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GARl is a 25-kDa nucleolar  protein  that is essential 
for  yeast cell growth. The protein is associated  with  a 
subset  of  small  nucleolar RNAs and is required  for  pre- 
rRNA processing. By expressing in  yeast  various dele- 
tions of GARl fused  to  a  reporter  protein,  we  have 
searched  for  which  particular  domain  of GARl can ac- 
count  for its nucleolar  localization. We report  here  that 
the  glycinelarginine-rich  domains of GAR1, which  are 
shared by several  other  nucleolar  proteins,  are neither 
sufficient nor  required  for the steady-state accumula- 
tion of the  fusion  protein in the  nucleolus. We further 
demonstrate  that  the  central  domain of GARl is both 
sufficient to target  the  p-galactosidase  to  the  yeast 
nucleolus and  to  restore  the  growth  of  a strain deficient 
in GAR1. As opposed  to  the other characterized  nucleo- 
lar  proteins,  the  nucleolar  targeting  domain  of GARl 
does  not  exhibit  any  homology  with  the SV40 T-antigen- 
type  nuclear  localization  sequence. Moreover,  none  of 
the  modified GARl proteins  that  we  examined has al- 
lowed us to distinguish the  nuclear  and  nucleolar  tar- 
geting domains. The presence in GARl of a single do- 
main  that is responsible  for  both  nuclear  entry  and 
nucleolar  accumulation suggests that GARl either could 
be  carried  piggyback  by  another  nucleolar  component, 
possibly as part  of  a  small  nucleolar  ribonucleoprotein 
particle,  or  could  be  transported  to  the  nucleolus by 
using a  pathway  different  from  the  other  nucleolar  pro- 
teins. 

The  transport of ribosomal and nucleolar  components be- 
tween  the cytoplasm and nucleolus accounts for  a large  part of 
the nucleocytoplasmic traffic in exponentially  growing cells. 
Some of these components are  transported  in only one direction 
(e.g. rRNAs), some  are  transported one time back and  forth (e.g. 
ribosomal proteins), while others  appear  to be shuttled back 
and  forth between the nucleolus and cytoplasm (e.g. B23/N038, 
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nucleolin, Noppl40) (14). Presumably,  ribosomal and nucleo- 
lar  proteins  enter  the  nucleus  through  nuclear pore complexes, 
which are  large  supramolecular  structures providing aqueous 
channels  in  the  nuclear envelope ( 5 ) .  

Karyophilic proteins  have been  shown to  contain  basic amino 
acid stretches that are  termed  nuclear localization  sequences 
(NLSs).’ The presence of an NLS is both  necessary and suffl- 
cient to  determine  nuclear  targeting (6-9). Several ribosomal 
and nucleolar proteins also  contain  a  functional  NLS that al- 
lows them to  enter  the  nucleus (10-14). However, these pro- 
teins  must  carry  additional  signals  that  send  them to the 
nucleolus. Short basic  sequences  sufficient to  target  reporter 
proteins to  the nucleolus have been  identified in  the  retroviral 
proteins  Tat  and Rev of human immunodeficiency virus  (15,16) 
and Rex  of human T cell leukemia  virus  type 1 (17). These 
nucleolar targeting sequences are  “extended NLSs, i.e. NLSs 
flanked by additional basic residues,  usually  arginines.  The 
nucleolar targeting sequence of the Rex protein has recently 
been  shown to  interact  with  the nucleolar  protein B23/N038, 
which could carry Rex piggyback to  the nucleolus  (18). 

However, cellular  nucleolar proteins do not possess  se- 
quences having homology with  the  retroviral nucleolar target- 
ing sequences.  Analysis of the  targeting mechanism of the  nu- 
cleolar transcription factor UBF  has revealed that it contains 
an NLS that allows it t o  enter  the  nucleus,  but  that  its nucle- 
olar accumulation requires a  very large region that includes 
both  the DNA-binding domain  and  the  COOH-terminal acidic 
tail of the  protein (13).  Similarly, the nucleolar  protein B23/ 
NO38 contains two putative NLSs in  the  center of the  protein 
that  are likely  responsible for its  nuclear accumulation. Dele- 
tion of 24 residues  in  the carboxyl-terminal region abolishes the 
nucleolar targeting.  Nevertheless, when this domain is fused to 
a reporter  protein,  it  is  unable  to  target  it to the nucleolus, 
indicating that nucleolar  accumulation requires  other  domains 
of the  protein  (14). Nucleolin, the major  nucleolar  protein in 
vertebrate cells (19, 20), contains a functional  bipartite NLS 
that allows the  entry of the protein into  the  nucleus,  but  its 
targeting to the nucleolus requires  both  the RNA-binding do- 
mains  and  the GAR domain  (21, 22). More recently, NSR1, a 
yeast nucleolar protein  first described as  an NLS-binding pro- 
tein,  has been  shown by Yan and Melese (23) to contain  a 
bipartite NLS that  is sufficient to  send a reporter  protein to the 
nucleus. As shown for nucleolin, the  authors  reported  that nu- 
cleolar accumulation is due  to a  combination of the RNA-bind- 
ing  domains  and  the GAR domain. But,  as opposed to nucleolin, 
they found that  the acidic NH, moiety of the protein also  leads 

