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Communication 

Loss of RCCl Leads  to 
Suppression of Nuclear  Protein 
Import in Living  Cells* 

(Received  for  publication,  July  12,  1994,  and in revised  form, 
August 8, 1994) 

Taro Tachibana,  Naoko  Imamoto,  Hiroaki Seinot, 
Takeharu  Nishimotot,  and  Yoshihiro  Yonedas 
From  the  Department of Anatomy a n d  Cell Biology, 
Osaka  University  Medical  School, 2-2 Yamada-oka, 
Suita,  Osaka 565, Japan   and   t he   Depa r tmen t  of 
Molecular Biology, Graduate  School of Medical  Science, 
Kyushu University, Maidashi,  Fukuoka 812, Japan 

The role  of RCC1-RanPTC4 in  nuclear  protein  import 
was  examined in living cells using a  temperature-sensi- 
tive RCCl mutant cell line, tsBN2,  and  tsBN2  trans- 
formed  with  a RCCl cDNA lacking  the  nuclear  localiza- 
tion  sequence  domain, A8-29. Substrate,  containing  a 
small  number  of SV40 T antigen nuclear  localization se- 
quence  peptides,  injected into the  cytoplasm of  tsBN2 
cells cultured at the non-permissive  temperature of 
39.5 "C did  not  accumulate efficiently in the nucleus. 
When the same  substrate  was  injected into the cyto- 
plasm  of  heterokaryons  of  tsBN2  and  wild  type  BHK21 
cells, import efficiency into the tsBN2 nuclei was  not 
restored. Import into the BHK21 nuclei gradually de- 
creased  after  fusion. In contrast,  import  efficiency into 
tsBN2 nuclei gradually  recovered  after  fusion  with 
tsBN2 cells transformed  with AS29 in which  functional 
RCCl was  diffusely  distributed in both  the  nuclei  and 
cytoplasm.  Substrate  did  not  accumulate in the nuclei of 
digitonin-permeabilized  tsBN2 cells cultured at 39.5 "C 
even in the  presence of  normal cytosol.  These results 
suggest  that loss of RCCl function  leads to the decline of 
import  competence of the nucleus and  accumulation of a 
factor  in the cytoplasm  that  suppresses  nuclear  import. 
These results indicate that the RCCl-RaflC4 system 
may regulate  nuclear  import. 

Nuclear   protein  import  is a receptor-mediated  active  cellular 
process that requires ATP (141,  Select ive  import   can be di- 
vided  into at least two steps (5-71, nuclear  localization se- 
quence  (NLS)'-dependent binding to   nuc lear   pores  and trans- 
location  through the pores,   with the aid of  factors  such as the 
54/56-kDa NLS-binding protein (81, p97 (91, and 70-kDa heat 
shock  cognate  protein (Hsc7O)  (10-12). Recently, RanPTC4 w a s  
found  to  be required for  cell-free  nuclear  protein  import   (13, 
14). Ran/TC4 is a member of the Ras superfamily of small 
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GTP-binding proteins (15, 16). It has been suggested to play a 
key role in the regulation of diverse  cellular  processes (17-21). 
The chromatin-associated  protein  RCCl(17-20, 22-26) ac ts  as 
a guanine nucleotide release protein  for RanPTC4 (27). tsBN2 is 
a temperature-sensit ive mutant derived  from the BHK21 cell 
line (28). It has a point   mutat ion in R C C l ( 2 3 )  and arrests in G, 
or induces  premature  chromosome  condensat ion at the non- 
permissive  temperature .  An examination of the t ranspor t  of 
NLS-containing substrates in tsBN2 cells reveals a role  for 
RCCl-Ran/TC4 in nuclear   protein  import  in living  cells. 

EXPERIMENTAL PROCEDURES 
Preparation of NLS-containing Substrates-NLS-containing sub- 

strates (T-BSA and T-APC (fluorescein  isothiocyanate-labeled bovine 
serum  albumin  and allophycocyanin, coupled to  peptides  containing the 
SV40 T  antigen  NLS))  were  prepared  as  described  previously (29). For 
the  preparation of two populations of T-BSA, 2 or 0.5 mg of synthetic 
peptides (CYGGPKKKRKVEDP) were mixed with  4 mg of fluorescein 
isothiocyanate-labeled BSA activated  with sulfosuccinimidyl 4-(p-ma- 
leimidophenyl)  butyrate (Sulfo-SMPB; Pierce).  The  number of peptides 
conjugated  was  estimated by mobility shift  assays on SDS-polyacryl- 
amide  gels.  The  preparations  had  a  large  number  (average 9-11) or a 
small  number  (average 3-5) of peptides  per BSA molecule. 

