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Chromatin-bound NLS proteins recruit membrane
vesicles and nucleoporins for nuclear envelope assembly
via importin-o/f

Quanlong Lu"", Zhigang Lu" ", Qinying Liu"", Li Guo', He Ren', Jingyan Fu', Qing Jiang', Paul R Clarke’,
Chuanmao Zhang'

'State Key Laboratory of Bio-membrane and Membrane Biotechnology and Key Laboratory of Cell Proliferation and Differentia-
tion of Ministry of Education, College of Life Sciences, Peking University, Beijing 100871, China, *Division of Cancer Research,
Jacqui Wood Cancer Centre, Ninewells Hospital and Medical School, University of Dundee, DD1 9SY, Scotland, UK

The mechanism for nuclear envelope (NE) assembly is not fully understood. Importin-f§ and the small GTPase Ran
have been implicated in the spatial regulation of NE assembly process. Here we report that chromatin-bound NLS
(nuclear localization sequence) proteins provide docking sites for the NE precursor membrane vesicles and nucleo-
porins via importin-o and -p during NE assembly in Xenopus egg extracts. We show that along with the fast recruit-
ment of the abundant NLS proteins such as nucleoplasmin and histones to the demembranated sperm chromatin in
the extracts, importin-a binds the chromatin NLS proteins rapidly. Meanwhile, importin-f binds cytoplasmic NE
precursor membrane vesicles and nucleoporins. Through interacting with importin-o on the chromatin NLS pro-
teins, importin-p targets the membrane vesicles and nucleoporins to the chromatin surface. Once encountering Ran-
GTP on the chromatin generated by RCC1, importin-f preferentially binds Ran-GTP and releases the membrane
vesicles and nucleoporins for NE assembly. NE assembly is disrupted by blocking the interaction between importin-a
and NLS proteins with excess soluble NLS proteins or by depletion of importin-p from the extract. Our findings re-
veal a novel molecular mechanism for NE assembly in Xenopus egg extracts.
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Introduction

Nuclear envelope (NE) is composed of an inner and
an outer nuclear membrane studded with nuclear pore
complexes (NPCs) [1]. In higher eukaryotes, NE disas-
sembles into membrane vesicles or is absorbed into the
endoplasmic reticulum in early mitosis. Along with NE
disassembly in mitosis, NPCs depolymerize into nucleo-
porins and disperse into the cytoplasm. At the end of
mitosis, NE reforms around each of the two segregated
daughter chromosome masses, and NPCs reassemble
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either on the chromatin as NE forms or NPC inserts into
the NE [2-4]. The mechanism for NE assembly is still
poorly understood, but can be studied in vitro using Xe-
nopus egg extracts as well as in intact cells. In Xenopus
egg extracts, NE can be assembled around chromatin de-
rived from demembranated sperm heads, which undergo
decondensation once added into the extracts. Chromatin
recruits the NE precursor membrane vesicles and nucleo-
porins to its surface to assemble an NE and the NPCs [5].
In this process, it is thought that the nucleoporin protein
ELYS may play an important role in the recruitment of
the other nucleoporins Nup107-160 complex onto the
chromatin to initiate NPC assembly [6-13].

The small GTPase Ran regulates NE and NPC assem-
bly, as well as nucleocytoplasmic transport and mitotic
spindle formation [10, 14-21]. Chromatin-independent
NE assembly can be induced using artificial beads coated
with Ran in the extracts from Xenopus eggs or somatic



cells [17, 18]. This Ran-directed NE assembly process
requires the Ran-GTP-binding protein importin-f [22,
23]. Importin-B-coated beads directly recruit NE pre-
cursor membrane vesicles and the nucleoporins [22].
Importin-B***, a truncated importin-p that lacks the
importin-a-binding domain but maintains the binding
site for the nucleoporins, also induces NE assembly, indi-
cating that the interaction of importin-f with the nucleo-
porins is crucial for NE and NPC assembly regulated by
Ran [22]. Importantly, soluble importin-p*~*** blocks
NE and NPC assembly around the beads either coated
with Ran or full-length importin-B [22]. Importin-f is
also necessary for the proper spatial organization of NE
around the chromatin in the egg extracts, but excess of
importin-f inhibits NE assembly [24]. In addition, a
membrane-associated fraction of importin-a functions in
NE assembly [25]. Together, these findings indicate that
both importin-a and importin-f3 play roles in NE assem-
bly. Whether these proteins collaborate to regulate NE
assembly process, or they function in a similar manner
as in nuclear transport of the nuclear localization signal
(NLS) proteins is not known [26].

Previously, we proposed a model wherein importins
act as targeting proteins to deliver nucleoporins to the
chromatin through a transient interaction disrupted by
chromosome-associated Ran-GTP [27]. More recently
we have shown that importin-f§ binds membrane-bound
lamin B receptor (LBR) through its N-terminal domain
to target the membrane to the chromatin surface for NE
assembly both in somatic cells in vivo and in somatic cell
extracts or Xenopus egg extracts in vitro [28, 29]. When
exogenous LBR N-terminal domain truncate was added
to the extracts to disrupt the interaction of importin-f3
and LBR-bound membrane, NE assembly was blocked
[28, 29]. However, how the membrane is targeted by
importin-f remains unclear.