GAR domain, glycine/arginine-rich  domain;  snoRNP, small nucleolar 
’ The abbreviations used are: NLSs, nuclear localization sequences; 

ribonucleoprotein  particle;  PCR, polymerase chain  reaction; DAF’I, 4,6- 
diamidino-2-phenylindole; ORF,  open reading frame. 
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to the nucleolar  accumulation of the  reporter protein.  Taken 
together, these  results  have led to  the proposal that nucleolar 
accumulation  works in two steps. A  nucleolar protein would be 
first transported to  the nucleoplasm due  to  its NLS, and  then 
one or several  functional  domains that  interact(s) specifically 
with  other nucleolar  components would allow it to  accumulate 
within  the nucleolus. It has been  reported that  other nuclear 
components are  accumulated  in  their own compartments by a 
similar mechanism.  For instance,  the splicing  factors SU(W') 

and tra contain an  argininelserine-rich  domain that  is  able  to 
target  them  to  the  subnuclear  compartments implicated in 
splicing (24). Similar mechanisms operate  in  the  targeting of 
lamins  to  the  inner  nuclear  membrane (25) and of  DNA meth- 
yltransferase  to replication foci (26). 

Two other nucleolar proteins containing  a GAR domain, 
NOPlIfibrillarin (27, 28) and  GARl (291, are  essential for cell 
viability in Saccharomyces cerevisiae and  are  required for nor- 
mal pre-rRNA processing (29-32). Both  NOPlIfibrillarin and 
GARl  have been shown to be associated with  the  small nucle- 
olar RNAs. By analogy with the particles involved in splicing, 
the  small  nuclear ribonucleoproteins  particle, these ribonucleo- 
protein complexes are  referred  to as snoRNPs. It  has been 
reported  that  the different U small  nuclear RNAs are  not  all 
transported  to  the nucleus by the  same mechanism (33) and 
that at least one protein of the  U1  small  nuclear ribonucleo- 
protein  particle, UlA, possesses a domain for nuclear accumu- 
lation  that  has a  very unusual sequence (34). Moreover, it has 
been  recently demonstrated  that  the  nuclear  transport of the 
small nucleolar RNAU3 is not  inhibited by either  trimethyl cap 
or synthetic NLSs, indicating  that it is likely to be transported 
by a different pathway (35). These observations have prompted 
us  to  investigate how the  proteins of the snoRNPs are  trans- 
ported to  the nucleolus. 

We report  here  that  the  minimal domain of GARl  that  is  able 
to  send a reporter  protein  to  the nucleolus does not  contain  any 
sequences  resembling the SV40 T-antigen-type NLS. Other  nu- 
cleolar proteins  that  have been examined all possess distinct 
signals for nuclear  transport  and nucleolar  accumulation. In 
contrast, none of the  GARl  mutants  that we examined have 
lost the ability to  accumulate  within  the nucleolus  while re- 
taining  the  nuclear  transport ability, indicating  that,  in  this 
series of experiments,  the  nuclear  and nucleolar targeting ac- 
tivities of GARl  are  indistinguishable.  The observation that 
GARl  contains a single  domain that is responsible for these two 
activities suggests  that  GARl  either  is  carried piggyback by 
another nucleolar component or is transported to  the nucleolus 
through a specific pathway, distinct from the  general nucleocy- 
toplasmic  traffic.  These results shed some light on the complex- 
ity of the mechanisms of protein  trafficking  between the cyto- 
plasm and nucleolus. It is conceivable that  the nucleolar 
accumulation of GARl could serve as a model for the  transport 
of other nucleolar  proteins.  like fibrillarin,  that also do not 
possess a  consensus NLS. 

