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as described [J. Lukas. G. Draetta, J. Bartek, Eur. I. Bio-
chem. 207, 169 (1992)], 

21. Mouse monoclonal antibodies to Cdc2SA (DCS-122, 
DCS-124). Cdc25B (DCS-162, DCS-164), and Cdc25C 
(DCS-193) were generated by standard hybridoma 
technology. Monoclonal antibody F-6 to Cdc25A was 
from Santa Cruz and C23420 to cyclin B1 was from 
Transduction Laboratories. Rabbit antisera to Cdc25A 
(SC-7157) and Cdc25C (SC-327) were from Santa Cruz 
Biotechnology, antiserum to CdkZ TyrqS (219440) was 
purchased from Calbiochem, and antiserum to Chkl 
was provided by 5. Elledge. DO-1 monoclonal antibody 
to human p53 was from Oncogene Science. Mouse 
monoclonal antibodies 12CA5 to the hemagglutinin 
epitope, DCS-60 and DCS-61 to p21, 5D4 to cyclin D l  

and DZ, HE12 and HE172 against cyclin E as well as 
immunoblotting, immunoprecipitation. immunostain- 
ing, and in vitro kinase assays were described [J. Lukas 
et al., Genes Dev. 11, 1479 (1997); M. Thullberg et al., 
Hybridoma 19, 63 (2000)l. 

22. U-2-0s sublines conditionally expressing HA-Cdc25A 
(U-Z-OS/B3C4) or p53DD (U-2-OS/C6) were gener- 
ated by transfection with the respective transgenes 
in pBI plasmids as described [J. Lukas, C. Storgaard 
Sarensen, C. Lukas, E. Santoni-Rugiu. J. Bartek, Onco- 
gene 18, 3930 (1999)]. U-2-OS/C6 cells were micro- 
injected with the Mdm2-Luc reporter plasmid (25 
I*g/ml) and nonimmune mouse IgG as a microinjec- 
tion marker. After 18 hours, the cells were fixed and 
processed for combined anti-mouse immunoglobulin 
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The nuclear envelope (NE) forms a controlled boundary between the cytoplasm 
and the nucleus o f  eukaryotic cells. To facilitate investigation of mechanisms 
controlling NE assembly, we developed a cell-free system made from Xenopus 
laevis eggs t o  study the process in  the absence of chromatin. NEs incorporating 
nuclear pores were assembled around beads coated wi th  the guanosine triphos- 
phatase Ran, forming pseudo-nuclei that actively imported nuclear proteins. NE 
assembly required the cycling of guanine nucleotides on Ran and was promoted 
by RCC1, a nucleotide exchange factor recruited t o  beads by Ran-guanosine 
diphosphate (Ran-GDP). Thus, concentration of Ran-GDP followed by genera- 
t ion of Ran-GTP is sufficient t o  induce NE assembly. 

The NE controls access to chromatin and 
plays an important role in the regulation of 
chromosome duplication and gene expression 
in eukaryotic cells. In higher eukaryotes, the 
NE is highly dynamic in the cell cycle, being 
disassembled on entry into mitosis and reas- 
sembled around the segregated daughter 
chromosomes at telophase. The molecular 
mechanism of NE assembly is largely un-
known, but the process can be studied in a 
cell-free system made from Xenopus laevis 
eggs (I). In this system, NE assembly around 
chromatin is inhibited by nonhydrolyzable 
guanosine 5'-triphosphate (GTP) analogues, 
suggesting the involvement of a GTPase 
(2-4). One candidate is the multifunctional 
GTPase Ran (5 ) ,  which in Schizosaccharo-
myces pombe plays a role in the mainte- 
nance of NE integrity at exit from mitosis 
(6). Disruption of the Ran GTPase cycle by 
addition of regulators or dominant Ran mu- 
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tants inhibits the assembly of nuclei com-
petent for DNA replication in Xenopus egg 
extracts (7-11) and perturbs NE structure 
(10, 12). However, disruption of the Ran 
GTPase cycle also inhibits chromatin de- 
condensation and the establishment of nu- 
cleocytoplasmic transport during nuclear 
assembly (11), making it difficult to distin- 
guish any direct role in NE formation. 