In this work, we show that NLS proteins and
importin-o, in addition to importin-f, play an essential
role in NE assembly in Xenopus egg extracts. Because
nucleoplasmin, histones and NuMA are abundant NLS
proteins in the extracts [30-35], we have tested the roles
of these proteins in NE assembly. We observed that these
NLS proteins bind to chromatin at very early stage of
NE assembly and may offer their NLSs as docking sites
for importin-a. Through dimerization with importin-a,
importin-f targets its bound membrane vesicles and nu-
cleoporins to the surface of the chromatin, thus initiating
Ran-regulated NE assembly. Moreover, without chroma-
tin, NLS proteins alone coated onto beads were able to
induce Ran-regulated NE assembly, indicating that con-
centration of suitable NLS proteins around the chromatin
may be the first step for NE assembly.
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Results

Nucleoplasmin induces NE assembly in Xenopus egg ex-
tracts

Nucleoplasmin is an abundant protein in Xenopus
egg extracts, while it is absent from the demembranated
sperm chromatin. Once the sperm chromatin is added to
egg extracts, nucleoplasmin is quickly recruited onto the
chromatin [31, 36]. To test the role for nucleoplasmin
in NE assembly, we first incubated membrane-depleted
high-speed supernatant (HSS) of Xenopus egg extract
with sperm chromatin and found that nucleoplasmin
binds to the chromatin rapidly (in 5 min, Figure 1A
and 1B). We also demonstrated that importin-a and
importin-f were recruited to the chromatin (Figure 1A).
Interestingly, immunoblotting analysis indicated that
importin-o bound to chromatin earlier than importin-§
(Figure 1B). One explanation for this observation is that
importin-o directly binds the NLS domain of nucleoplas-
min [37]. Based on this observation and the reports that
importin-f3 targets nucleoporins and membrane vesicles
to the chromatin surface during NE assembly [22], we
hypothesized that nucleoplasmin might be the docking
site for importin-f-mediated membrane vesicles and
nucleoporins, adapted by importin-o that could directly
bind nucleoplasmin using its NLS-binding domain and
dimerize with importin-f using its importin-B-binding
domain. To directly test this model, we established an in
vitro NE assembly assay. Recombinant nucleoplasmin
fused with glutathione S-transferase (GST) was immo-
bilized onto glutathione-Sepharose or Dyna beads and
the beads were incubated with Xenopus egg extracts. We
predicted that this system could mimic the interaction
with chromatin, and NE assembly would be organized
around bead-nucleoplasmin following egg extract addi-
tion via recruitment of importin-f-mediated membrane
vesicles and nucleoporins adopted by importin-a. As
predicted, we found that nucleoplasmin but not GST
alone immobilized on the beads specifically induced ac-
cumulation of lipids around the beads in the egg extracts,
viewed by lipophilic dye 3,3’-dihexyloxacarbocyanine
(DHCC) staining (Figure 1C). Transmission electron
microscopy (TEM) confirmed that the lipid accumula-
tions were double-layered membranes with NPC-like
structures (Figure 1D). These membranes completely
covered the beads as evidenced by the exclusion of large
molecular weight proteins from the beads (Figure 1E).
By immunofluorescence light microscopy and western
blotting, we demonstrated that the NPC-like structures
are NPCs as they contained typical nucleoporin profiles
and a nuclear lamina (Figure 1F and 1G). Moreover,
importin-o. and importin-f§ were also associated with the
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Figure 1 Nucleoplasmin induces NE assembly in Xenopus egg extracts. (A, B) Nucleoplasmin (Npl), importin-o (imp.a)
and importin-p (Imp.p) bind to sperm chromatin rapidly in HSS viewed by immunofluorescence microscopy (A) and west-
ern blotting using anti nucleoplasmin, importin-o. and importin-p antibodies (B). Xenopus sperm chromatin was incubated
in the extracts till to the time as indicated. DNA was counter-stained with the fluorescent dye DAPI. Scale bar, 5 um. (C, D)
Bacterially-expressed GST-fused nucleoplasmin and GST were bound to Glutathione-Sepharose and Dyna beads, respec-
tively, and incubated in LSS at 23 °C. Samples were removed and stained with the fluorescent lipophilic dye DHCC for im-
mediate observation (C) and TEM (D). Double-layered NE with NPCs around Dyna beads is indicated by arrows. Scale bar,
200 nm. (E) After incubation at 23 °C for 2 h, FITC-IgG was added and incubated for 1 h further. Nucleoplasmin-Sepharose
beads excluded the FITC-IgG extensively, suggesting that the membrane around the beads provided an effective barrier
for large proteins. (F, G) Samples of nucleoplasmin and GST beads incubated with the egg extracts were subjected to im-
munofluorescence microscopy (F) and western blotting (G) using the anti nucleoporins (mAb414), lamin B3, importin-p and
importin-a antibodies. In G, lane 1 is the GST beads; lane 2, the nucleoplasmin beads and lane 3, the LSS (1 pl). (H) GFP-
45462 proteins were added into Xenopus egg extracts directly or with importin-o. or Ran-GTP.
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The binding of importin-f with the chromatin was analyzed by fluorescence microscopy. Scale bar, 5 um. (I) Appropriate ex-
ogenous importin-a. promotes the recruitment of nucleoporins during NE assembly. Exogenous recombinant importin-o. was
added into the extracts at final concentration of 2 pM and incubated for 10 min on ice. Then, the sperm chromatin and energy
system were added and incubated for 30 min at 23 °C to induce the nuclear assembly. The assembled nuclei were stained
by incubating with Alexa Fluor®488-conjugated mAb414 antibody for additional 10 min followed by direct observation under a
fluorescence microscope. Scale bar, 5 pm.