MATERIALS AND METHODS 

Yeast Strains  and Media-The S. cereuisiae diploid strain YO11 
(2239-6B6B, kindly provided by B. J .  Stevens)  (MATaIa,  HO,  ade21 
adel,   hisl lhisl ,   leul/ leul2,   lys2/lysl ,   ura3lura3, CAN') and haploid 
strain GAL::garl (MATa, ade2,  his3, lys2, trpl,  ura3, CAN', 
URA3::GALlO::garl) were  used as host  strains  in  all  experiments.  The 
haploid strain GAL.::garl is a derivative  ofYNN281 (MATa, ade2,  his3, 
lys2, trpl,  ura3, CAN+) in which the chromosomal  GARl  gene has been 
placed under  the  control of an  inducible GAL10 promoter  (29). Yeast 
transformation  was  performed by the LiCl/polyethylene glycol method 
(36). Strains  were  grown  in YPD liquid  medium  plates  containing 1% 
yeast  extract, 2% Bacto-peptone, 2% glucose or  selective  medium  plates 
complemented  with  the  appropriate  nutrients (SD medium: 2% glucose, 
0.7% yeast  nitrogen  base;  or  SG  medium:  2%  galactose,  0.7%  yeast 
nitrogen  base  plus  nutritnts). 

TABLE I 
List of plasmids  used in this  study 

each  plasmid,  and  the  right column indicates  the  origin of the  GARl 
For  the  localization  experiments,  the  left  column gives the  name of 

fragment  inserted  in  this  plasmid. pBL1211 contains  the  entire  GARl 
ORF  fused  to the 0-galactosidase ORF, and  pJPG62  has only the P-ga- 
lactosidase ORF. The  other  plasmids,  pJPG36  through  pJPG101,  har- 
bor various  deletions of the  GARl  ORF  fused  to  the  p-galactosidase 
ORF. These  deletions  have  been  obtained  either by using  restriction 
enzymes  (pJPG36  and  pJPG34) or by cloning DNA fragments  amplified 
by PCR using  the  primers  as  indicated  (see  also  "Materials  and  Meth- 
ods"). For  the  complementation  experiments,  the  conditions  were  the 
same as described  above,  except that  the  GARl  proteins  were  not pro- 

the  GARl  ORF  were  obtained  either by digestion  with  restriction  en- 
duced as fusion  proteins  with  p-galactosidase.  The  various  deletions of 

zymes or by PCR amplification  with the  primers  indicated  in  the  right 
column. 

Plasmid names Origin of GARl fragments 

Localization experiments 
pBL1211 
pJPG62 
pJPG36 pBL1211 deleted of BglI-BglI 

pJPG34 
pJPG73 PCR: 4K15 e P-GAL" 

pBL1211 deleted ofXbaI-TthlllI 
pJPG95 
pJPG96 

PCR: 4K10 e 4Kl l  

pJPG99 
PCR 4K10 e 4K14 

pJPGlOO PCR: 4K16 e 4K19 
PCR 4K16 e 4K14 

pJPGlOl PCR: 4KlO e 4K19 

GARl  fused to  p-galactosidase 
P-Galactosidase only 

Complementation  experiments 

pJPG67 
pJPG53 
pJPG64 

pJPG65 
pJPG69 

pJPG66 
pJPG78 
pJPG68 
vJPG71 

PCR:  4K13 e p-GAL 
No insert 

PCR 4K13 e 4Kl l  
PCR: 4K10 e 4Kl l  
PCR: 4K10 e 4K14 
PCR: 4K10 e 4K19 
pJPG67  deleted of XbaI-TthlllI 
PCR 4K16 e 4K14 

PCR 4K10 e P-GAL 

a &Galactosidase. 

Construction and  Expression of GAR1-P-Galactosidase Fusion  Pro- 
teins in Yeast-To express  GARl  proteins  fused  to  p-galactosidase  in 
yeast, a 3.1-kilobase  BamHI  fragment from plasmid pMC1871 (Phar- 
macia Biotech Inc.)  encoding  Escherichia coli P-galactosidase  was 
cloned into  the  BamHI  site of plasmid pBL1206, in  which  the  termina- 

BamHI  site  to give plasmid pBL1207 (37). A 4.9-kilobase NheI-Hind111 
tion codon  of the  GARl  gene  has  been  mutagenized  and  replaced by a 