To examine whether Ran plays a role in 
NE assembly independently of its effects on 
chromatin, we added glutathione-Sepharose 
beads coated with Ran proteins produced as 
fusions with glutathione-S-transferase (GST) 
(13) to Xenopus egg extracts (14). These 
fusion proteins are functional, because they 
produce identical effects on nuclear transport 
and microtubule stability as nonfusion pro- 
teins (10, 11, 15). All of the beads coated 
with wild-type Ran-GDP became surrounded 
by a continuous membrane detected with the 
lipophilic dye 3,3'-dihexyloxacarbocyanine 
(DHCC) after incubation in the extracts (14), 
whereas beads coated with GST (Fig. 1) or 
the related GTPases Ras or Rab5 (1 6) did not 
attract any lipid vesicles. Transmission elec- 
tron microscopy (17) showed a complete 
double membrane crossed by nuclear pore 
complexes (NPCs) assembled around Ran- 

G and anti-luciferase immunostaining as described n. 
Lukas et al., Genes Dev. 11, 1479 (1997)l. 

23. Conditions for single- and multiple-parameter 	 flow 
cytometry with a FACSCalibur cytometer (Becton 
Dickinson) and CellQuest and ModFit software were 
described [J. Lukas et al., Oncogene 9, 2159 (1994)l. 
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GDP beads, confirming that a NE-like struc- 
ture was formed (Fig. 1C). To examine the 
protein components of this NE, we retrieved 
beads from the extracts and stained nuclear 
pore complex proteins (nucleoporins) using 
the monoclonal antibody (rnAb) 414 (18). 
Ran-GDP strongly promoted the association 
of nucleoporins, which were stained around 
the periphery of the beads, consistent with the 
assembly of NPCs (Fig. 2, A and B). Ran- 
beads also attracted the major lamin protein 
present in the extracts, lamin B, (Fig. 2, C and 
D). This protein is actively imported and as- 
sembled into a lamina after completion of the 
envelope during nuclear assembly from chro- 
matin (I), suggesting that active protein import 
occurs into the pseudo-nuclei formed around 
Ran-beads and that a lamina may be formed. 

To confirm that the NE and NPCs formed 
by Ran-beads were functional, we carried out 
an import assay using nucleoplasmin, a karyo- 
philic protein containing a nuclear localization 
signal. Nucleoplasmin was taken up and strong- 
ly concentrated in the pseudo-nuclei, but not in 
control beads (Fig. 2E). In contrast, a fluores- 
cent dextran too large to pass through nuclear 
pores was excluded from Ran-GDP beads but 
diffused into control beads (Fig. 4C). To deter- 
mine if nucleoplasmin was being imported in a 
regulated manner, we added dominant Ran mu- 
tants after the completion of pseudo-nuclear 
assembly, but before addition of nucleoplas- 
min. RanQ69L (substitution of glutamine at 
position 69 by leucine), which is defective in 
GTP hydrolysis and therefore locked in the 
GTP-bound form (19), inhibits Ran-mediated 
nuclear protein import by disrupting the assem- 
bly of import complexes (20). This mutant 
strongly inhibited nucleoplasmin import into 
pseudo-nuclei assembled by using beads coated 
with Ran-GDP (Fig. 2F), even though NEs 
remained intact (16). Nucleoplasmin import 
was also inhibited by RanT24N (substitution of 
threonine at position 24 by asparagine), a mu- 
tant that is defective in nucleotide binding and 
probably blocks import by preventing the recy- 
cling of import factors (11). We therefore con- 
clude that NE assembled around beads coated 
with Ran-GDP restricts access of macromole- 
cules but permits the active transport of karyo- 
philic proteins by way of the NPCs. 
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The nucleotide exchange factor for Ran, 
RCCl (21), which binds to chromatin in a 
complex that may contain GTPases (22, 23), 
was also strongly concentrated in pseudo- 
nuclei (Fig. 3, A and B). The binding of 
RCCl to Ran-beads was dependent on the 
nucleotide-bound state of Ran: Beads coated 
with RanQ69L-GTP bound RCCl only poor- 
ly, whereas beads coated with RanT24N, which 
forms a stable inhibitory complex with RCCl 
(8, 19, 24), accumulated RCCl nearly as well 
as wild-type Ran-beads (Fig. 3C). However, 
both RanQ69L-GTP and RanT24N were un- 
able to form intact NEs, with some binding of 
vesicles onto the surface of beads coated with 
the mutants, but without fusion to form contin- 
uous membranes that could exclude fluorescent 
dextran (Fig. 4). Together, these results indicate 
that RCCl is recruited to beads specifically by 
Ran-GDP. They also indicate that the exchange 
activity of RCCl is required for vesicle fusion, 
because RanT24N blocks this step. 