Cell Lines and  Culture Conditions-The tsBN2 cell line  is  tempera- 
ture-sensitive  and  was  derived from the BHK21 cell line. A8-29 ts' is 
the tsBN2 cell line  transfected  with  a  deleted  RCCl cDNA clone con- 
taining  the A8-29 allele (30). These  cells  were  maintained  in Dulbecco's 
modified Eagle's medium  containing  10%  fetal calf serum at 33.5 "C 
(tsBN2),  37 "C (BHK211, and  39.5 "C  (A8-29 ts' transformants).  For 
synchronization at G,, cells were  cultured for 48 h  in  isoleucine-free 
minimum  essential  medium-5%  dialyzed  serum  (28). 

Microinjection Experiment-T-BSA was microinjected through  a 
glass  capillary  into the cytoplasm of cells grown on a coverglass. After 
incubation for 30  min, the cells were fixed with  4%  paraformaldehyde  in 
PBS  (137 mM NaC1, 2.7 mM KCl, 8.1 mM Na,HPO,, 1 mM KH,PO,). 

Cell Fusion by the Hemagglutinating Virus of Japan (HVJ, Sendai 
Virus)-Cells grown on coverglass  were  washed  in cold BSS-Ca (IO mM 
Tris-HC1 (pH 7.61, 140 mM NaCI, 5.4 m~ KCl, and  2 mM CaCI,) and 
incubated  with  W-inactivated  HVJ (500 hemagglutinating  unitdml)  in 
BSS-Ca on ice for 5 min  (31).  After  washing  with  BSS-Ca,  they  were 
transferred  to  39.5 "C in  cultured  medium.  Cells  started  to  fuse  within 
10 min  after  transfer. 

Indirect Immunofluorescence-The cells  were fixed with 4% para- 
formaldehyde in  PBS for 10 min,  permeabilized  with 0.5% Triton X-100 
in  PBS for 5 min,  and  rinsed  in 3% skim  milk  in  PBS.  They  were 
incubated  with  rabbit  anti-RCCI or anti-Ran/TC4  antiserum  and  then 
with  rhodamine isothiocyanate-conjugated goat  anti-rabbit I g G  (Cappel 
Co.). After  washing  with  PBS,  the DNA was  stained by Hoechst 33342. 
The cells were  then  examined  using an  Axiophot microscope (Carl Zeiss, 
Inc.). 

Preparation  ofEhrlich Ascites %mor Cell Cytosolic Extract-Ehrlich 
ascites  tumor cells were  freshly  harvested from the abdominal  cavity of 
mice, and a cytosolic extract  was  prepared as described by Adam  et  al. 
(32). 

In Vitro Import Assays-In vitro import  assays  were  performed as 
described  previously  (12,  32).  Digitonin-permeabilized cells were  incu- 
bated  with  incubation  buffer  (20 mM Hepes  pH 7.3, 110 mM CH,COOK, 
5 mM CH,COONa, 2 mM (CH,COO),Mg, 1 mM glycoletherdiaminetet- 
raacetic acid, 2 mM dithiothreitol,  and 1 pg/ml each of aprotinin,  leu- 
peptin,  pepstatin, 1 mM ATP, 5 mM creatine  phosphate,  and  20  unitdm1 
creatine  phosphokinase)  containing T-APC and cytosolic extract  (10 
mg/ml) prepared from Ehrlich  ascites  tumor cells. After  incubation at 
30 "C for 20 min, the cells were fixed in  4%  paraformaldehyde  in  PBS 
for 10  min and examined  using an Axiophot microscope. 

RESULTS AND DISCUSSION 

We prepared  two  populat ions of SV40 T-antigen NLS pep- 
tide-BSA conjugates  (T-BSA)  containing a large number (aver- 
age 9-11) or a small number  (average 3-5) of pept ides   per  BSA 
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A B C 

FIG. 1. N u c l e a r   i m p o r t   o f T - B S A m i c r o i n j e c t e d  into tsKN2,   I%HKZl,   and A W B 9 t s '  cells. tsI(S2 [.,\-b,'~, l<lil<2l 1b.I. and 18-29ts+ ( G I  cells 
were  grown  in Dulbecco's  modified  Eagle's  medium-10'; f(,tal c;~II ' s t -nln~ [&('I  or isoicwcinc~-frc~:  minimum cxsscwtial mcdium-5%  dialyzed  serum 
at the  permissive  temperature of 33.5 "C for 48 h  for  synchronization at G I  phase ( I ) & )  and  incubated  for 6 h a t  33.5 "C ( B  and D )  or a t   the  
non-permissive  temperature of 39.5 "C (A, C, E& ). Then T-RSA f 1 mg/ml)  containing a large  number (A ) or  a  small  numher f R G  1 of NLS peptides 
was microinjected  into  the  cytoplasm of each cell.  After  further  incuhation a t  33.5 "C ( B  and D i  or 39.5 "C (A, C ,  % G i  for 30 min,  the  cells  were 
fixed. 