NE around the beads (Figure 1F and 1G). To confirm  was adapted by importin-a, and whether this process was
whether the recruitment of importin-f to the chromatin ~ regulated by Ran, we incubated GFP-fused importin-f3
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or importin-B**?, which lacks the importin-o- and Ran-

binding domain, with Xenopus egg extracts alone and
together with importin-a or Ran-GTP (Figure 1H). We
observed that GFP-importin-p could only very weakly
bind the chromatin and that the binding was strongly
enhanced by importin-o. In contrast, in the presence of
Ran-GTP, the binding of GFP-importin-f to the chroma-
tin was almost totally inhibited. Importin-p***** could not
bind chromatin at all no matter of existence of importin-o
or Ran-GTP (Figure 1H; the data with importin-o or Ran-
GTP are not shown). Moreover, appropriate concentra-
tion (up to 2 uM) of exogenous importin-o also promot-
ed the recruitment of nucleoporins to chromatin surface
for NE and NPC assembly (Figure 1I). Taken together,
we concluded that the chromatin-bound nucleoplasmin
offers a docking site for importin-f-mediated membrane
vesicles and nucleoporins adapted by importin-o. during
NE assembly and that this process is regulated by Ran.

The NLS domain of nucleoplasmin is the docking site
for membrane vesicles and nucleoporins mediated by
importin-f in NE assembly in Xenopus egg extracts

To investigate the functional domains of nucleoplas-
min in NE assembly, we constructed a series of truncated
forms of nucleoplasmin (Figure 2A and 2B). We exam-
ined the binding activities of these proteins with immo-
bilized pure DNA or with histone mixtures as has been
reported previously [38-41]. Our results showed that
although the truncate Npl-AC80 (only containing core-
domain) could bind histones, the poly-E domain-contain-
ing truncated forms of nucleoplasmin had the strongest
binding activity with histones, while none of the mutant
proteins specifically bound pure DNA (Figure 2C). In
a parallel experiment, we immobilized recombinant
nucleoplasmin or the mutant protein onto the beads and
incubated them with histones mixture. The results further
showed that only poly-E-containing nucleoplasmin trun-
cates could strongly bind H,A and H,B, while Npl-AC80
clearly had less binding affinity with the histones (Fig-
ure 2D). These findings demonstrate that nucleoplasmin
binds to chromatin mainly through the interaction of its
poly-E domain with histones H,A and H,B.

Next we examined which domains of nucleoplasmin
serve as docking sites for the targeting of the membrane
vesicles and nucleoporins mediated by importin-f dur-
ing NE assembly. We coated the nucleoplasmin truncate
proteins onto beads and incubated them with the egg ex-
tracts to monitor induction of NE assembly. Full-length
nucleoplasmin and its NLS-containing truncates Npl-
C50, Npl-C80 and Npl-NLS induced lipid accumulation
around the beads (Figure 2E and 2F). By TEM, FEISEM
(field emission in lens scanning electron microscopy),
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immunofluorescence labeling and western blotting, we
confirmed that these lipid accumulations were double-
layered NE with NPCs over a nuclear lamina (Figure 3A
and 3B). We compared endogenous nucleoplasmin from
Xenopus egg extracts with bacteria-expressed nucleo-
plasmin in inducing NE assembly on beads and found no
noticeable difference (Figure 2G1 and 2G2), suggesting
that the recombinant proteins are fully functional. Inter-
estingly, compared to the full-length nucleoplasmin pro-
tein, the NLS-containing truncate Npl-C50 or Npl-NLS
alone could also induce NE and NPC assembly once
incubated with the egg extracts (Figures 2E, 3A and 3B).
In contrast, Npl-AC80, which lacks the NLS domain, lost
the ability of nucleoplasmin to recruit membranes and
nucleoporins to induce NE and NPC assembly (Figures
2E, 3A and 3B). To further confirm the role for nucleo-
plasmin in NE assembly, we depleted endogenous nucle-
oplasmin from the egg extracts and added DNA-coated
Dyna beads to the extracts to induce NE assembly (Figure
2H-2J). The results showed that in mock-depleted ex-
tracts, nucleoplasmin could bind the DNA beads (Figure
21) and induce lipid membrane accumulation around the
beads (Figure 2J). In contrast, the DNA beads recruited
none of nucleoplasmin in nucleoplasmin-depleted ex-
tracts and had almost no ability to gather the lipid mem-
branes (Figure 2H-2J). Taken together, these data demon-
strated that the NLS domain of nucleoplasmin is crucial
for NE assembly.

Interaction of importin-f with importin-a is required for
NE assembly induced by nucleoplasmin in Xenopus egg
extracts