To examine directly if RCCl promotes 
vesicle fusion, we supplemented extracts 
containing Ran-GDP-coated beads with 
RCCl (Fig. 5). Conversely, we added Ran 
binding protein 1 (RanBPl), which inhibits 
nucleotide exchange on Ran and stimulates 
the hydrolysis of Ran-GTP to Ran-GDP (25), 
thereby opposing the activity of RCC1. 
RCCl accelerated the fusion of vesicles, 
forming an intact envelope after 30 rnin of 
incubation, compared with 60 min in the 
absence of further additions. In contrast, 
RanBPl blocked vesicle fusion, preventing 
NE assembly even after 90 rnin of incubation. 
We conclude that generation of Ran-GTP by 
RCCl fiom Ran-GDP concentrated on beads 
causes vesicle fusion to form complete NEs. 
The inability of RanQ69L-GTP to support 
vesicle fusion suggests that GTP hydrolysis 
on Ran is also required. This may account for 
the ability of nonhydrolyzable GTP ana- 
logues to block vesicle fusion (2-4). 

In summary, beads coated with Ran-GDP 
form pseudo-nuclei with intact NEs contain- 
ing functional nuclear pores, providing a po- 
tentially useful in vitro model for investigat- 
ing NE formation, NPC assembly, and the 
establishment of nucleocytoplasmic trans- 
port. Thus, Ran plays a role in NE assembly 
that is distinct fiom its effects on chromatin 
structure and its role in directing nucleocyto- 
plasmic transport. Because Xenopus egg ex- 
tracts contain Ran at a concentration of 1 to 2 
p,M, predominantly in the GDP-bound form 
(20,24), simply concentrating Ran-GDP on 
the surface of beads is sufficient to induce NE 
assembly. In somatic vertebrate cells, reas- 
sembly of the NE during telophase coincides 
with relocalization of Ran to chromatin (15) 
and stabilization of the interaction of RCCl 
with chromatin (16). Consistent with these 
results, Ran binds to chromatin before RCC 1 
and before NE assembly in Xenopus egg 

Fig. 1. Sepharose beads A 
loaded with Ran-GDP 
induce NE and nuclear 
pore complex assembly 
in Xenopus egg ex- 
tracts. (A) Loading of 
proteins onto Sepha- 
rose beads. Proteins 
bound to 5 yl of 

:;I 
beads loaded with glu- a- 
tathione-S-transferase s - *- 
(GST) or Ran-GDP 
were se~arated on a - 
10% pdlyacrylamide C 
gel and stained with 1 
Coomassie blue. (B) 
lmmunofluorescence 
detection of Ran 
(left) and lipid stain- 
ing by DHCC (right) 
of beads incubated in 
Xenopus egg extracts 4 
for 120 min. DAPl 
was used to stain 
Sepharose beads; no 
D N A  was present. 
The beads have a di- 
ameter of -100 yM, 
compared with 10 to 20 ym for nuclei assembled in egg extracts from sperm chromatin. (C) 
Transmission electron microscopy: panel 1, GST beads alone; panel 2, GST beads incubated in 
egg extract; panels 3 and 4 and inset, Ran-GDP beads incubated in egg extract. Nuclear pore 
complexes are indicated by arrows. 

