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Assembly of a eukaryotic nucleus involves three distinct events: membrane recruitment, fusion to form a double nuclear
membrane, and nuclear pore complex (NPC) assembly. We report that importin � negatively regulates two of these events,
membrane fusion and NPC assembly. When excess importin � is added to a full Xenopus nuclear reconstitution reaction,
vesicles are recruited to chromatin but their fusion is blocked. The importin � down-regulation of membrane fusion is
Ran-GTP reversible. Indeed, excess RanGTP (RanQ69L) alone stimulates excessive membrane fusion, leading to intranu-
clear membrane tubules and cytoplasmic annulate lamellae-like structures. We propose that a precise balance of importin
� to Ran is required to create a correct double nuclear membrane and simultaneously to repress undesirable fusion events.
Interestingly, truncated importin � 45–462 allows membrane fusion but produces nuclei lacking any NPCs. This reveals
distinct importin �-regulation of NPC assembly. Excess full-length importin � and � 45–462 act similarly when added to
prefused nuclear intermediates, i.e., both block NPC assembly. The importin � NPC block, which maps downstream of
GTP�S and BAPTA-sensitive steps in NPC assembly, is reversible by cytosol. Remarkably, it is not reversible by 25 �M
RanGTP, a concentration that easily reverses fusion inhibition. This report, using a full reconstitution system and natural
chromatin substrates, significantly expands the repertoire of importin �. Its roles now encompass negative regulation of
two of the major events of nuclear assembly: membrane fusion and NPC assembly.

INTRODUCTION

In cells from yeast to mammals, importin � and � act to-
gether to ferry classical nuclear localization signal (NLS)-
bearing proteins into the nucleus (Gorlich and Kutay, 1999;
Stoffler et al., 1999; Damelin and Silver, 2000; Rout et al., 2000;
Conti and Izaurralde, 2001; Vasu and Forbes, 2001; Damelin
et al., 2002; Weis, 2003). Once in the nucleus the small GT-
Pase Ran binds to importin �, displacing importin � and the
NLS cargo, thus completing import. In the nucleus, Ran is
kept in a GTP state by the constant action of its chromatin-
bound Ran-GEF, RCC1 (Melchior and Gerace, 1998; Macara,
2001; Dasso, 2002; Kalab et al., 2002; Schwoebel et al., 2002;
Steggerda and Paschal, 2002). In contrast, RanGDP is the
predominant form found in the cytoplasm due to the cyto-
plasmic localization of RanGAP.

The horizons for importin � and � were unexpectedly
broadened when they were found to play a very different
role at mitosis. In metazoans, importin � and � are released
to the cytosol by nuclear breakdown, where they act to
inhibit proteins essential for mitotic spindle assembly. How-
ever, the inhibition of spindle assembly is reversed by Ran in
the vicinity of mitotic chromosomes, where RanGTP contin-
ues to be produced by chromatin-bound RCC1 (Kalab et al.,
1999; Gruss et al., 2001; Nachury et al., 2001; Wiese et al., 2001;

Dasso, 2002). Thus, a spindle forms only around the mitotic
(ER) chromosomes and not elsewhere in the cytoplasm.

At the end of mitosis, in vivo membranes are recruited to
the chromatin, likely in the form of endoplasmic reticulum
(ER) sheets, and fuse side to side to encompass the DNA
with an intact double nuclear membrane (Ellenberg et al.,
1997; Yang et al., 1997). It has been shown in vitro that nuclei
assemble spontaneously in Xenopus egg extracts: a double
nuclear membrane with nuclear pores forms around added
chromatin, whether natural sperm chromatin substrate or
exogenously added prokaryotic DNA is used (Forbes et al.,
1983; Lohka and Masui, 1984; Blow and Laskey, 1986; New-
port, 1987; Bauer et al., 1994; Powers et al., 1995; Ullman and
Forbes, 1995; Macaulay and Forbes, 1996; Goldberg et al.,
1997; Hetzer et al., 2001). In the in vitro situation, nuclear
membrane/endoplasmic reticulum-derived vesicles are the
source of the future nuclear membrane. Interestingly, the
assembly of the nuclear membranes in Xenopus extracts is
promoted by RanGTP (Zhang and Clarke, 2000; Hetzer et al.,
2000). In this robust in vitro system, even Sepharose beads
coated with DNA or Ran recruit membrane vesicles and
form nuclear membranes with functional nuclear pore com-
plexes (NPCs) (Heald et al., 1996; Zhang and Clarke, 2000).
The subsequent finding that importin �-coated beads could
form a nuclear envelope led to the suggestion that importin
� positively regulates nuclear assembly in vivo by recruiting
membrane vesicles to chromatin through its ability to bind
RanGTP on the chromatin and unknown FG nucleoporins
(nucleoporins possessing FXFG repeats; FG Nups) on mem-
branes (Zhang et al., 2002b; for review, see Dasso, 2002).
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Although the way in which this would be accomplished is
unclear, since importin � in vitro binds either RanGTP or FG
nucleoporins, but not both (Bayliss et al., 2000a,b; Ben-
Efraim and Gerace, 2001; Allen et al., 2002), the study raised
the interesting possibility that importin � could be involved
in regulating nuclear assembly.