T-BSA FCC1 DNA 

I 

tsBN2 c e l l s   a f t e r   t e m p e r a t u r e   s h i f t  to 39.5 "C. tsI3K2 cclls WPTC 

FIG. 2. K i n e t i c   e x p e r i m e n t  on n u c l e a r   i m p o r t   e f f i c i e n c y   i n  

grown at  Xj.5 C in  istrlcucinc-frcc  nwdium l i ~ r  4X h f i r  synchroniza- 

39.5 "C, and  incubated  for 0, 1, 3, or 6 h.  Then T-RSA (1 mg/mli  con- 
tion at GI phase,  transferred  to  the  non-permissive  temperature of 

taining a small  number of NLS peptides  was  microinjected  into  the cy- 
toplasm.  After  further  incubation a t  39.5 "C for 30 min,  the  cells  were 
fixed. The  localization of RCCl was  determined by indirect  immuno- 

molecule  for  use as substrates.  T-BSAcontaininga  large  number 
of peptides  efficiently  accumulated  in  tsBN2 nuclei a t   the  non- 
permissive  temperature of 39.5 "C after injection (Fig. lA), 
which is consistent  with a previous  report (18). On the  other 
hand,  although T-BSA containing a small  number of peptides 
accumulated  efficiently  within 30 min  into  tsBN2 nuclei at the 
permissive  temperature of 33.5 "C (Fig. 1B) and  into BHK21 
nuclei at 39.5 "C (Fig. lF), it did  not  accumulate efficiently into 
tsBN2  nuclei at 39.5 "C (Fig. lC), and  the efficiency varied from 
cell to cell. When  T-BSAcontaining a small  number of NLS pep- 
tides  was  injected  into  G,-arrested  tsBN2  cells a t  39.5 "C, nu- 
clear  accumulation  was  not  detected in any  cells  within 30 min 
after  injection  (Fig. 1E). These  results  indicate  that  nuclear pro- 
tein  import was not  inhibited completely, but its efficiency 
greatly  decreased  in  G,-arrested  tsBN2  cells  cultured at 39.5 "C. 
Therefore,  for  further in, vivo analysis, we used T-BSA contain- 
ing a small  number of NLS  peptides  and  GI-arrested cells. 

To determine  whether RCCl affects  nuclear  import directly, 
we  examined  the  relationship  between loss of RCCl and  nu- 
clear  import efficiency by following the  time  course  after a 
temperature  shift. As shown  in  Fig. 2, after  incubation  at 
39.5 "C for 3 h,  no RCCl could be  detected  immunocytochemi- 
cally. When  the  tsBN2  cells  normally  grown at 33.5 "C are 
transferred  to 39.5 "C, the  guanine  nucleotide  release  protein 
activity of RCCl is  lost  within  20 min.'  However,  microinjected 
T-BSA still  accumulated in some  nuclei of tsBN2  cells  cultured 
at 39.5 "C for 3 h.  These  results  show  that loss of RCCl triggers 
~. -~ _ _ _ ~  

e F. R. Rischoff,  personal  communication. 

fluorescence  using  rhodamine  isothiocyanate-labeled  anti-rabbit IgG as 
second  antihody. 

 at O
S

A
K

A
 S

H
IR

IT
S

U
 U

N
IV

, on O
ctober 2, 2009

w
w

w
.jbc.org

D
ow

nloaded from
 

http://www.jbc.org/


24544 Regulation of Nuclear  Protein  Import in  RCCl  Mutant Cell 

DNA 

FIG. 3. Nuclear protein import in 
tsBN2-BHK21 and tsBN2-A.8-29ts'het- 
erokaryons. tsBN2 cells were co-cul- , . "_. -, I 

turcd  with wild type  BHK21 cells (A)  or 
A8-29ts' cells ( B  and C)  in isoleucine-free 
medium at 33.5 "C for 48 h, transferred  to Phase 
39.5 "C, and  incubated for 6 h.  They  were 
then  fused  using HVJ (Sendai  virus) (31), 
and T-BSA containing a small  number of 
NLS  was microinjected into  the  cytoplasm 
of the  heterokaryons a t  20 minor 3 h  after 
fusion.  After microinjection, the cells were B 20 min 3 h  
incubated a t  39.5  "C for 30 min  and fixed. 
The  subcellular localization of RCCl (A, 
B )  a n d   R a f l C 4  (C) was  determined by 
indirect  immunofluorescence  using rho- T-BSA 
damine  isothiocyanate-labeled  anti-rab- 
bit IgG as second antibody. 