fragment  containing  the  GARl  5'-flanking region-GAR1-P-galactosid- 
ase-GAR1 3"flanking  region  was excised from this plasmid  and cloned 
between  XbaI  and  HindIII  sites of yeast  centromeric vector pFL38 
(kindly provided by F. Lacroute)  (38)  to give plasmid pBL1211. When 
transferred  into  yeast,  this  plasmid  directs  the  expression of a GAR1- 
P-galactosidase  fusion  protein. Two deletions  within the GARl coding 
region  were  obtained by deleting  plasmid pBL1211 of the 171-base  pair 
XbaI-TthlllI  fragment (plasmid  pJPG34)  or the 486-base  pair  BglI- 
BglI  fragment  (plasmid  pJPG36) (Table I). Various deletions of the 
GARl coding sequence  were  obtained by using PCR amplification  and 
cloning of the  resulting  fragments  into  the  expression vector pJPG62 
(Tables I and 11). This vector contains  the  GARl  promoter, a unique 
BamHI cloning site,  the P-galactosidase coding sequence,  and  the  GARl 
polyadenylation  sequences  and  was  constructed as follows. The  BamHI 
site  at  the 3'-end of the P-galactosidase coding region was  destroyed 
after  partial  digestion of plasmid pBL1207 with  BamHI. A 1.1-kilobase 
BstBI-BamHI  fragment  corresponding to  the  GARl  promoter  and cod- 
ing region  was  then  replaced by a 400-base  pair  BstBI-BamHI  fragment 
obtained by PCR that contains  the  promoter  region  and  the  first five 
codons of the  GARl  gene (37). A 4.3-kilobase BstBI-Hind111 fragment 
containing  the  GARl promoter, the  unique  BamHI cloning site,  the 
p-galactosidase coding sequence,  and  the  GARl  polyadenylation  se- 
quences  was excised from this  latter plasmid and  inserted  between 
NarI  and  HindIII  sites of yeast  centromeric vector pFL38  to  create 
plasmid  pJPG62.  GARl  deletion  derivatives  were  amplified by PCR 
from  plasmid pBL1207 using  a  PHC I1 thermocycler (Techne) and  PFU 
polymerase  (Stratagene)  according  to  the  supplier's  instructions  and 
following the following sequence:  one cycle at 94 "C for 5 min; 30 cycles 
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Nucleolar  Targeting of the  snoRNP  Protein GARl 
TABLE I1 

Primers used for PCR  amplification of various  GARl 
deletion mutants 

In  the  upper  panel,  the  left column summarizes  which  part of the 
GARl ORF is  amplified  with the corresponding set of primers,  which 
are  indicated  in  the two columns on the  right  (forward  and  backward 
primers).  In  the lower panel,  the  actual  sequences of the  primers  used 
in this  study  are given,  and  the  BamHI  cloning  site that   has been 
inserted at   the  end of the amplified  fragment  is  underlined. 

GAR1 domains amplified Forward 
primer 

Backward 
primer 

N-GMcorehasidC-GAR 4K13 p-GAL" 
N-GMcorehasid- - - - 4K13 4Kl l  
_"_  /corehasidC-GAR 4K10 P-GAL 
-""- hasidC-GAR 4K15 P-GAL "_ /corehasic/- - - - - 4K10 4Kl l  

- - 45'/core/- - - - - - - 4K16 4K14 
/corel3' - - - - - - 4K10 4K19 

- - -/core/- - - - - - - - 4K10 4K14 

_ "  
- -45'/corei3'- - - - - - 4K16 4K19 

Primer P-GAL 5'-GACCGCTTTCCCCCTACA-3' 
Primer 4K10 5'-CCCGGATCCTGGACGTACAGGCAGTGCT-3' 
Primer 4 K l l  5'-CCCGGATCCCCACCTGGGGCACCACTTC-3' 
Primer 4K13 5'-CCCGGATCCTTTCAGAGGAGGTAATAG-3' 
Primer 4K14 5'-CCCGGATCCGGTAAAAATCTTTCAATAG63' 

Primer 4K16 5'-CCCGGAnCCGTTCTATCAACACTAAG-3' 
Primer 4K19 S'-CCCGGA-TSGCTTGGACACCGTCACC-3' 

Primer 4K15 5'-CCCGGAnTAAGCCTAAGGTGGTAG-3' 

" P-Galactosidase. 

at 94 "C for 1 min, at 37 "C for 1 min,  and a t  72 "C for 2  min;  and  one 
cycle at 72 "C for 5 min.  The  primers  used for PCR amplification are 
listed  in  Table 11. The PCR fragments  were  purified,  digested  with 
BamHI,  and cloned into  the  BamHI  site of plasmid  pJPG62.  The  plas- 
mids  containing  the  various  deletions of the  GARl  gene  fused  to  the 
P-galactosidase  gene  were  transferred  to  the S. cerevisiae diploid strain 
YOU. 