In vivo experiments involving mutant importin � in Dro-
sophila embryos or interference RNA-targeted destruction of
importin �, �, and Ran in Caenorhabditis elegans embryos
have also suggested that these proteins could act at some
step in nuclear envelope assembly, although the multifac-
eted in vivo phenotypes complicate the interpretation
(Askjaer et al., 2002; Geles et al., 2002; Timinszky et al., 2002).
Herein, we have determined, using natural chromatin sub-
strates and probing individual intermediates in nuclear as-
sembly, that importin � negatively regulates 1) the fusion
events required to form a double nuclear membrane, and 2)
nuclear pore complex assembly into fused nuclear mem-
branes.

MATERIALS AND METHODS

Nuclear Reconstitution and Immunofluorescence
Xenopus egg extracts and the membrane vesicle and cytosolic fractions thereof
were prepared as in Harel et al. (2003). Full-length human importin �, impor-
tin �, and importin � 45–462 (Kutay et al., 1997) were expressed in bacteria,
purified on Ni2�-NTA resin (QIAGEN, Valencia, CA), dialyzed into 5%glyc-
erol/phosphate-buffered saline, and concentrated using Ultrafree-4 microcon-
centrators (Millipore, Bedford, MA) before use. RanQ69L in pET28A was
expressed, purified, and loaded with GTP essentially as described in Kutay et
al. (1997).

Nuclei were reconstituted by mixing Xenopus egg membrane vesicle and
cytosolic fractions at a 1:20 ratio with an ATP-regeneration system and sperm
chromatin (Macaulay and Forbes, 1996). Protein addition was generally kept
to 10% (vol/vol), with the equivalent buffer (5% glycerol/phospate-buffered
saline) serving as a control. To accommodate 20 �M importin � plus 25 �M
RanQ69L, the total volume addition was raised to 30% ��Ran or 30% buffer.
For every expressed protein, the filtrate from its microconcentration was
tested in parallel and found to have no effect on nuclear assembly. Importin
� had no deleterious effects when tested up to 30 �M. Additional control
proteins tested at 20–150 �M included: ovalbumin, bovine serum albumin,
green fluorescent protein, glutathione S-transferase, GST-Tet repressor, 6-His-
NLS-�-galactosidase, 6-His-zz tag control fragment (Vasu et al., 2001),
hNup153 aa 1–335 (Vasu et al., 2001), and rNup98 aa 470–824 (Vasu et al.,
2001). To assay for the presence of nuclear pores and nuclear import, directly
labeled Oregon Green-mAb414 antibody (Covance, Berkeley, CA; Molecular
Probes, Eugene, OR; labeled as in Harel et al., 2003), and TRITC-SV40 NLS-
HSA transport substrate were added to reconstituted nuclei 60 min after the
start of assembly and fixed 30–60 min later in 3% paraformaldehyde. Nuclear
membrane formation was assayed by the ability to exclude tetramethylrhoda-
mine B isothiocyanate (TRITC)-150-kDa dextran or fluorescein isothiocya-
nate-18-kDa dextran (Sigma-Aldrich, St. Louis, MO) after fixation and by
continuous rim staining with the lipophilic dye 3,3-dihexyloxacarbocyanine
iodide (DHCC) (Eastman Kodak, Rochester, NY). Nuclei were visualized with
an Axioskop 2 microscope (63� objective; Carl Zeiss, Thornwood, NY).

Ordering of Nuclear Assembly Intermediates
Importin � 45–462-inhibited nuclear intermediates were formed by the addi-
tion of 5 �M importin � 45–462 to a nuclear reconstitution reaction at t � 0.
After 60 min, the reaction containing importin � 45–462–inhibited nuclei was
diluted 1:10 into Xenopus egg cytosol or egg cytosol containing 5 mM 1,2-
bis(2-aminophenoxy)ethane-N,N,N�,N�-tetraacetic acid (BAPTA) (Calbio-
chem, La Jolla, CA). The reactions were incubated for an additional 45 min,
after which Oregon Green mAb414 was added to assay for FG nucleoporin
incorporation.

BAPTA-inhibited, membrane-enclosed nuclear intermediates were formed
by the inclusion of 5 mM BAPTA at the start of a nuclear reconstitution
reaction (Macaulay and Forbes, 1996). The BAPTA block was released by
dilution of 1 volume of the nuclear intermediate reaction into nine volumes of
a 1:1 mixture of cytosol and importin �, importin � 45–462, RanQ69L-GTP, or
buffer. After 45 min of incubation, nuclei were assayed for presence of nuclear
pores with Oregon Green-mAb414.