DNA 

F""" - 
Phase ~ 

.. . , .  

the  decrease of nuclear  import efficiency, but  RCCl  itself does 
not  act directly on nuclear  import. 

To examine  whether  the  supply of RCCl  leads  to recovery of 
nuclear  import efficiency in uiuo, we used  the  HVJ  (Sendai 
virus)-mediated cell fusion method (31). After co-cultivation a t  
39.5 "C for 6 h, we constructed  heterokaryons  between wild 
type  BHK21  and  tsBN2 cells and  then microinjected  T-BSAinto 
the cytoplasm. T-BSA microinjected a t  20 min  after fusion  did 
not  accumulate  into  the  tsBN2 nuclei within  30 min after  in- 
jection,  even  in  the  heterokaryon  constructed of six  BHK21 
cells and only one  tsBN2 cell (Fig. 3A, first  column). On the 
other  hand,  as  the  ratio of tsBN2 nuclei to BHK21  nuclei in  the 
heterokaryon  increased,  the  nuclear  accumulation of T-BSA 
into  the  BHK21 nuclei was worse  (Fig. 3A, compare  first  and 
second column). Moreover, T-BSA did not  accumulate  within  30 
min after injection into  either  the  BHK21 nuclei or  the  tsBN2 
nuclei in  heterokaryons  cultured for 3 h a t  39.5 "C after fusion. 
This  is  true even in  heterokaryon  containing only one  tsBN2 
nucleus  and  seven BHK21  nuclei (Fig. 3A, third  column),  al- 

r 

though  the BHK21  nuclei still contain RCCl protein. Similar 
results  (not  shown) were obtained  using  Swiss 3T3 cells. These 
results  indicate that  neither wild type cell cytoplasm  nor nuclei 
restore  nuclear  import efficiency into  tsBN2 nuclei.  They  also 
show that  tsBN2 cell cytoplasm suppressed  import  into BHK21 
nuclei in  trans.  Therefore, loss of RCCl activity may  make 
nuclei incompetent for nuclear protein import,  and a factor  that 
suppresses  nuclear  import  may  accumulate  in  the cytoplasm. 

If an  inhibitory  factor  accumulates in the cytoplasm and  it 
can be  converted there  into  an ineffective form, nuclear  import 
should be restored. Based on this hypothesis, we fused tsBN2 to 
tsBN2 cells transformed  with  an  RCCl cDNA lacking  the NLS 
domain, 88-29. The  latter  have functional RCCl  lacking  its 
NLS  in  both nuclei and  the cytoplasm (30). T-BSA accumulated 
efficiently into  the nuclei of  A8-29ts' cells cultured a t  both 33.5 
and 39.5 "C (Fig.  1G). Just  after fusion at 39.5 "C,  T-BSA did 
not  accumulate  into  the  tsBN2 nuclei within 30  min  (Fig. 3B, 
first column and Fig.  3C, first  column),  similar to the tsBN2- 
BHK21 heterokaryon.  But  in  the tsBN2-A.8-29ts' heterokary- 
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tsBN2 and BHK21 cells. tsBNZ and BHK21 cells were synchronized 
FIG. 4. Nuclear protein  import in digitonin-permeabilized 

in isoleucine-free medium at  33.5 "C for 48 h  and  then incubated at  
39.5 "C for 0 or 6 h. Cells permeabilized with  digitonin were incubated 
with  incubation buffer containing T-APC and normal cytosolic extract at 
30 "C  for 20 min. 

ons  cultured  for 3 h after  fusion at 39.5 "C, microinjected T-BSA 
accumulated  efficiently  into  both  tsBN2  and A8-29ts+ nuclei 
(Fig.  3B, second column and  Fig.  3C, second column). 