Fig. 2. Pseudo-nuclei formed by A Ran-CDP beads incorporate 
nucleoporins and lamins and --- 
actively import nucleoplasmin. 
(A) lmmunofluorescence of 
nucleoporins detected by mAb 
414. (B) Western blotting of QSr- 

nucleoporins detected with the +- 

same antibody. Lane 1, CST- 
beads alone; lane 2, CST-beads m w 
incubated in Xenopus egg ex- +sxbclct 
tract: lane 3, Ran-GDP beads 
incubated in xenopus egg ex- 
tract; lane 4, nuclei assembled 
from demembranated sperm 
chromatin; lane 5, Xenopus egg 
extract. The major nucleoporins 
detected by mAb 414 in Xeno- 
pus nuclei are p62, p153, p210, 
and p340 (Ran binding protein 
2). (C) lmmunofluorescence 
and (D) Western blotting of 
lamin B,. Lane 1, GST-beads 
alone; lane 2, GST-beads incu- 
bated in Xeno~us enn extract; 
lane 3,  an-GDP beads incu- 
bated in Xenopus egg extract. 
Incubations were carried out 
for 120 rnin before fixing and 
centrifuging onto cover slips 
for immunofluorescence or re- 
covery through a glycerol cush- 
ion for Western blotting. (E and 
F) Import of nucleoplasmin 
(NP). Nucleoplasmin labeled 
with fluorescein was added af- 
ter assembly of psuedo-nuclei 
for 120 min, and incubation 
was continued for a further 60 rnin before fixation and recovery for fluorescence micro- 
scopy. (F) Addition of Ran proteins after formation of pseudo-nuclei but before nucleoplasmin 
addition. 
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Fig. 3. Ran-CDP re- 
cruits RCCI to  beads. 
(A) Immunofluores- 
cence of RCCI. (B) 
Western blotting of 
RCCI recovered on 
beads. Lane 1, CST- 
beads alone; lane 2, 
GST-beads incubated 
in Xenopus egg ex- 
tract; lane 3, Ran-CDP 
beads incubated in 
Xenopus egg extract. 
(C) lmmunofluorescence of RCCI bound to  beads coated with Ran-GDP, RanT24N-CDP, or 
RanQ69L-CTP incubated in Xenopus egg extract. lncubations were carried out for 120 min before , fixing and centrifuging onto cover slips for immunofluorescence or recovery through a glycerol 
cushion for Western blotting. 

Fig. 4. NE assembly around beads requires functional Ran. (A and B) Lipid staining by DHCC is 
shown for beads coated with Ran-GDP, RanTZaN, and RanQ69L. (A) View of whole beads. (B) 
Close-up showing continuous membrane staining at the surface of beads coated with Ran-CDP and 
vesicles at the surface of beads coated with Ran mutants. lncubations were carried out for 120 min 
before staining. (C) Fluorescent dextran is excluded from Ran-beads but diffuses into beads coated 
with RanT24N or RanQ69L. Beads were incubated for 120 min in extracts before addition of 
fluorescein isothiocyanate-dextran (Sigma) and incubation for a further 60 min. 

extracts (12,15). R C C l  done is not sufficient 5. S. Sazer, Trends Cell Biol. 6. 81 (1996). 

for NE issemily because beads coated with 6. J. Demeter, M. Morphew, 5. Sazer, Pmc. Natl. Acad. 
Sci. U.S.A. 92, 1436 (1995). 

RCC1 do not NEs ( I 6 ) .  We therefore 7. 5. Kornbluth. M. Dasso. I. Newport, 1. Cell Biol. 125. - . -  
propose that concentration o f  Ran-GDP on 705 (19941. 
A - 
the surface of chromatin in telophase pro- 8. M. DHSSO, ?. Seki, Y. Azuma, T. Ohba, T. Nishimoto, 

EMS0 J. 13, 5732 (1994). 
motes . . .  the of membrane and 9. R. T. Pu and M. Dasso, Mol. Biol. Cell 8. 1955 (1997). 