Field Emission Scanning Electron Microscopy (FESEM)
Control and importin � 45– 462–inhibited nuclei were assembled for 60
min as described above and then prepared essentially as described in

Walther et al. (2002) and references therein. Samples were critical point
dried from ultra-dry CO2 (CPD 030; Bal-Tec, Balzers, Switzerland), sputter
coated with 3.4-nm chromium (EMITECH K575 �), and examined using a
Philips field emission scanning electron microscope (XL30 ESEM FEG).

RESULTS

Importin � Negatively Regulates Nuclear Membrane
Fusion
Importin � regulates nuclear import in interphase and spin-
dle assembly in metaphase. To ask whether importin �
might act as a global regulator of events throughout the cell
cycle, we used a nuclear assembly system derived from
Xenopus egg extracts. In this system, robust assembly of
functional nuclei occurs around added chromatin templates.
We reasoned that disturbing the balance of importin � in the
extract could reveal the step(s) at which such regulation
might take place. Recombinant importin � was added to a
reconstitution reaction consisting of cytosol, membrane ves-
icles, and natural chromatin substrate. Normally, importin �
is present at �3 �M concentration in Xenopus cytosol (Kutay
et al., 1997). In control reactions (Figure 1, control) or reac-
tions to which excess importin � (Figure 1, �Imp �; 15 �M)
or nine unrelated soluble proteins were added (our unpub-
lished data; see MATERIALS AND METHODS), nuclei as-
sembled normally. When recombinant importin � was
added at 5 ��, membrane vesicles were also recruited to
chromatin and fused to form nuclear membranes (our un-
published data). When, however, importin � was added at
15–25 �M, membrane vesicles were recruited to the chroma-
tin in abundance, but failed to fuse (Figure 1, � Imp �). The
chromatin surfaces showed a discontinuous stain with the
membrane dye DHCC, characteristic of unfused vesicles.
Indeed, excess importin � completely blocked nuclear mem-
brane fusion in a manner indistinguishable from the chem-
ical fusion inhibitors GTP�S (a nonhydrolysable analog of
GTP) or NEM (N-ethyl maleimide) (Macaulay and Forbes,
1996; Hetzer et al., 2000).

In previous studies, a truncated form of importin � (aa
45–462) acted as a powerful dominant negative inhibitor of
nuclear transport (Kutay et al., 1997). This form of importin
� contains the central or nucleoporin-binding domain, but
lacks the Ran- and importin �-binding domains (Figure 2A).
When importin � 45–462 was added to the nuclear assembly
reaction at t � 0, we found it had no effect on nuclear
membrane fusion even at concentrations up to 40 �M (Fig-
ure 2B). Complete nuclear membranes formed, as was clear
from the sharp continuous DHCC rim stain characteristic of
fused nuclear membranes and from the ability to exclude
both 150-kDa and 18-kDa dextran (Figure 2B). Thus, excess
full-length importin � blocks nuclear vesicle fusion, but the
truncated � 45–462 form does not.

Importin � Acts on Membrane Fusion through Ran
The above-mentioned result implied that for full-length im-
portin �, either its importin �-binding domain or its Ran-
binding domain could be involved in the strong block to
membrane fusion. Addition of increasing amounts of impor-
tin � did not, however, reverse importin �’s inhibitory effect
(Figure 1, Imp � � Imp �). We asked whether the fusion
defect could be reversed by Ran. RanQ69L, a mutant form
unable to hydrolyze GTP, was used because Ran-GTP is the
form that normally reverses importin � action within the cell
(Kutay et al., 1997; Macara, 2001; Dasso, 2002). When excess
RanQ69L (25 �M; preloaded with GTP) was added together
with full-length importin � (20 �M), membrane fusion now
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occurred (Figure 3). RanQ69L alone did not block membrane
fusion at this high concentration (Figure 3). Indeed,
RanQ69L stimulated excess membrane fusion in the form of
intranuclear membrane tubules (Figure 3). These results ar-
gue that importin � negatively regulates nuclear membrane
fusion. It seems to do so, not by interacting with nucleopor-
ins, because the importin � 45–462 form clearly does not
block membrane fusion, but through an interplay with
RanGTP itself.