Next,  to  confirm  that  the  nuclei of tsBN2  cells  cultured at 
39.5 "C become  incompetent  for  nuclear  protein  import,  we 
used an in vitro semi-intact cell system  (32).  Digitonin-perme- 
abilized  tsBN2  cells  were  incubated a t  30 "C for  20  min  with 
NLS-containing  substrate (T-APC) and  normal cytosol pre- 
pared  from  Ehrlich  ascites  tumor cells. As  shown  in  Fig.  4, 
T-APC accumulated  in the nuclei of permeabilized  tsBN2  cells 
cultured at 33.5 "C  but  did  not  accumulate,  even  in  the  pres- 
ence of normal cytosol, when  the  cells  were  cultured at 39.5 "C 
for 6 h before the in  vitro assay.  These  results  indicate that loss 
of RCCl  in the nucleus  diminishes  import  competence of the 
nucleus  in  living  cells. 

The fusion  experiments  and  the in vitro assay  using  tsBN2 
cells  show that  loss of RCCl  activity  affects  the  import compe- 
tence of nuclei.  They  also  suggest  that a factor  that  suppresses 
nuclear  import  may  abnormally  accumulate  in  the  cytoplasm 
after  the loss of RCCl  activity.  The  only  obvious  difference be- 
tween  BHK21  and  tsBN2  transformed  with an RCCl cDNA 
lacking  the  NLS  is  the  location of RCCl  protein.  Therefore,  we 
supposed that the  abnormally  accumulated  cytoplasmic  sup- 
pressor  could  be  converted  into  an  ineffective  form  by  cytoplas- 
mic  RCC1. 

Because  RCCl  was  found  not  to  directly  affect  nuclear  im- 
port efficiency, we  assumed  that  the  phenomena  observed  due 
to the loss of RCCl  may  be  mediated  by  Ran/TC4. So, we 
examined the subcellular  localization of Ran/TC4 in  tsBN2. 
Ran/TC4  primarily  localized  in  the  nucleus at 33.5 "C, but  after 
a temperature  shift  to 39.5 "C, substantial  Ran/TC4  staining of 
the  cytoplasm  was  detected  in  tsBN2  cells  (not  shown),  consist- 
ent  with a previous  report  (19).  When  the  nuclear  import effi- 
ciency into  tsBN2  nuclei  was  gradually  restored  after  fusion 
with AS-29ts' cells,  Ran/TC4  re-accumulated  in the  tsBN2  nu- 
clei (Fig.  3C, second column). 

We speculate that the  inhibitory  factor  accumulating  in  the 

decrease of a GTP-bound  form  in  the  nucleus  may  cause  import 
incompetence.  From  this  perspective,  our  results  can  be ex- 
plained if a GDP  Ran/TC4 is a cytoplasmic  suppressor  that  may 
be  converted  to a GTP-bound  form by cytoplasmic  RCCl of 
A8-29ts+ cells. The converted  GTP-bound  form  may  then  accu- 
mulate  in  tsBN2  nuclei  to  make  the  nucleus  competent for 
nuclear  protein  import.  This  predicts  that  the  GDP-bound form 
of Ran/TC4  hardly  enters  the  nucleus  even  though  it is small 
enough  to  diffuse  passively  into  the  nucleus,  whereas  the  GTP- 
bound  form of Ran/TC4 can efficiently pass  through  the  nuclear 
envelope. In  addition,  because  RCCl  was  also  detected  in 
tsBN2  nuclei  when  their  import  competence  recovered  (Fig.  3B, 
second column), passive diffusion into  the  nucleus of RCCl 
lacking  its  NLS  and  conversion of the  GDP-bound form to  the 
GTP-bound  form  by  nuclear  RCCl  may  also be required  for  the 
nucleus  to  recover  its  competence. 

It  is  also  possible that inhibitory  factors  other  than a GDP- 
bound  form of Ran/TC4  accumulate.  Further  tests  include  anal- 
ysis of nuclear  protein  import  where  an  NLS-containing  sub- 
strate and  GDP  or  GTP  form of Ran/TC4 are  coinjected into  the 
heterokaryon  and  use of cytosol prepared from tsBN2  cells 
cultured at a non-permissive  temperature  in  digitonin-perme- 
abilized cell nuclear  import  assay. 

Although  the  precise  function of the  RCCl-RanRC4  system 
in  nuclear  protein  import  remains  unclear,  our  study  indicates 
tha t   the  loss of RCCl  function  leads  to a decrease of nuclear 
import efficiency in vivo. The  results  raise  the  possibility  that 
nuclear  import  in  living  cells  may  actually  be  regulated by a 
mechanism  mediated by the RCCl-Ran/TC4  system. 
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