To test the importance of importins in NE assembly,
we performed immunostaining and determined that
importin-f could also function in NE and NPC assembly
around beads coated with full-length nucleoplasmin or
its NLS-containing truncates (Figure 3A and 3B). We
further depleted importin-f3 from the egg extracts using
RanQ69L (Figure 3C), a mutant defective in GTPase
activity and therefore locked in the GTP-bound form,
as previously described [22]. This depletion procedure
removed almost all importin-f but importin-a remained
(Figure 3C). When extracts depleted of Ran-GTP-bind-
ing proteins (ARanBP) were incubated with Npl-beads,
we found that the ARanBP extracts were deficient in the
recruitment of membrane vesicles and nucleoporins to
form the NE (Figure 3D). This defect was restored by
adding 5 uM importin-B but not importin-f*** to the
ARanBP extracts (Figure 3D-3F). These results indicated
that importin-p has an essential role in the recruitment
of membrane vesicles and nucleoporins for NE as-
sembly initiated by nucleoplasmin and that the remain-
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Figure 2 NLS domain-containing nucleoplasmin truncates are sufficient to induce NE assembly in Xenopus egg extracts. (A)
Cartoon depicting the structure of nucleoplasmin and truncated mutants. (B) Purified bacteria-expressed GST-fused nucleo-
plasmin and nucleoplasmin truncates were separated in a 6%-15% SDS-PAGE gel. (C) Purified DNA or histone mixture was
covalently loaded to CNBr-activated Sepharose beads, and the beads were incubated with 5 pM final concentration of nucleo-
plasmin or nucleoplasmin truncates for 20 min in KHM buffer. After washing for four times, the proteins on the beads were
separated in a 4%-15% SDS-PAGE gel. The results showed that only poly-E domain-containing nucleoplasmin bound with
Histones, but not DNA. H, histone mixture beads; D, DNA beads; C, control beads. (D) Purified nucleoplasmin or nucleoplas-
min truncates were covalently loaded to CNBr-activated Sepharose beads, and the beads were incubated with 0.1 mg/ml final
concentration of histone mixture for 20 min in KHM buffer. After washing for 4 times, proteins on the Sepharose beads were
separated in a 12% SDS-PAGE gel. The poly-E domain of nucleoplasmin bound with histones H,A and H,B specifically. (E)
Sepharose beads were loaded with nucleoplasmin or the truncated mutants and incubated in the LSS at 23 °C. Samples were
stained with DHCC without fixation and examined immediately. (F) Dyna beads were loaded with GST as a negative control (1),
the GST-fused nucleoplasmin (2) and the GST-fused truncates Npl-C50 (3) and Npl-C80 (4), and incubated in the egg extracts
at 23 °C for 2 h. Samples were prepared for TEM. The double-layered NE and the NPCs are indicated by arrowheads and
arrows, respectively. Scale bar, 100 nm. (G) Dynal beads were coated with full-length bacteria-expressed nucleoplasmin (1)
and endogenous nucleoplasmin purified from Xenopus egg extracts (2) and incubated with LSS to induce NE assembly. The
beads were viewed by FEISEM. Arrows indicate the NPCs. Scale bar, 100 nm. (H) Immunodepletion of endogenous nucleo-
plasmin (ANpl) in Xenopus egg extracts using Npl antibody-coated beads. Almost all Npl was removed from the extract, while
importin-a and importin-B were not affected by Npl depletion. (I) Immunofluorescence microscopy showed that DNA beads
could bind nucleoplasmin in mock- but not Npl-depleted extracts. (J) DNA beads could efficiently induce NE assembly in mock-
but not in Npl-depleted egg extracts. The NE was stained with DHCC dye, and the beads were viewed by DIC.
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Figure 3 Importin-p is required for NE assembly induced by nucleoplasmin beads. (A, B) Samples of Sepharose beads
coated with GST or nucleoplasmin proteins were incubated in the LSS at 23 °C for 2 h and subjected to immunofluorescence
microscopy (A) and western blotting using the antibodies against nucleoporins (mAb414), lamin B3 and importin-8 (B). In B, (1)
full-length GST-nucleoplasmin beads, (2) GST-Npl-C50 beads, (3) GST-Npl-C80 beads, (4) GST-Npl-AC50 beads, (5) GST
Npl-AC80 beads, (6) GST-poly-E beads, (7) GST beads, and (8) LSS (1 pl). (C) Depletion of importin-p from Xenopus egg
extracts using GST-RanQ69L Sepharose beads. Equal quantities of non-depleted (control), mock depleted with GST, or de-
pleted with GST-RanQ69L (ARanBP) extracts were analyzed by western blotting with anti importin-p, or importin-a antibodies.
(D) NE assembly around the Sepharose beads coated with nucleoplasmin in Xenopus egg extracts either non-depleted (con-
trol), mock depleted with GST, or depleted with GST-RanQ69L (ARanBP). Importin-B or its truncate importin-p*°**** was added
to the extracts at a final concentration of 5 uM. After incubation for 90 min, the beads were stained with DHCC for immediate
examination. (E, F) Sepharose beads coated with nucleoplasmin were incubated in the egg extracts either non-depleted,
mock depleted with GST, depleted with GST-RanQ69L (ARanBP), or re-supplemented with importin-p to a final concentration
of 5 uM before being incubated at 23 °C for 2 h and analyzed by western blotting (E) or immunofluorescence microscopy us-

ing antibodies against nucleoporins (mAb414) (F).

ing importin-o. alone was not sufficient to mediate this
process. These data strongly suggest that importin-f
functions via combining with importin-a to recruit mem-
brane vesicles and nucleoporins to the nucleoplasmin
beads during NE assembly. We attempted to test the role
of importin-a in this process by depleting this protein
from extracts but were unsuccessful in removing all
of this protein from the egg extracts. Nevertheless, we
still believe our findings demonstrating that importin-o
adapted between the chromatin-bound nucleoplasmin
and importin-B-associated membrane vesicles and nu-
cleoporins during NE assembly. Importin-a is expected
to bind the chromatin-bound nucleoplasmin but not di-
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merize with importin-f first, as depletion of importin-f3
did not remove importin-o. and importin-o alone could
bind nucleoplasmin directly.