Importin � Negatively Regulates NPC Assembly
We turned next to potential regulation of downstream as-
sembly events. Addition of truncated importin � 45–462
does not prevent fusion to form a double nuclear membrane,
but the resulting nuclei are small and defective for nuclear
import (Figure 4, import). This could result either from a
simple inhibition of nuclear import through assembled

pores, or from a more severe defect in the NPCs themselves.
The exclusion of 18-kDa dextran by such nuclei (Figure 2B)
implied the latter might indeed be the case. To test this, the
presence of nuclear pore complexes was analyzed using
Oregon Green mAb414 antibody, which recognizes FG
nucleoporins (Wente et al., 1992). This antibody gave a
strong punctate nuclear rim on control nuclei (Figure 4).
Remarkably, no mAb414 signal was observed on importin �
45–462–treated nuclei (Figure 4), indicating no accessible FG
nucleoporins are present. A full block of mAb414 staining
was consistently seen when 5–10 �M importin � 45–462 was
added. This suggested that importin � 45–462 causes a
defect in NPC assembly itself.

Field emission scanning electron microscopy (FESEM) is a
high-resolution and sensitive probe for the presence of nu-
clear pore complexes and their intermediates (Goldberg et
al., 1997; Walther et al., 2002). FESEM was used to analyze

Figure 1. Excess importin � blocks nuclear
membrane fusion. Nuclear reconstitution re-
actions were set up and supplemented at t �
0 with buffer (control), importin � (Imp �),
importin � (Imp �), or importin � plus impor-
tin � (Imp � � Imp �). Protein additions were
at 15 �M. The formation of nuclear mem-
branes was assessed at 1 h with the fluores-
cent membrane dye DHCC (green). Bar, 10
�m. The enlargements at the right are magni-
fied 3�.

Figure 2. Importin � 45–462 does not block
nuclear membrane fusion. (A) Binding char-
acteristics of importin � and importin � 45–
462 (Kutay et al., 1997). (B) Importin � 45–462
does not block nuclear membrane assembly.
Importin � 45–462 (� 45–462; 15 �M) or buffer
(control) were added at t � 0 to nuclear recon-
stitution reactions. After 1 h, the integrity of the
nuclear envelope was determined by assaying
exclusion of TRITC-150-kDa dextran, fluores-
cein isothiocyanate-18-kDa dextran, and contin-
uous DHCC stain of the nuclear membrane.
Bar, 10 �m. The enlargements at right are mag-
nified 3�.
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importin � 45–462–arrested nuclei and indicated that these
membrane-enclosed nuclei lack any external sign of NPC
structure (Figure 5). Thus, importin � 45–462 blocks NPC
assembly at or near its inception.

To test whether the NPC block is reversible, importin �
45–462–arrested nuclei were diluted into fresh cytosol for 45
min and then mixed with Oregon Green-labeled mAb414 to
probe for the presence of NPCs. The nuclei were found to
contain abundant NPCs, indicating reversal of the defect
(Figure 6A). Rescue allowed us to attempt to order the
importin � 45–462 block with respect to previously identi-
fied chemical inhibitors. Three early steps in nuclear enve-
lope assembly were defined by chemical inhibitors (Boman
et al., 1992; Macaulay and Forbes, 1996). GTP�S blocks at two
points: at membrane-membrane vesicle fusion and at a very
early step in NPC assembly (Boman et al., 1992; Macaulay
and Forbes, 1996; Hetzer et al., 2000). BAPTA, a Ca2� chela-
tor, blocks slightly downstream from this second GTP�S-
sensitive step of NPC assembly (Macaulay and Forbes,
1996). BAPTA allows membrane enclosure but prevents any
connection between inner and outer nuclear membranes to
form an NPC (Macaulay and Forbes, 1996). When importin

� 45–462–arrested nuclear intermediates were diluted into
cytosol plus GTP�S (our unpublished data) or cytosol plus
BAPTA (Figure 6A), nuclear pores formed. This indicates

Figure 3. RanGTP reverses the importin �
block to membrane fusion. Nuclear reconsti-
tution reactions were set up at t � 0 with
full-length importin � (20 �M), RanQ69L (25
�M), or both full-length importin � (20 �M)
and RanQ69L (25 �M). After 1-h incubation,
nuclear membranes were visualized with
DHCC. Bar, 10 �m. The enlargements at right
are magnified 3�.

Figure 4. Importin � 45–462 blocks NPC assembly. Importin �
45–462 (5 �M) or buffer (control) were added at t � 0 to nuclear
reconstitution reactions. Import was assayed with TRITC-SV40
NLS-HSA and FG nucleoporins were detected with Oregon Green
mAb414 antibody. Bar, 10 �m.

Figure 5. Importin � 45–462–arrested nuclei lack NPCs. Typical
views of control nuclei and 10 �M importin � 45–462–arrested nuclei
are shown, as visualized with FESEM. Sample nuclear pore complexes
are highlighted with arrowheads. Smaller single granules remaining
on the nuclear surface in the lower panel are ribosomes (Goldberg et al.,
1997). Insets are 1.6� higher magnification. Bars, 250 nm.
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that importin � 45–462 acts downstream from BAPTA to
regulate NPC assembly. For the converse experiment,
BAPTA-arrested pore-free nuclei were diluted 1:10 into cy-
tosol plus or minus importin � 45–462. The BAPTA block
was rescued by fresh cytosol, but no NPCs were formed
when importin � 45–462 was included (Figure 6B). These
experiments demonstrate a novel importin � 45–462-sensi-
tive step in nuclear pore assembly.

