buffer 1) for 30 minutes. The chromatin was spun onto coverslips through 40%
glycerol cushion (in CSF-XB and 0.1% Triton X-100) and post-fixed in chilled methanol for
5 minutes. The coverslips were re-hydrated in 0.1% Triton X-100 containing PBS and
processed for immunofluorescence as described elsewhere29.

MT nucleation by immunopurified complexes

25 g anti-xNup160, anti-xGCP2 antibodies or non-specific rabbit 1gG controls were bound
to 100 ul magnetic beads, crosslinked, and incubated in CSF XEEs for 90 minutes at 25°C
with rotation. The beads were separated from the extract, washed three times with cold CSF-
XB and once with BRB80. The beads were re-suspended in 200 pul cold BRB80 buffer.

15 pl beads containing proteins precipitated from XEEs by anti-xNup160, anti-xGCP2
antibodies or non-specific rabbit IgG controls were incubated at 37°C for 10 minutes in
reactions containing 30 uM unlabeled tubulin and 5 mM GTP. The samples were fixed with
1% glutaradehyde for 5 minutes, diluted 5-fold with 60% glycerol in BRB80 29 and spun
through 25% glycerol cushion in BRB80 at 6,000 rpm for 6 minute at room temperature.
The beads were once washed with BRB80, resuspended and spread onto coverslips and
processed for immunofluorescence with anti-a-tubulin antibodies14. In Fig. 4c, beads were
incubated in CSF XEEs that contained buffer or 0.2 mg mI~! of RanQ69L, RanT24N or
Importin-B, as indicated. Magnetic beads measure 2.8 um.

Cell culture, siRNA, immunoprecipitation and immunofluorescence

293T and HelLa cells were maintained in DMEM medium with 10% fetal calf serum
(DMEM complete medium) and 5% CO, at 37°C. Lipofectamine 2000 was used for
trasfection experiments. For siRNA, cells were grown on coverslips and tranfected using
Lipofectamine siRNA Max or Oligofectamine reagents (Invitrogen) with oligonucleotides
directed against Nup160 (AAC GAG GAC AGT TCT GCA TTT), GCP2 (set of 3 siRNA
oligo’s for GCP2 from Invitrogen) or control oligonucleotides (AAC TGT CAG TCA GTC
GTA GTA). All oligonucleotides were obtained from Qiagen, except GCP2
oligonucleotides were from Invitrogen.
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In Fig. 2a and Supplementary Information, Fig. S2a, HeLa cells were incubated in 0.1 ug
ml~1 of nocodazole in DMEM complete medium for 16hrs at 37°C. For
immunofluorescence, cells were permeabilized with PHEM buffer for 5 minutes, followed
with fixation for 15 minutes with 4% formaldehyde in PBS.

In Fig. 3, 0.1 pg mI~1 of nocodazole in DMEM complete medium was added 56 hours after
transfection, and incubation was continued for 16 hours at 37°C. The nocodazole-containing
medium was removed, and the cells were washed twice with cold complete DMEM
medium, with further incubation in DMEM medium for 45 minutes on ice. The medium was
replaced with fresh 37°C complete DMEM medium and incubation was continued at 37°C
for 2 minutes. The cells were processed for immunofluorescence. Cells were permeabilized
with PHEM buffer for 5 minutes, followed with fixation for 5 minutes with 4%
formaldehyde in BRB80 and for 10 minutes with 4% formaldehyde in PBS. Images were
taken on Axioscope microscope with OPEN LAB software.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Nup107-160 bindsy-TuRC
(a) 293T cells were co-transfected with plasmids encoding HA-GCP3 and myc-Nup98,

myc-Nup96 or myc-Nup107. Immunoprecipitations were performed with anti-myc
antibodies or non-specific 1gG, and precipitates were subjected to Western blotting with
anti-HA antibodies (left panel). A Western blot of input extracts with anti-myc antibodies is
shown in the right panel.

(b) Anti-xGCP2 and -xNedd1 antibodies were used for immunoprecipitation from XEEs. In
each case, untreated XEE is shown on the left, the precipitated fraction is shown on the
right, and the center lane shows proteins eluted from control 1gG-coated beads. Uncropped
images of the blots are shown in Supplementary Information, Fig. S3.