Immunoblotting and  Indirect Immunofluorescence Microscopy-The 
expression of the fusion proteins  was  monitored by Western blot anal- 
ysis  performed  using  standard  methods  (39).  The  subcellular location of 
wild-type  and  mutant  GAR1-p-galactosidase  hybrid  proteins  was  as- 
sessed by double  labeling  with DAPI and  p-galactosidase  indirect  im- 
munostaining.  Indirect  immunofluorescence microscopy was  performed 
on formaldehyde-fixed  yeast cells as described  (40),  with the following 
modifications.  Transformants  were grown in  10  ml of minimal  medium 
with 2% glucose and  subcultured for -4 h  to  an A,, nm of 0.4-0.8 in  30 
ml of YPD-rich medium.  Cells  were fixed for 2  h a t  room temperature  in 
3.7%  formaldehyde,  0.1 M potassium  phosphate buffer, pH 6.5. Cells 
were  then  harvested by centrifugation a t  3000 x g  for 5 min  and  washed 
three  times  with 10 ml of SP  buffer (1.2 M sorbitol,  0.1 M potassium 
phosphate buffer, pH  6.5).  After  the  third  wash,  the fixed cells were 
resuspended  in 1 ml of SP  buffer  containing  25 mM 2-mercaptoethanol, 
20 p1 of zymolyase (20T, Sigma) at 12.5 mg/ml, and  40 p1 of Glusulase 
(DuPont  NEN).  After 1 h of digestion a t  37 "C, the cells were  harvested 
by centrifugation at 1000 x g for 5 min,  washed  with 5 ml of SP  buffer, 
and  resuspended  in  0.5  ml of SP  buffer. Fixed and  permeabilized  yeast 
cells were  attached  to poly-L-lysine-coated coverslips  and processed for 
immunofluorescence microscopy by incubation for 30  min  with  a  mouse 
monoclonal antibody  to  p-galactosidase  (Promega)  diluted (150)  in PBT 
(phosphate-buffered  saline, 1% bovine serum  albumin, 0.1% Triton 
X-100). The cells were then washed  in  PBT  and  incubated for 30 min 
with  secondary  antibody  (Texas Red-labeled goat  anti-mouse IgG, Am- 
ersham  Corp.)  diluted  (1:50)  in PBT. After  extensive  washing  in phos- 
phate-buffered  saline,  samples  were  mounted  in Mowiol containing  0.5 
pg/ml DAPI and viewed on a Leitz microscope. 

Functional  Analysis of GARl by Complementation Tests-To express 
GAR1 deletion  derivatives  in S. cerevisiae strain GAL::garl,  we used 
the expression vector pJPG53  (37).  This vector contains  a  unique 
BamHI  cloning  site  inserted  between  promoter  and  polyadenylation 
signals of the  ScGARl  gene  and  the  yeast  ARS-CEN  sequences for 
replication  and  maintenance a t  low  copy number.  GARl  deletion de- 
rivatives  generated by PCR (see above and  Tables  I  and 11) were  in- 
serted as  BamHI  fragments  into  the  BamHI  site of plasmid  pJPG53. 
The  ability of the  GARl  deletions  to  rescue  the GAL::garl strain  was 
examined on SD  plates  containing 2% glucose. 

18501 

The  GARl ORF was fused  to  the coding region of p-galactosidase,  and 
FIG. 1. Targeting of E. coli p-galactosidase  to  yeast nucleolus. 

the  resulting  protein  (pBL1211)  was  expressed  in  the  yeast diploid 
strain YO11 as described  under  "Materials  and Methods." A,  formalde- 
hyde-fixed yeast cells were  labeled  with DAPI, the  staining of which 
indicates  the position of the nucleus. B,  indirect  immunofluorescence 
microscopy was performed using  a monoclonal antibody  to p-galacto- 
sidase  and Texas Red-conjugated  goat  anti-mouse IgG. The  arrowheads 
point  to the  yeast  nucleolus.  Bar, 5 pm. 

RESULTS 

E. coli P-Galactosidase Fused to GARl Is Accumulated 
within the Nucleolus-We have previously shown by indirect 
immunostaining with affinity-purified anti-GAR1 antibodies 
that  GARl  is specifically localized within the  yeast nucleolus 
(29). To study  the  determinants of GARl that could account for 
its nucleolar localization, we expressed yeast chimeric proteins 
resulting from the fusion of GARl  with the P-galactosidase 
reporter protein and  then  assessed  the subcellular localization 
of the chimeric  proteins by indirect immunofluorescence. To 
reduce the potential toxic effects of the overexpression of the 
fusion  proteins (401, the hybrid  genes were placed under  the 
control of the  natural GARl promoter on a centromeric vector 
and  then introduced into  yeast diploid cells. Immunoblotting 
with  an antibody to P-galactosidase revealed that  the fusion 
proteins are efficiently expressed in  these cells (see Fig. 2 0 .  
The  yeast nucleolus, which has a dense  crescent shape,  is 
closely associated  with the nuclear membrane  and  is only 
lightly stained by DNA staining dyes  (41, 42). A chimeric pro- 
tein formed by the fusion of the  entire wild-type GARl protein 
(residues 1-205) with the 1013  residues of p-galactosidase ac- 
cumulates within the  yeast nucleolus  (Fig. l), similar  to  the 
wild-type GARl protein  (29). In  contrast, when P-galactosidase 
is expressed in  yeast,  the protein remains  in  the cytoplasm (43). 
Therefore, we concluded that  GARl  is  able to target P-galacto- 
sidase  to  the  yeast nucleolus. 