The ability to form membrane-enclosed pore-free nuclear
intermediates with BAPTA allowed us to ask whether full-
length importin � itself plays a regulatory role in NPC
assembly. Low concentrations of importin � (5 �M) did not
interfere with the ability of cytosol to rescue NPC assembly
in BAPTA-blocked nuclei (Figure 7A). However, higher con-
centrations of importin � (15–25 �M) completely blocked
NPC assembly in these prefused nuclear intermediates (Fig-
ure 7A). We asked whether an excess of RanGTP could
reverse importin �’s inhibitory action on NPC assembly.
Most surprisingly, RanQ69L (25 �M) was completely unable
to reverse the block (Figure 7B).

Together, our results indicate that importin � acts at two
distinct steps in nuclear assembly. In light of this, we would
predict that when excess importin � and RanQ69L are
present in a reconstitution reaction from t � 0 (as in Figure
3), the block to membrane fusion would be relieved by
RanQ69L but the block to NPC assembly would not. Indeed,
when we performed this experiment, the resulting nuclei
contained fused membranes (Figure 3, �Imp � �RanQ69L)
but did not stain with FG antibodies (Figure 8, �Imp
��RanQ69L), indicating no NPCs were formed. RanQ69L
alone did not prevent NPC assembly (Figure 8, �RanQ69L).
Interestingly, RanQ69L induced the assembly of additional
structures outside the nucleus that stain with anti-FG anti-
body. Importin � suppressed the FG-staining extranuclear
structures (Figure 8, �Imp ��RanQ69L), presumably the
well-characterized cytoplasmic stacks of NPC-containing
membranes, termed annulate lamellae (Dabauvalle et al.,
1991; Miller and Forbes, 2000, and references therein). Over-

all, the data demonstrate that importin � blocks the insertion
of NPCs into fused nuclear membranes and suggest that the
reversal of this blocked step is different than the fusion step.

DISCUSSION

Nuclear assembly on natural chromatin substrates in vitro
involves: vesicle recruitment to the chromatin, vesicle-vesi-
cle fusion, and NPC insertion into the fused nuclear mem-
branes. We have demonstrated that importin � acts at two of
these vital steps: nuclear membrane fusion and the subse-
quent assembly of nuclear pore complexes. Specifically, ex-
cess importin � blocks vesicle-vesicle fusion around natural
chromatin substrates. This inhibitory action, like importin
�’s inhibition of spindle assembly, is reversible by RanGTP.
Importin � 45–462, unable to bind Ran, does not block
membrane fusion, but interestingly, blocks downstream
NPC assembly. This second block occurs near the inception
of NPC formation, as shown by FESEM, and results in nuclei
lacking any visible NPC structures. Excess full-length im-
portin � also blocks NPC assembly, if added to prefused
nuclear intermediates. Remarkably, the full-length importin
� block of NPC assembly is not reversible by 25 �M
RanQ69L-GTP. The NPC block maps downstream from
BAPTA- and GTP�S-sensitive steps in NPC assembly. Our
data thus support a new model of stepwise nuclear assem-
bly regulated at multiple points by importin �, as summa-
rized in Figure 9.

One of the first visible steps in nuclear assembly in vitro is
the recruitment of membrane vesicles to chromatin. A pre-
vious study observed nuclear envelope assembly on impor-
tin �-coated beads (Zhang et al., 2002b). This led to the
hypothesis that, in vivo, importin � might positively induce
membrane recruitment through its ability to bind RanGTP
on the chromatin and undetermined FG nucleoporins on the
membranes, either simultaneously or sequentially (Zhang et
al., 2002b; for review, see Dasso, 2002). A clear expectation of