(c) XEEs were depleted of xNup107-160 using anti-xNup160 antibodies. Co-precipitating
proteins (B) and the unbound fraction (U) were analyzed by Western blotting against
XNup107-160 or against y-TURC components, as indicated. For comparison, similar
fractions associated with IgG-coated beads are shown, as well as untreated extracts (Input).
Uncropped images of the blots are shown in Supplementary Information, Fig. S3.
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Figure2. y-TuRC isrecruited to kinetochor es by Nup107-160
(a) HelLa cells were depleted of GCP2 (second row) or Nup160 (third row) by siRNA. The

cells were treated with nocodazole for 16 hrs and processed for indirect
immunofluorescence with antibodies against GCP2 (second column, green) and kinetochore
marker CREST serum (third column, red) and counterstained with Hoechst 33342 dye to
visualize chromosomal DNA (left, blue). Inset shows enlarged, merged image of
kinetochores. Top row shows HelLa cells transfected with a control siRNA, treated in an
identical manner. Scale bar =5 pm.
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(b) HeL a cells were treated as in (a), stained with antibodies against Nup107 (second row,
green) and counterstained with Hoechst 33342 dye to visualize chromosomal DNA (top row,
blue).

(c) Whole cell extracts from control HeLa cells (left), cells depleted of Nup160 (center) or
cells depleted of GCP2 (right) were analyzed by Western blotting with the indicated
antibodies to monitor the overall level of depletion through siRNAs.
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Figure 3. Nup107-160 iscritical for MT nucleation at kinetochoresin HeL a cells
(a) HeLa cells transfected with a control siRNA (top panels), a sSiRNA against Nup160

(middle panels) or an siRNA directed against GCP2 (bottom panels). The cells were
analyzed in a MT re-growth assay at 2 minutes after being returned to 37°C, with staining
for a-tubulin (red) and Nup107 (green). Mitotic cells were identified by chromosome
morphology through counterstaining with Hoechst 33342 dye (blue). Scale bar= 5 pm

(b) Whole cell extracts were made from control HelLa cells (left), or cells depleted of
Nup107-160 (center) or of GCP2 (right). The extracts were analyzed by Western blotting

Nat Cell Biol. Author manuscript; available in PMC 2010 August 01.
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with the indicated antibodies to monitor the overall level of depletion through siRNAs. ).
Uncropped images of the blots are shown in Supplementary Information, Fig. S3.
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Figure4. Ran-GTP regulates MT nucleation by xNup107-160/ y-TuRC complexes
(a) Magnetic beads coated with control 1gG, anti-xNup160 or anti-xGCP2 antibodies were

incubated in CSF XEEs for 90 minutes. The beads were re-isolated, washed and incubated
with tubulin and GTP for 10 minutes. After fixation, the beads were pelleted onto coverslips
and stained with antibodies against a-tubulin. Scale bar = 2.8 pm
(b) Proteins associated with beads prepared as in (a) were eluted with low pH. Eluted
fractions and untreated XEE (input) were analyzed by Western blotting for xNup160 and v-
TuRC components. Uncropped images of the blots are shown in Supplementary

Information, Fig. S3.

(c) Magnetic beads coated with control 1gG, anti-xGCP2 or anti-xNup160 antibodies were
incubated for 90 minutes in Control, Ran-T24N, Ran-Q69L or Importin-b-treated CSF
XEEs. The beads were re-isolated, washed and incubated with tubulin and GTP for 10
minutes. After fixation, the beads were pelleted onto coverslips and stained with antibodies

against a-tubulin. Scale bar = 2.8 um
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(d) Proteins bound to beads as in (c) were eluted with low pH and analyzed along with
untreated XEE (input) by western blotting for GCP2 and Nedd1 (y-TuRC components).
Uncropped images of the blots are shown in Supplementary Information, Fig. S3.

(e) To quantitate the extent of MT nucleation, magnetic beads coated with control 1gG, anti-
XGCP2 or anti-xNup160 antibodies were in incubated in untreated, Ran-T24N-, Ran-Q69L
or Importin-B-treated CSF XEEs, as in (c). In three independent experiments, we scored
clusters containing three to six beads for associated MTs. The graph shows the mean
percentage of clusters showing MTs in each case, +/- SD.
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Figure 5. Model for Nup107-160 and y-TuRC regulation at kinetochores
Step 1: Nup107-160 (dark blue) and active y-TuRC (purple) bind to unattached

kinetochores. We postulate that a transport cargo (plum) may be released in the high Ran-
GTP environment that maintains y-TuRC in an active state.

Step 2: Nup107-160 and y-TuRC nucleate MTs (green lines) at kinetochores, promoting the
assembly of k-fibers.

Step 3: RanGAP1 (magenta) is recruited along k-fibers. Its recruitment lowers Ran-GTP
levels near kinetochores. The lower Ran-GTP levels in turn allow Importin-b or another
import receptor to bind the cargo protein.

Step 4: After the cargo molecule is sequestered, y-TURC becomes inactive (pale lilac), but
k-fibers remain stable.
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