Interfering with the binding of importin-o. and chromatin-
bound nucleoplasmin by excess soluble Npl-C50 blocks
NE assembly

To further investigate the initiation of NE assembly by
nucleoplasmin, we added a large excess of the truncated
nucleoplasmin proteins Npl-C50, Npl-AC50 or NPL-
ACB80 to egg extracts to determine their effects on NE
assembly around the sperm chromatin. Npl-C50, but not
Npl-AC80 blocked NE assembly (Figure 4). Npl-C50
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Figure 4 Blockage of the interaction of importin-a with sperm chromatin by NLS-containing Npl-C50 and poly-E-containing
Npl-AC50 inhibits NE assembly around the chromatin in Xenopus egg extracts. GST-fused Npl-AC80, Npl-AC50 or Npl-C50
was added into the egg extracts to a final concentration of 20 uM. After incubation of the mixtures at 23 °C, samples were re-
moved at the indicated times and stained with DHCC for membrane and DAPI for DNA for immediate observation. Buffer was
used as a parallel normal control. Npl-C50, which has the NLS sequence and could compete with the endogenous nucleo-
plasmin for importin-a, significantly inhibited NE assembly; while Npl-AC50, which has the poly-E domain and could compete
with the endogenous nucleoplasmin for chromatin but no NLS for binding importin-a, also inhibited NE assembly. By contrast,
Npl-AC80 had no effects on NE assembly as it has neither the poly-E domain to compete with the endogenous nucleoplasmin
for chromatin nor NLS domain to compete with NLS proteins on chromatin for importin-a. The third columns of each panel

were zoomed in from the second columns. Scale bar, 5 um.

may block the interaction of chromatin-bound nucleo-
plasmin and importin-a as it can only bind importin-a
but not chromatin, thus depleting the pool of available
importin-o.. Npl-AC50, which can bind chromatin but not
importin-a, also blocked NE assembly. Npl-AC50 might
compete with endogenous nucleoplasmin for chroma-
tin through its poly-E domain, however we determined
that this mutant was unable to recruit importin-a to the

chromatin as short of an NLS domain. Npl-AC80 did not
affect NE assembly as it could not bind importin-o and
only very weakly bind chromatin. Taken together, these
data demonstrated that the chromatin-bound nucleo-
plasmin is crucial for recruiting membrane vesicles and
nucleoporins via importin-o and -f3 during NE assembly.
In addition to nucleoplasmin, histones and possibly
NuMA are rich in Xenopus egg extracts, and thus may
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also be early-binding proteins to chromatin during NE
assembly. To test whether other chromatin-bound NLS
proteins contribute to NE assembly, we fused the NuMA
C-terminal tail containing the NLS domain to GFP and
expressed it in HeLa cells to test the effects on the cell
cycle. We observed that, similar to the wild-type NuMA,
NuMA tail was localized to the nucleus in interphase
and relocalized to the mitotic spindle in mitosis (Figure
5A). Because the NuMA tail localized appropriately in
HeLa cells, we tested recombinant GST-fused NuMA
tail protein in NE assembly with Xenopus egg extracts.
Like nucleoplasmin, the NuMA tail protein induced lipid
accumulations (Figure 5B) containing importins, nucleo-
porins and lamin B3 (Data not shown). We also coated
purified histones onto Sepharose beads and found that
these beads were sufficient to induce the lipid accumu-
lations (Figure 5C). Together these results indicate that
NLS proteins bound to the chromatin contribute to NE
assembly by providing their NLSs as docking sites for
membrane vesicles and nucleoporins via importin-o. and
-B. However, the association of these protein with chro-
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matin are not equal, and therefore, their contributions to
NE assembly must be varied. Thus we propose that abun-
dant early chromatin-bound NLS proteins like nucleo-
plasmin, histones and NuMA largely contribute to NE as-
sembly by providing their NLS domains for importin-a.
As nucleoplasmin is the most abundant NLS protein in
Xenopus egg extracts that interacts with chromatin prior
to histones [30], it might be particularly important for the
initiation of NE assembly.

The membrane vesicles mediated by importin-f§ for NE
assembly are not importin-o-bound membranes

It has been reported that a fraction of importin-a but
not importin-f} is present on the membrane vesicles and
these importin-a-bound vesicles have a role in NE as-
sembly [25]. In this work, we also found that importin-
a-bound membrane vesicles were present in the extract
(Figure 6A). To test the importance of importin-a in
directly targeting membrane vesicles to the chromatin-
bound NLS proteins, we depleted the importin-a-bound
membrane fraction (Aimpo-membrane) from the total

C

DHCC DIC

-~ -,

Histones
NS 2

GST
A

\.

Figure 5 The NLS-containing NuMA tail and histones could induce NE assembly in Xenopus eggs extracts. (A) HelLa cells
were transfected with GFP-NuMA tail and fixed after 24 h. Scale bar, 10 um. (B) Sepharose beads were loaded with GST-
fused NuMA tail and incubated with LSS at 23 °C for 90 min. Samples were stained with DHCC. (C) Histone mixture was
immobilized onto CNBr-activated Sepharose beads and incubated with LSS at 23 °C for 90 min. Samples were stained with

DHCC.
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membranes (Figure 6A). As described previously, this