Figure 6. Importin � 45–462 blocks NPC assembly af-
ter the BAPTA inhibition step. (A) Importin � 45–462–
arrested nuclei were formed by adding 5 �M importin �
45–462 to a nuclear reconstitution reaction at t � 0. After
60 min, the arrested nuclei did not stain with Oregon
Green mAb414 (pore-free � 45–462 nuclei; left). To as-
sess rescue and order the � 45–462 block with respect to
BAPTA, the importin � 45–462–arrested nuclei were
diluted 1:10 into egg cytosol (cytosol) or egg cytosol
with 5 mM BAPTA (cytosol � BAPTA), followed by
incubation for 45 min. FG nucleoporins incorporated
(FG Nups; NPCs) in both types of nuclei, as shown by
the punctate nuclear rim staining with Oregon Green
mAb414. (B) BAPTA-arrested nuclei were assembled by
adding 5 mM BAPTA at t � 0 to a nuclear reconstitution
reaction. After 60 min, Oregon Green mAb414 did not
stain the nuclear intermediates and was excluded, indic-
ative of a sealed nuclear membrane, as shown in an
overexposed image (left). To order the BAPTA- and �
45–462–inhibited steps, reactions containing pore-free
BAPTA-arrested nuclei were diluted 1:10 into egg cy-
tosol plus or minus 5 �M importin � 45–462 and incu-
bated for 45 min. Importin � 45–462 prevented FG
nucleoporins from incorporating into BAPTA nuclei, as
seen by lack of Oregon Green mAb414 staining (NO
NPCs). Thus, the � 45–462 block to NPC assembly oc-
curs after the BAPTA block. Bars, 10 �m.

Importin � Negatively and Nuclear Membrane Fusion

Vol. 14, November 2003 4391



this hypothesis would be that importin � 45–462, which
cannot bind RanGTP, should block membrane recruitment.
We found no evidence for inhibition of membrane recruit-
ment to natural chromatin substrates by importin � 45–462;
fully fused nuclear membranes formed in its presence. Thus,
although importin � may be involved in membrane recruit-
ment in some way, our experiments indicate it cannot be
playing an exclusive role. Because nuclear lamins and LAPs
(lamina-associated polypeptides) are known to mediate in-
teraction between membranes and chromatin (Foisner and
Gerace, 1993; Drummond et al., 1999; Gant et al., 1999; Ra-
harjo et al., 2001; Goldman et al., 2002), ample evidence for
alternative mechanisms for membrane recruitment exist.

Our data strongly indicate that importin � acts to nega-
tively regulate the vesicle-vesicle fusion step of nuclear as-
sembly. Why would such regulation be required? Ran has
previously been shown to promote nuclear membrane fu-
sion, working through an unknown partner (Pu and Dasso,
1997; Hetzer et al., 2000; Zhang and Clarke, 2000, 2001). We
show that importin � blocks membrane fusion, thus coun-
teracting Ran. In vivo, we would predict that it is the strict
ratio of importin � to RanGTP that ensures fusion in the
correct location and proportion. We hypothesize that impor-
tin � is needed in vivo to carefully regulate membrane
fusion where RanGTP is high, such as at the surface of
telophase chromosomes. There, fusion to form the surround-
ing nuclear membranes is desirable, but undesirable fusion
would need to be repressed. Examples of undesirable fusion
include fusion that is spatially undesirable such as the for-
mation of intranuclear membrane tubules, and fusion that is
proportionately undesirable such as excess growth of the

outer nuclear membrane relative to the inner. Interestingly,
we find that when high RanQ69L is added alone to an
extract, it does indeed promote the appearance of excess
intranuclear membranes and outer nuclear membrane bub-
bles (Figures 3 and 8; our unpublished data), indicating that
the normal regulatory balance is disturbed toward fusion.
Combining excess importin � and excess RanQ69L not only
reverses the importin � block to fusion, but also reverses the
RanQ69L stimulation of intranuclear membranes (Figure 3).
In this case, correct nuclear membranes form, suggesting the
required balance of importin � and RanGTP has been re-
stored.

These conclusions were reinforced when the presence of
nuclear pore complexes in nuclei was assessed with anti-FG
antibody. When high RanQ69L was added, excess FG-stain-
ing NPCs were observed in the nuclear envelope, in intranu-
clear tubules, and extranuclearly in presumed annulate la-
mellae. No NPCs were seen if excess importin � was present
along with the Ran (Figure 8). Together, our data suggest
that a balance of RanGTP to importin � is necessary not only
to promote a correctly positioned nuclear envelope but also
to repress intranuclear and cytoplasmic annulate lamellae.

Our experiments were conducted in a full nuclear assem-
bly reaction, using abundant membranes and natural chro-
matin substrates, a situation that most closely approximates
the in vivo situation. Other cases where individual proteins
are immobilized on beads, or chromatin is incubated in
limiting membranes, may not necessarily recapitulate the
correct steps of nuclear assembly. For example, in previous
experiments where membranes were very limiting or chem-
ically modified, RanQ69L reportedly blocked membrane fu-

Figure 7. Excess full-length importin � blocks NPC
assembly. (A) Excess full-length importin � also blocks
NPC assembly. Membrane-enclosed, pore-free nuclear
intermediates were first formed in a nuclear reconstitu-
tion reaction containing 5 mM BAPTA. After 1 h, the
pore-free BAPTA nuclei were diluted 1:10 into cytosol
containing 5 �M full-length importin � or 25 �M full-
length importin � and incubated for 45 min. The pres-
ence of 25 �M full-length importin � clearly prevented
FG nucleoporin incorporation, as assayed with Oregon
Green-mAb414. (B) RanQ69L at 25 �M does not reverse
the full-length importin � block of NPC assembly into
fused nuclear membranes. Pore-free BAPTA nuclei,
formed as in A for 1 h, were diluted 1:10 into cytosol,
cytosol with full-length importin � (15 �M), or cytosol
with full-length importin � (15 �M) plus RanQ69L (25
�M). FG nucleoporins did not incorporate even when 25
�M RanQ69L was included with importin �, as assayed
with Oregon Green-mAb414, i.e., the rescue of NPC
assembly was prevented if importin � or importin � �
RanQ69L were present. Bars, 10 �m.