GAR Domains Are Not Required for Nucleolar Targeting of 
GARl-To define the sequences involved in nucleolar targeting 
of GAR1, a series of deletions of GARl were fused to the P-ga- 
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lactosidase reporter gene and expressed in  yeast,  and  the ex- 
pression of the fusion proteins  was monitored by Western  blot 
analysis  using a monoclonal antiserum  directed  against  the 
bacterial  protein. By visual  examination of the  amino acid se- 
quence, GARl  appears  to be composed of four  different domains 
(Fig. 2 A ) :  a small  amino-terminal GAR domain (N-GAR), a 
104-amino acid central domain (CORE) not significantly re- 
lated to  any  other  protein sequences in  the  current  data  bases, 
a small basic  domain ( B A S I C )  that  is rich in lysine and proline 
residues  and  that  resembles  the SV40 T-antigen-type NLS (6, 
7, 9),  and a  long  carboxyl-terminal GAR domain (C-GAR) (29). 

Since at  least  three  other nucleolar proteins from S. cereui- 
siae possess  a GAR domain, we have  investigated  whether  this 
domain is required for accumulation  in  the nucleolus. To 
achieve this,  three chimeric  fusion genes, called pJPG36, 
pJPG73,  and  pJPG34, were constructed  (Fig.  2B),  and  the ex- 
pression of the corresponding  polypeptides was confirmed by 
Western  blot analysis  using a serum  raised  against P-galacto- 
sidase  (Fig.  2C).  Then,  the localization of the fusion proteins 
was  assessed  using  the  same  serum.  In  the first construct 
(pJPG36), a large deletion in  the  central  part of GARl  (residues 
14-174) results  in  the fusion of the N-GAR and C-GAR  do- 
mains, which are  themselves  linked  to  the  reporter  protein. 
The  resulting protein is cytoplasmic, indicating  that motif(s) 
essential for nuclear  entry  have been  deleted (Fig.  3C). 

To test  whether  the presence of the basic domain  is  required 
for nuclear  transport of the fusion protein prior to  its accumu- 
lation  within  the nucleolus, two other  constructs were tested. 
One contains  the basic domain  linked  to  the C-GAR domain 
plus  P-galactosidase (pJPG73),  and  the  other  contains  the N- 
GAR, basic, and C-GAR domains  plus P-galactosidase 
(pJPG34)  (Fig. 2, B and C). The two  chimeric proteins  pJPG73 
(data not shown)  and  pJPG34 (Fig. 3, A and B )  remain  in  the 
cytoplasm, indicating  that  the  deletions  have affected the 
nuclear  targeting  domain of GAR1. The observation that  the 
proteins  are  not  transported to the  nucleus  indicates  that  the 
GARl basic  domain is  not a functional NLS. Another  construct 
was  prepared  (pJPG95) by removing  exactly the two GAR do- 
mains,  leaving  the core and basic domains  linked  to P-galacto- 
sidase  (Fig. 2, B and C). The  resulting  protein clearly  accumu- 
lates  within  the nucleolus, indicating  that  the GAR domains 
are not required for nucleolar targeting  (Fig. 3, D and E ) .  

The Core Domain  of GARl Is Necessary  and  Sufficient  for 
Nucleolar  Accumulation-To delineate  further  the  domain re- 
sponsible for the nucleolar  localization of GAR1, another  set of 
deletions was  prepared (Fig. 4A ), and  their expression in  yeast 
was  assessed  (Fig. 4B ). Construct  pJPG96, which retains only 
the core domain of GARl  (104  residues) fused to P-galactosid- 
ase (Fig. 4, A and B ) ,  is  still able to  accumulate  the  protein 
within  the nucleolus (Fig. 5, A and B ) .  This  result  indicates 
that  the core domain contains  all  the  information  necessary for 
nucleolar targeting  and does not  require  the basic  domain. To 
characterize  further  the nucleolar targeting  determinants of 
GAR1, three  different  constructs were made by deleting  into 
the core domain of GARl  (pJPG99, pJPG100, and  pJPG101) 
(Fig. 4A), and  the corresponding fusion proteins were ex- 
pressed in  yeast  (Fig. 4B ). Immunocytochemistry  performed 
with the  yeast  transformants revealed that none of these hy- 
brid proteins  are  targeted to the nucleolus (Fig. 5, D and F ) .  
Similarly,  a  deletion within  the core that removed amino  acids 
40-95 (construct  pJPG34) abolishes the nucleolar  localization 
(Fig.  3B).  These  results  indicate  that  amino  acids 21-124 en- 
compass the nucleolar targeting  domain of GAR1. 