A B HSS+Mock Mem
Con Mock Imp_c( 20min 40min  120min

IMP.O  c——t

DNA DHCC

HSS+Almp.a-Mem
20min 40min 120min

loading
control

DNA DHCC

Imp.B-beads
C  Almp.a-Mem D HS;-BWE HSS+Almp.a-Mem
GST Imp.B Mock Almp.a Npl C50

DIC DHCC

DIC DHCC
DIC DHCC

Figure 6 The membrane vesicles mediated by importin-p for NE assembly are not importin-a-bound membranes during NE
assembly in Xenopus egg extracts. (A) Immunodepletion of importin-a-bound membrane and western blotting analysis using
anti importin-a antibody to check the depletion efficiency. 1 pl per lane of regular membrane (related to total membranes from
10 ul extracts) as control, mock-depleted membrane and importin-a-depleted (Aimpa) membrane were analyzed by western
blotting using an anti importin-a antibody. The Coomassie Blue staining was used as a loading control. (B) DHCC-prestained
Aimpa or mock-depleted membrane was added with demembranated sperm chromatin into the HSS and incubated at 23 °C.
Samples were taken at the indicated times for immediate fluorescence observation. (C) DHCC-prestained Aimpa or mock-
depleted membrane was added with importin-p Sepharose beads into PBS buffer and incubated for 30 min or into HSS and
incubated for 5 min at 23 °C. (D) Importin- Sepharose beads incubated in HSS plus DHCC-prestained mock-depleted or
Almpa membrane for 5 min at 23 °C. Samples were taken for immediate fluorescence observation. (E) Full-length nucleoplas-
min (Npl) or truncated Npl-C50 Sepharose beads were added into HSS plus DHCC-prestained Aimpa membrane or mock-
depleted membrane (data not shown) and incubated for 5 min at 23 °C. Samples were taken for immediate fluorescence
observation.

procedure removed ~90% of importin-a-bound mem-
branes [25]. We incubated sperm chromatin and Aimpo-
membrane in HSS and found that this Aimpa-membrane
could still bind the chromatin, although the fusion of the

vesicles was less efficient (Figure 6B). As importin-f§
beads can directly bind the membrane vesicles and
nucleoporins during NE assembly [22], we incubated
importin-B beads with the Aimpo-membrane or mock-
depleted membrane in the HSS. We first tested whether
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the membranes could bind the importin-f§ beads directly
in buffer and observed that Aimpa-membrane could only
weakly bind to the beads (Figure 6C). When incubated
in the HSS, we found that both the Aimpa-membrane
and the mock-depleted membrane could strongly bind
importin-p beads, although it seemed that the Aimpa-
membrane vesicles had difficulties in fusing. This result
suggested that importin-a-bound membrane might be re-
quired for NE assembly by regulating membrane vesicle
fusion (Figure 6D). Next, we incubated Npl or Npl-C50
beads with the Aimpa-membrane or the mock-depleted
membrane in the HSS. Both Aimpoa-membrane and
mock-depleted membrane could bind Npl or Npl-C50
beads, although the binding to these beads was not as
rapid as to importin-f§ beads, suggesting that additional
regulators were needed, which could be importin-o and
importin-f (Figure 6D and 6E). Thus we conclude that
the targeting of the membrane vesicles and nucleoporins

Vesicles

O

LBR
>

Nups

NE & NPC

-
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to the chromatin-bound NLS proteins via importin-a
and - may be the main mechanism for the initiation of
NE assembly. However, we cannot exclude the possibil-
ity that a small fraction of the membrane vesicles could
be targeted to the chromatin NLS proteins directly by
importin-a through its direct binding to the vesicles and
the NLS [25]. It will be important to identify importin-a
domains that bind to vesicles. Our expectation is that dif-
ferent domains of importin-o binds the membrane vesi-
cles while another targets the vesicles to the NLS sites on
the chromatin.

Discussion

Our present study reveals a critical molecular mecha-
nism that elucidates the initiation of NE assembly around
the sperm chromatin in Xenopus egg extracts (Figure 7).
When sperm chromatin is introduced into the egg ex-

RanGTP N RanGDPO
A

Figure 7 A simple model for the role of NLS proteins in recruiting membrane vesicles/nucleoporins for NE assembly in Xe-
nopus egg extracts via importin-a and -p. At the end of mitosis, chromatin recruits NLS proteins promoted by Ran-GDP and
RCC1, followed by importin-a binding to the NLS proteins on the chromatin. Simultaneously, importin-p binds with nucleo-
porins or membrane vesicles. Through interaction of the NLS protein-bound importin-a. with the nucleoporin- or membrane
vesicle-bound importin-p, the nucleoporins and membrane vesicles are recruited to the surface of the chromatin. Once encoun-
tering Ran-GTP generated from Ran-GDP by RCC1 on chromatin, importin-f selectively binds Ran-GTP and releases nucleo-
porins, membrane vesicles and importin-a with NLS proteins. Then the membrane vesicles fuse to form the double-layered NE
and the nucleoporins assemble into the NPCs under the regulation of Ran through hydrolyzing its GTP molecule stimulated by
RanGAP and RanBP1. Once separated, importin-p and Ran in GDP-bound form start the next cycle of the above process.
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tracts, the abundant NLS proteins nucleoplasmin and his-
tones are rapidly recruited onto the chromatin, followed
by the binding of importin-a to the NLS proteins on the
chromatin. During this process importin-f3 in the extracts
binds the membrane vesicles [28] and nucleoporins [22]
in the cytoplasm. Through dimerization with importin-o
on the chromatin NLS proteins, importin-§ targets bound
membrane vesicles and nucleoporins to the surface of
the chromatin. Once encountering with Ran in its GTP-
bound form, generated by RCC1 on the chromatin, the
membrane vesicles- or nucleoporins-bound importin-f3
will preferentially bind Ran-GTP, resulting in the release
of free vesicles and nucleoporins around the chromatin
for NE and NPC assembly.