A. Harel et al.

Molecular Biology of the Cell4392



sion (Hetzer et al., 2000; Zhang et al., 2002a). Perhaps these
experiments, while not mimicking in vivo conditions, nev-
ertheless reveal that the ratio of Ran to an essential mem-
brane protein is important. In the opposite vein, overexpres-
sion of certain nucleoporins in vivo can cause excess
intranuclear membrane tubules (Bodoor et al., 1999; Marelli
et al., 2001; Burke and Ellenberg, 2002; Lusk et al., 2002). This
suggests that the relative concentrations of key nucleoporins
ultimately should not be left out of the picture.

A second and distinct step of importin � negative regula-
tion was unexpectedly revealed: control of NPC assembly
(Figure 9). This step is blocked both by excess importin �
and by importin � 45–462. Surprisingly, although the NPC

inhibition can be rescued by fresh cytosol, it is not reversible
by RanQ69L (25 �M). This is in marked contrast to the
membrane fusion step, which is Ran-reversible at 25 �M.
Although the possibility remains that an unusually high
RanQ69L concentration might be required to reverse NPC
assembly inhibition, experiments where high importin �
and high RanQ69L are added together at t � 0 show mem-
brane fusion, but no trace of NPC formation (Figures 3 and
8). At the very least, this result indicates that we are not near
the threshold of any potential Ran reversibility.

Importin � is known to bind to a subset of vertebrate FG
nucleoporins: Nup358, Nup153, Nup62, as well as the NPC-
associated protein Tpr. However, these interactions are all
disrupted by high Ran-GTP or GMP-PNP (Shah et al., 1998;
Bayliss et al., 2000a,b; Ben-Efraim and Gerace, 2001; Conti
and Izaurralde, 2001; Allen et al., 2002). Because of the rela-
tive insensitivity to RanQ69L described above and the fact
that none of the FG Nups are essential for NPC assembly
(Finlay and Forbes, 1990; Meier et al., 1995; Walther et al.,
2001, 2002), importin � cannot be blocking NPC assembly
simply by sequestering free FG nucleoporins.

This suggests that importin � must instead regulate either
an essential nucleoporin or unknown NPC assembly factor.
An attractive target is the Nup107–160 complex, because
nuclei assembled in the absence of this complex lack nuclear
pores (Harel et al., 2003; Walther et al., 2003; see also Boeh-
mer et al., 2003). Other possibilities include gp210, an inte-
gral membrane protein involved in pore assembly (Drum-
mond and Wilson, 2002), and nucleoporins not yet
characterized for roles in NPC assembly, such as Nup155 or
the WD repeat Nups (Cronshaw et al., 2002). We are cur-
rently investigating these and other potential targets.

Importin � likely binds to many nucleoporins in the ma-
ture NPC during transport. It may be that importin � plays
dual roles with respect to these nucleoporins, binding to
them in interphase NPCs during transport, but in mitosis
acting to keep the same Nups in a disassembled state. The
story could also have additional layers, in the sense that not
all Nups that are blocked by importin � need be regulated in
the same manner. Certain Nups, such as the FG Nups, might
be bound by importin � and prevented from assembly, but
the binding be easily reversible by Ran-GTP. Other Nups
could bind importin � and be similarly blocked for NPC
assembly, but either require much more Ran-GTP, or require
a completely different regulatory protein for reversal of their
importin � block. There are multiple examples of Ran inde-
pendence in nuclear transport, including the import of

Figure 8. RanQ69L reverses the full-length importin � block to
membrane fusion, but not the block to NPC assembly. Nuclear
reconstitution reactions containing chromatin, cytosol, and mem-
branes were supplemented at t � 0 with 30% volume buffer, full-
length importin � (20 �M), full-length importin � (20 �M) plus
RanQ69L (25 �M), or RanQ69L (25 �M) alone. The reactions con-
taining importin �, or importin � plus RanQ69L, failed to incorpo-
rate FG nucleoporins as detected with Oregon Green-mAb414. FG
nucleoporins incorporated into nuclear envelopes in reactions sup-
plemented with buffer or RanQ69L. The RanQ69L reactions also
showed FG-containing structures forming outside of the nucleus,
presumed annulate lamellae. Additionally, the nuclei in the
RanQ69L reactions contained areas of the nuclear envelope devoid
of FG nucleoporin staining. These corresponded to outer nuclear
membrane bubbles, which appear as gaps in the mAb414 stain (this
figure) or as bubbles when DHCC membrane dye is used (our
unpublished data). Bar, 10 �m.