Fig. 5. Regulation of NE assembly by RanBPl 
and RCCI. Ran-GDP beads were added to  egg 
extracts, followed by 10 pM RanBPl or 10 pM 
RCCI. Samples were removed at the times 
shown, and then stained with DAPl and DHCC; 
images were captured immediately. 

with Coomassie blue or on Western blots with an 
antibody specific for Ran (7 7). Pseudo-nuclear assem- 
bly was initiated by adding beads (400 per microli- 
ter), an adenosine triphosphate-regenerating system, 
and cycloheximide to the thawed-extractsfollowed 
by incubation at 23'C. Samples were removed and 
stained on a slide with DAPl (4l.6'-diamidino-2-phe- 
nylindole) and DHCC without fixation, and images 
were taken immediately. For immunofluorescence, 
samples were fixed for 30 min in 4% formaldehyde 
[in 10 mM Pipes (pH 7.2), 80 mM KCI, 5 mM EDTA, 
and 15 mM NaCI]. Beads were then recovered onto 
cover slips, permeabilized with 0.1% Tritron X-100 
for 5 min, and prepared for immunofluorescence 
microscopy with prirnary antibodies specific for 
nucleoporins (mAb 414, 1:500), Ran (Transduction 
Laboratories, 1:100), or RCC1 (Transduction Labora- 
tories, 1:100) as described (77, 75). With the excep- 
tion of Fig. 5, data shown are for incubations carried 
out for 120 min. lmaees were ca~tured on a Zeiss 

0 

Axioskop microscope with a cooled charge-coupled 
device camera and processed with lmprovision Open- 
lab and Adobe Photoshop software. 

then localized generation of Ran-GTP by lo. F. I. Nicolas et al.. I. Cell Sci. 110. 3019 (199h. 
. 

15. C. Zhane. M. Huehes. P.' R. Clarke. I. Cell Sci. 112. . - .. . . - 
R C C l  and subsequent GTP hydrolysis on 11. ~ . - ~ u ~ h e s ,  C. Zhang, J. M. Avis, C: J. ~utLhison: P. R. 2453 (1599). 

Ran causes vesicle fusion. Clarke, J. Cell Sci. 11 1, 301 7 (1 998). 16. C. Zhang and P. R. Clarke, unpublished data. 
12. C. Zhang, M. W. Coldberg. T. D. Allen. P. R. Clarke. 17. For transmission electron microscopy, extracts con- 

Concentration o f  Ran-GDP promotes NE unpublished data. taining beads were fixed with 2% glutaraldehyde in 
assembly, whereas Ran-GTP stabilizes mi- 13. Recombinant human Ran proteins were prepared PBS overnight at 4OC followed by 1 % OsO, in PBS for 

crotubule asters and promotes mitotic as CST fusions in Escherichia coli, purified, and 
loaded with nucleotides as described (77). Wild- ' Xenopus egg extracts in type Ran was loaded with CDP or CTP. RanT24N 

60 min at room temperature. The samples were then 
embedded in Spurr's resin and sectioned with a dia- 
mond knife. Sections were double-stained with ura- 

M phase (15, 26-29). A switch in the nucle- with CDP. and Ran069L with CTP. Nucleo~lasmin nvl acetate and lead citrate. then viewed on a 1200 
ot ide-boid state o f  i an from GTP to GDP was expressed in E. coli, purified, and labeied with transmission electron micro&ope (JEOL). - --- 

and relocdization of Ran to chromatin may 5(6)-carboxyfluorescein-N-hydroxysuccinimide es- 18. After incubation in egg extracts, beads were recov- 
ter (FLUOS, Boehringer Mannheim) (17). RCCl was ered through a cushion of 30% glycerol in sperm 

therefore coordinate NE assembly with dis- a gift of A. Wittinghofer (Dortmund). nuclear isolation buffer 115 mM tris-HCI (pH 7.6). 60 
assembly o f  the mitotic spindle at the end o f  
mitosis. 
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Emergent Deadly Paramyxovirus 
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A paramyxovirus virus termed Nipah virus has been identified as the etiologic 
agent of an outbreak of severe encephalitis in  people wi th  close contact 
exposure t o  pigs in  Malaysia and Singapore. The outbreak was first noted in  late 
September 1998 and by mid-June 1999, more than 265 encephalitis cases, 
including 105 deaths, had been reported in Malaysia, and 11 cases of enceph- 
alitis or respiratory illness wi th  one death had been reported in Singapore. 
Electron microscopic, serologic, and genetic studies indicate that this virus 
belongs t o  the family Paramyxoviridae and is most closely related t o  the 
recently discovered Hendra virus. We suggest that these two  viruses are rep- 
resentative of a new genus within the family Paramyxoviridae. Like Hendra virus, 
Nipah virus is unusual among the paramyxoviruses in its ability t o  infect and 
cause potentially fatal disease in  a number of host species, including humans. 