This working model could comprehensively elucidate
the metaphase to anaphase transition regulated by cell
cycle regulators and Ran GTPase system. During early
mitosis, Ran is dispersed in the cytoplasm during chro-
matin condensation into chromosomes and the NE disas-
sembly, while RCC1 stays bound to the chromosomes. In
the Ran-GTP gradient theory [23], high concentrations
of Ran-GTP around the RCC1-bound chromosomes in
metaphase should prevent the binding of importin-p with
importin-a by preferentially binding with importin-f3, re-
sulting in the combination of importin-o with the spindle
assembly factors such as the NLS proteins TPX2 and
NuMA. In experimental conditions for spindle assembly
in M phase egg extracts, RanQ69L-GTP dissociates NLS
proteins from endogenous importin-a or directly affects
importin-f by preferentially interacting with importin-f§
and lifting its inhibitory effects on these proteins for spin-
dle assembly [42, 43]. During the metaphase to anaphase
transition in Xenopus egg extracts, Ran and RCC1 bind
to the chromatin [14, 44], generating an environment
favorable for NE assembly, in which the NLS proteins
should be allowed to bind the chromatin and importin-o
bind to the NLS proteins. Meanwhile, importin-f should
be able to bind its cargoes around the chromatin since
the Ran-GTP level is low. Therefore, confinement of Ran
on chromatin should be a critical step in NE assembly.
Although in an extreme condition without Ran (e.g., us-
ing heat-treated egg extracts in which nucleoplasmin is
still active to decondense the sperm chromatin) nucleo-
plasmin could bind the sperm chromatin, the binding of
nucleoplasmin to the chromatin in the egg extracts can
be affected by adding Ran, suggesting that the binding of
nucleoplasmin to the chromatin is physiologically regu-
lated. Therefore, using a decondensed sperm chromatin
in heat-treated egg extracts beforehand to induce NE as-
sembly may not be a good way to study the initiation of
NE assembly as it changes the physiological regulation
steps of the recruitment of nucleoplasmin, Ran, RCCI1,

etc. to the chromatin. Therefore, we propose that the
regulated binding of the NLS proteins to the chromatin
by metaphase-anaphase transition regulators in Xenopus
egg extracts may be one of the earliest steps for NE as-
sembly, and importin-o serves as an adapter between the
NLS proteins bound on the chromatin and importin-p.

In somatic cells, the initiation process of NE assembly
must be more complicated although little is known about
this process. However, it is still very likely through the
similar mechanism to that in Xenopus egg extracts as the
somatic cell chromosomes have abundant NLS proteins
including histones. When the cell starts its NE assembly,
the NLS proteins, such as NuMA and nucleoplasmin
homologues, will also bind the daughter chromosomes
except for the chromosome-bound NLS proteins. This
somatic NE assembly initiation process must be more
tightly regulated as the metaphase chromosome NLS
proteins such as histones have been modified only suit-
able for the NE disassembly but not reassembly, and
will not initiate the recruitment of importins, membrane
vesicles and nucleoporins although they physically lo-
cate on the chromosomes. One regulation for this pro-
cess might be post-translational modifications such as
phosphorylation/dephosphorylation of those involved
proteins during the metaphase-anaphase transition. The
binding of importin-f§ with its cargos is also regulated by
phosphorylation/dephosphorylation during NE assembly
in somatic cells as well as in Xenopus egg extract [29].
For more comprehensive understanding of NE assembly,
much more work is still needed in the future.

Materials and Methods

Molecular cloning, protein purification and antibody prepa-
ration

The coding region of nucleoplasmin was amplified from the
total RNA of Xenopus XTC cells by RT-PCR and constructed into
pGEXA4T-1 (Pharmacia). Expressed GFP-nucleoplasmin and its
truncates were purified using Glutathione Sepharose-4B (Pharma-
cia) according to the manual, desalted using a G-25 column and
suspended in KHM buffer (78 mM KCl, 50 mM HEPES, pH 7.0,
4 mM MgCl,, 2 mM EGTA and 1 mM DTT). Antibody against
nucleoplasmin was prepared as described [32].

The coding regions of importin-a and - were amplified from
Xenopus oocyte cDNA library and constructed into pET28a
(Novagen). Expressed proteins were purified by TALON Medal
Affinity Resin (BD Biosciences Clontech) according to the man-
ual, desalted using a G-25 column and suspended in KHM buffer.
Antibody against importin-o. was raised by immunizing rabbits.
Anti importin-f antibody was purchased from Transduction Labo-
ratories (MA3-070).

The GST-fused protein of Ran and its mutants RanQ69L and
RanT24N were prepared as previously described [45]. Wild-type
Ran and RanT24N were loaded with GDP, while RanQ69L was
loaded with GTP.
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DNA fragment encoding the NuMA tail from amino acids 1
688 to 2 102 was obtained by PCR from the template of plasmid
containing full-length human NuMA c¢DNA (a kind gift from Dr
TK Tang, Institute of Biomedical Sciences, Academia Sinica, Tai-
pei) and constructed into pGEX4T-1 and pEGFP-C, (Clontech).
The GST-fused NuMA tail was prepared as above.

Immobilization of proteins or DNA to the beads

Glutathione Sepharose-4B beads were washed with PBS for
four times, and mixed with purified GST-tagged nucleoplasmin or
nucleoplasmin truncates at the final protein concentration of 5 uM.
The mixture was incubated at room temperature for 1 h. The beads
were washed with PBS for three times and with KHM buffer for
two times. Nucleoplasmin truncate proteins or DNA was coated
onto Dyna beads according to the protocol (Invitrogen Dynal).
Histones, NuMA tail and DNA were immobilized onto CNBr-
activated Sepharose 4B beads (Amersham Biosciences, Uppsala,
Sweden) as the manual described, respectively. The beads were
washed and finally suspended in KHM buffer.