To eliminate  the possibility that  mutant  proteins  can be 
transported by forming heteromultimers  with  the wild-type 
protein, we tested  the nucleolar targeting  activity of the core 
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No 

FIG. 2. Schematic summary of GAR1-P-galactosidase fusion 
protein constructs. A ,  schematic  representation of the  GARl  protein. 
The black boxes represent  the GAR domains (N-GAR and C-GAR). The 
hatched box denotes  a region rich in  basic  residues which is reminiscent 
of the  nuclear localization sequence (BASIC). The core domain of the 
protein  is  represented by an open box (CORE). The  numbers below the 
drawing  indicate  the  positions of the  amino  acids  bordering  each do- 
main. B, structure of the  various GAR1-P-galactosidase constructs.  The 
GARl  domains  are  represented  as described above, while the p-galac- 
tosidase is represented by shaded  interrupted boxes. The  names of the 
constructs  are given on the left (see  also  Table I), and  the  results of the 

right (No, nucleolus; Cy, cytoplasm).  The numbers below each drawing 
localization experiment for each fusion protein are indicated on the 

indicate  the  positions of the  deletions  and  refer  to  the  amino acid posi- 
tions  in  the  wild-type  GARl  protein  sequence. C, Western blot analysis 
of the fusion proteins. Total yeast  extracts  were  separated on an 8% 
SDS-polyacrylamide gel prior  to  transfer onto a nylon filter. Lane 1, 

4 ,  pJPG73;  lane -5, pJPG34; lane 6 ,  pJPG95.  Sizes of the molecular mass 
pBL1211; lane 2, pJPG62  (P-galactosidase  alone); lane 3, pJPG36; lane 

markers  are given on the left. 

domain in a  haploid GAL.:.garl strain  (29) grown in glucose 
medium in which the wild-type GARl protein is no longer syn- 
thesized. Expression of the core-P-galactosidase fusion protein 
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FIG. 3. GAR domains  of  GARl pro- 
tein are neither sufficient nor re- 

D, DAPI staining of formaldehyde-fixed 
quired fo r  nucleolar targeting. A and 

yeast  cells  indicating that both  nuclear 
and mitochondrial DNAs are  stained; B,  
C, and E ,  indirect  immunofluorescence 

galactosidase. A and B,  pJPG34; C, 
staining  with a  mouse monoclonal anti-p- 

pJPG36; D and E, pJPG95.  The insets in 
D and E correspond  to  a  different field of 
the  same  slide. Arrowheads indicate  the 
position of the nucleolus that corresponds 
to the  part of the nucleus  lightly  stained 
by DAPI. Bar, 4 pm. 

in  this  strain  leads  to a slow growth phenotype in glucose- 
containing  medium; however, the fusion protein  is efficiently 
targeted  to  the nucleolus (data  not shown). We concluded from 
all  these  data  that  the core domain of GARl  is  both  necessary 
and sufficient to  accumulate E. coli P-galactosidase in  the  yeast 
nucleolus. 

The Core Domain of GARl  Fulfills  the  Essential  Functions of 
the Protein-The ability of GARl deletion derivatives to  sup- 
port  the growth of a mutant deprived of wild-type GARl was 
assessed  in  the  recombinant  strain GAL::garl, which contains 
an inducible ScGARl  gene, as indicated above (29). We exam- 
ined which of the  GARl deletions  were able  to  rescue  the cells 
on glucose (Fig. 6, A and B ) .  A plasmid  encoding  a wild-type 
GARl  protein rescued the cells,  while the  transformants car- 
rying  the vector without  insert were unable  to grow on glucose. 
Growth of the GAL::garl cells transformed by a mutant  GARl 
deleted of either  the N-CAR or C-GAR domain,  the two GAR 
domains, or both  the GAR domains  and  the basic  domain was 
similar  to that  of cells transformed  with a  wild-type GARl 
gene. On  the contrary, cells expressing  GARl  proteins deleted 
of the carboxyl-terminal, central, or amino-terminal  parts of 
the core domain were unable  to grow on glucose. These experi- 
ments  demonstrate  that  the  GARl core domain, which medi- 
ates nucleolar targeting,  is  necessary  and sufficient to fulfill all 
GARl essential functions in vivo. 