Figure 9. A model of novel importin �-regulated steps in nuclear
membrane fusion and NPC assembly. Chromatin is depicted as a
large black oblong; vesicles and membranes are shown by black
lines enclosing green lumenal contents. NPCs are depicted as black
ovals spanning the inner and outer nuclear membranes. Importin �
and the importin �-regulated steps observed in this study are
shown in red.
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snRNPs, ribosomal protein L5, and cyclin B1 (Takizawa et
al., 1999; Rudt and Pieler, 2001; Huber et al., 2002), and the
export of mRNA (Clouse et al., 2001). This independence of
transport opens the possibility that there could be a similar
Ran-independence in some of importin � ’s inhibitory inter-
actions of NPC assembly.

Evidence for a Ran-sensitive step in NPC assembly was
recently found in yeast (Ryan et al., 2003). Certain mutant
alleles of Ran cycle enzymes disrupt NPC assembly. This
Ran-sensitive step in yeast was suggested to correspond to
the GTP�S-sensitive step of NPC assembly in vertebrates
(Figure 9). We have mapped importin � regulation of NPC
assembly downstream from the GTP�S- and BAPTA-inhib-
ited steps. Together, these results indicate that there may
well be multiple control points for regulating NPC assem-
bly.

In vertebrates, NPCs assemble at two different stages of
the cell cycle: at telophase in newly forming nuclear enve-
lopes, and at S phase in existing nuclear envelopes. We have
used templates corresponding to both phases and find that
importin � regulates NPC assembly in each. When one starts
with telophase-like sperm chromatin substrates, importin �
45–462 allows membrane fusion, but clearly blocks NPC
assembly. When prefused nuclear membrane intermediates,
which resemble S phase nuclei, are formed and importin �
or �45–462 is added, NPC assembly is blocked. This result
demonstrates that importin � acts after membrane fusion to
regulate a vital step required for NPC assembly. At concen-
trations up to 25 �M, the highest we were able to achieve,
this importin � block is not sensitive to RanGTP. There is an
inherent logic to this apparent Ran insensitivity, insensitiv-
ity: normally the major source of Ran-GTP, chromatin-
bound RCC1, is shielded once the chromatin becomes mem-
brane enclosed.

In vivo a small subset of nucleoporins show affinity for the
surface of mammalian mitotic chromosomes, either for ki-
netochores (Belgareh et al., 2001; Harel et al., 2003) or for the
surface of telophase chromosomes (Bodoor et al., 1999; Hara-
guchi et al., 2000; Daigle et al., 2001). With this in mind, it was
recently proposed that NPC assembly might occur very
differently on telophase chromosomes than it is known to
occur in yeast, in vertebrate S phase nuclei, or in annulate
lamellae. This inverse order assembly model (Walther et al.,
2003) proposed that soluble nucleoporins bind to the surface
of chromosomes, recruit other nucleoporins into pre-NPCs,
and attract membranes only at the end of the NPC assembly
process. The model was based on observation of punctate
Nup staining on sperm chromatin that had been incubated
in Xenopus cytosol thought to be devoid of membranes.
However, in our hands and those of others, it is not possible
to completely remove membranes from egg cytosol by high-
speed centrifugation (200,000 � g). Indeed, Allen and col-
leagues have studied nuclear membrane and NPC assembly
by FESEM in reactions performed entirely in cytosol (HSS,
high-speed supernatant), clearly demonstrating that signifi-
cant quantities of membranes are present (Zhang et al.,
2002a). Thus, the immunofluorescent Nup staining on chro-
matin (Walther et al., 2003) likely coincides with NPCs that
have formed in fused membrane patches in the typical NPC
assembly process. We advocate a unified model for NPC
assembly relevant to all stages of the cell cycle in yeast and
vertebrates, with NPC assembly initiating only in fused
nuclear membranes (Macaulay and Forbes, 1996; this work).
Our use of telophase-like and S phase-like templates dem-
onstrates that importin � regulates NPC assembly in both.

In summary, we have shown using natural chromatin
substrates that importin � negatively regulates two distinct
steps in nuclear assembly: the vesicle-vesicle fusion required
to form double nuclear membranes and the assembly of
nuclear pore complexes into fused nuclear membranes.

Note added in proof. Following acceptance of this work,
Walther et al. (2003) reported related results on the NPC
assembly step in a study entitled “RanGTP mediates nuclear
pore complex assembly” (Nature 424, 689–694).
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