An outbreak of severe febrile encephalitis in abattoir workers who handled pigs from 
associated with human deaths was reported in the outbreak regions in Malaysia. The out- 
Peninsular Malaysia beginning in late Sep- break in Singapore ended when the importa- 
tember 1998. The outbreak was associated tion of pigs from Malaysia was prohibited, 
with respiratory illness in pigs and was ini- and the outbreak in Malaysia ceased when 
tially attributed to Japanese encephalitis (JE) over 1 million pigs were culled from the 
(1).JE is a mosquito-borne viral disease that outbreak area and immediately surrounding 
is enzootic in the region, and pigs are among areas (3).A total of 265 cases of encephalitis, 
the amplifying vertebrate hosts (2). By Feb- including 105 deaths, were associated with 
ruary 1999, similar diseases in pigs and hu- the outbreak in Malaysia. 
mans were recognized in other regions in Because some of the epidemiologic 
Malaysia, in association with the movement characteristics of the disease in humans 
of a large number of pigs from Ipoh south- were distinct from those of JE [most cases 
ward into the new outbreak areas. In March occurred in adult males who worked with 
1999, a cluster of 11 cases of respiratory and pigs, very few case patients were young 
encephalitis illnesses was noted in Singapore children, and neither mosquito control nor 

JE vaccination programs appeared to affect 
the course of the outbreak id ) ] ,  investiga-
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nucleocapsid structure is surrounded by 
membrane derived from the plasma mem- 
brane from which the viruses bud. Virus 
particles varv in size from 120 to 500 nm. 
The paramyxovirus envelope contains two 
transmembrane glycoproteins, a cell recep- 
tor binding protein [G (glycoprotein), H 
(hemagglutinin), or HN (hemagglutinini 
neuraminidase)] and a separate fusion (F) 
protein. Thin-section EM studies of infect- 
ed cells revealed filamentous nucleocapsids 
within cytoplasmic inclusions and incorpo- 
rated into virions budding from the plasma 
membrane (Fig. 1B). Typical "herringbone" 
nucleocapsid structures, approximately 1.67 t 
0.07 km in length (Fig. 1A) and with an 
average diameter of 2 1 nm, were observed in 
infected cells by means of negative stain 
preparations. Extracellular virus particles 
were pleomorphic, with an average diameter 
of 500 nm (Fig. 1C). Surface projections (not 
shown in the figure) along the virion enve- 
lope were only sporadically seen by thin- 
section EM and measured 10 nrn in length. 

Analysis of representative human and an- 
imal specimens from the outbreaks in Malay- 
sia and Singapore provided an etiologic link 
between the two outbreaks (Table 1). Nipah 
virus-infected cells reacted strongly with 
Hendra virus antiserum (6) but did not react 
with antisera against other paramyxoviruses, 
including measles virus, respiratory syncytial 
virus, and parainfluenzaviruses 1 and 3, as 
well as other viruses, including herpes virus, 
enteroviruses, and JE virus, as indicated by 
immunofluorescence antibody assays. Cross- 
neutralization studies ( 7 ) resulted in an 8- to 
16-fold difference in neutralizing antibodies 
between Nipah and Hendra viruses, indicat- 
ing that the viruses, though related, were not 
identical. 

Serologic studies in which Hendra virus 
antigen was used for detection of Nipah virus 
immunoglobulin M (IgM) and IgG (8) sug-
gested that Nipah virus was the principal 
etiologic agent of the outbreak in Malaysia 
and Singapore. Virus isolation or serologic 
testing confirmed Nipah virus infection in all 
casesfrom ~ingavore and in all but one of the - A 

initially identified encephalitis cases from 
Malaysia (Table 1). The most notable illness 
in pigs implicated in transmitting the virus to 
humans was respiratory and included a loud 
and distinctive cough. Although serologic 
studies found evidence of Nipah virus infec- 
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