Xenopus eggs extracts and demembranated Xenopus sperm
chromatin preparation and NE assembly

Low-speed supernatant (LSS) and HSS (termed S-200) of egg
extracts were prepared as described [46]. LSS, HSS S-200 and
membranes were frozen and stored in aliquots in liquid nitrogen
until use. Sperm were released from testes by gently squeezing the
dissected testes in nuclear isolation buffer (NIB: 15 mM NaCl, 60
mM KCIl, 15 mM Tris-HCI, pH 7.5, 1 mM DTT, 0.5 mM spermine,
and 0.25 M sucrose), centrifuged at 100x g for 1 min at 4 °C to
remove somatic tissue. Sperm-containing supernatant was centri-
fuged at 1 500% g for 10 min at 4 °C. The pellet was re-suspended
in NIB and incubated in the presence of 0.05% lysolecithin for
8-10 min at 22 °C. The reaction was stopped by adding three vol-
umes of cold NIB plus 3% bovine serum albumin. After washing
three times with NIB, the demembranated sperm chromatin was
stored in aliquots in liquid nitrogen at 10%/ml.

Preparation of nucleoplasmin-depleted egg extracts

Nucleoplasmin depletion was carried out as described [36].
Briefly, LSS extracts was mixed with an equal volume of Protein
A-Sepharose beads coated with nucleoplasmin antibody, incu-
bated at 4 °C for 45 min and centrifuged. The supernatant was re-
subjected to this procedure twice to produce the nucleoplasmin
proteins-depleted (ANpl) extracts. Mock-depleted extracts using
Protein A-Sepharose beads coated with control rabbit IgG were
prepared similarly.

Importin-f§ depletion from Xenopus egg extracts

LSS was mixed with an equal volume of glutathione-Sepharose
4B beads coated with GST-RanQ69L loaded with GTP, incu-
bated at 4 °C for 60 min and centrifuged. The supernatant was re-
subjected to this procedure twice to produce the ARanBP extracts.
Mock-depleted extracts using Glutathione-Sepharose 4B beads
coated with GST proteins were prepared in the same way.

Preparation of importin-o-depleted membranes

The depletion was carried out as described [25]. Briefly,
importin-a-depleted extracts were generated by incubating with
rabbit anti importin-o. antibody-coated protein A Sepharose beads
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at 4 °C for 60 min. And the beads were removed by centrifuga-
tion. Mock-depleted extracts using protein A Sepharose beads
coated with control rabbit IgG were prepared in the same way. The
importin-a-depleted membranes were separated from the depleted
extracts by ultra high speed centrifugation (200 000% g). After
centrifugation, the membranes in the pellet were resuspended as
Aimpo membranes and the supernatant was collected as importin-
a-depleted (Aimpo) HSS extracts.

NE assembly in Xenopus egg extracts

LSS of Xenopus egg extracts was mixed with ATP-regenerating
system and the demembranated sperm chromatin. A typical reac-
tion contained 20 pl of LSS, 1 ul of ATP-regenerating system and
2 000 pl demembranated sperm chromatin final or 400 pl Sep-
harose beads coated with proteins. The 20 ul of LSS could be re-
placed with 18 pl extracts S-200 and 2 pul membranes. The mixture
was incubated at 23 °C and shaken gently every 10 min.

Immunofluorescence labeling and western blotting analysis

The samples were removed after incubation at 23 °C for a
certain time, and diluted with EB buffer (100 mM KCI, 20 mM
HEPES, pH 7.5, 5 mM MgCl, and 2 mM B-mercaptoethanol). The
nucleus or the beads were isolated by centrifugation at 1 500x g
through a cushion of 30% glycerol in 1/3 EB buffer. The samples
were then lysed in SDS sample buffer for western blotting or fixed
for immunofluorescence labeling.

TEM and FEISEM

For TEM, the samples were removed after incubation at 23 °C
for the indicated time and fixed with glutaraldehyde in 0.1 M sodi-
um cacodylate buffer at final concentration of 2.5% (v/v) at room
temperature for 1 h. The samples were rinsed and post-fixed with
1.5% 0s0, in 0.1 M sodium cacodylate buffer at room temperature
for 1 h. After dehydration in a graded series of ethanol and acetone
(15 min each), the samples were embedded in the resin Spur and
sectioned with a diamond knife and a Leica Ultracut R cutter. Af-
ter staining with uranyl acetate and lead citrate, the sections were
observed under a TEM JEM-1010 and images were captured with
an AMT CCD camera.

For FEISEM, the fixed samples were dehydrated through a
graded series of ethanol and transferred to Arklone for critical
point drying using the highest purity CO, in a Hitachi HCP-2 Crit-
ical Point Dryer. The samples were then coated with 4 nm Gold in
a Hitachi E-1045 ION Sputter and viewed in a Hitachi scanning
electron microscope S4800 at 6 kV accelerating voltage.

Cell transfection

HeLa cells were grown on glass coverslips in Dulbecco’s modi-
fied Eagle’s medium with 10% fetal calf serum and transfected
with pEGFP-C2-NuMA-tail using the standard calcium phosphate
transfection protocol. After 24 h, cells were fixed in methanol for 6
min at —20 °C, stained with 4'6’-diamidino-2-phenylindole (DAPI)
and observed with a fluorescence microscope.
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