DISCUSSION 

In  this  study,  the  mechanism of nucleolar transport  has been 
investigated,  and a domain of the nucleolar protein  GARl that 
is sufficient to  target a large  reporter  protein  to  the nucleolus 
has been characterized.  Previous  studies on nucleolar trans- 
port, performed with  cellular  proteins,  have led to  the consen- 
sus model that nucleolar uptake  is a  two-step process, which 
starts  with  the  transfer of the  protein from the cytoplasm  to the 
nucleoplasm, followed  by its accumulation within  the nucleo- 
lus.  UBF (131, B23N038  (14), nucleolin  (21,221, and  NSRl(23) 
all  contain an NLS that  has been  shown to be required for 
nuclear  transport. Therefore, we looked for the  signals respon- 
sible for the  nuclear  uptake of  GAR1. The basic domain  was an 
obvious candidate since it  contains a  9-amino  acid motif, PK- 
PKNKKKR, that  resembles  the NLSs from other  nuclear pro- 
teins (6, 7). However, two different fusion proteins  containing 
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domain  of GARl fused to Egalactosidase. A ,  details  are  as de- 
FIG. 4. Structure and expression of various deletions of core 

scribed  in  the  legend to Fig. 2, with the  names of the  constructs on the 
left and  the  results of the localization experiments on the right (No, 
nucleolus; Cy, cytoplasm). B ,  Western  blot  analysis of the fusion pro- 
teins. Lane 1, pJPG96; lane 2, pJPG99; lane 3, pJPG100; lane 4, 
pJPG101.  Size  markers  are  shown on the left. 
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A 

FIG. 5. Core  domain of GARl is necessary and sufficient to 
target E. coli P-galactosidase to yeast nucleolus. A, C, and E ,  DAPI 
staining of formaldehyde-fixed yeast cells; B ,  D ,  and F,  indirect  immun- 
ofluorescence staining of the  same cells with  a monoclonal antibody  to 
0-galactosidase. A and B,  pJPG96.  The core domain-0-galactosidase 
fusion protein  is localized in the nucleolus (urrowheuds). C and D, 
pJPG99.  Nucleolar  targeting  is  abolished by the deletion of the se- 
quences near  the NH, terminus of the core domain. E and F, pJPG101. 
The  same localization was  used as  described for pJPG99. Bur, 4 pm. 

this domain (pJPG73  and  pJPG34) (Fig. 3 B )  were not accumu- 
lated  in  the  nucleus,  indicating  that  this basic  domain does not 
constitute a functional NLS. Moreover, the basic  domain of 
GARl  can be deleted  without affecting the  transport of the 
fusion  protein  to the nucleolus. The  remainder of the protein 
does not  contain  any  putative classical  NLSs (7) or a bipartite 
NLS (44). Another  type of very  atypical  NLS could be present  in 
GAR1, as  is  the  case for UlA, which contains a large  nuclear 
targeting sequence that encompasses the  central 110 amino 
acids of the  protein (34). 

The  current model is  that once a  nucleolar protein  has been 
transferred  to  the nucleoplasm, it would then diffuse and ac- 
cumulate  within  the nucleolus by means of retention  domains 
that  are prone to  interact  with some other nucleolar compo- 
nents. According to this hypothesis, different nucleolar proteins 
are  not expected to  contain a unique  type of nucleolar targeting 
signal,  but  virtually  any  domain of a  nucleolar protein engaged 
in a specific contact  with  another nucleolar  component could be 
able to constitute a “retention signal.” This  hypothesis could 
explain  why the  several nucleolar targeting  domains  that  have 
already been characterized  in  cellular nucleolar proteins  are 
rather  large  and poorly defined and do not  share a simple 
consensus motif. Recent studies  have  reported  that  the GAR 
domains of two other nucleolar proteins, nucleolin and  NSRl 
(21-23), are involved in nucleolar accumulation. We have  re- 
ported here  that  the two GAR domains of GAR1, which are 
located on the two sides of the  protein,  can be removed without 
impairing  the nucleolar uptake of the fusion protein.  There  is 
no  discrepancy  between this  result  and  the  data  obtained for 
nucleolin and  NSRl since, in  all  the  cases  studied,  the GAR 

B 
NGAR CORE BASIC CGAR 

wt pGARl 1 G- 21 124 146 205 3’GARl 

D 

E 

F 
FIG. 6. Nucleolar targeting domain of GARl is sufficient for 

cell viability. The  ability of GARl  deletion  derivatives  to  complement 
the lack of wild-type GAR1 in S. cereuisiue was  assessed in the  test 
strain GAL,::gurl. A, the  growth  phenotype of the  various  mutants  was 
tested on glucose minimal  medium  plates  and  compared  with positive 
and  negative control transformants. B,  schematic  summary of the  vari- 
ous mutant  proteins  (see Fig. 2 legend for details). cut, positive control 
transformant  pJPG67  (GARl  cDNAin  plasmid  pJPG53); null, negative 
control transformant  pJPG53  (GAR1  5”flanking region-GAR1 3’-flank- 
ing region in  plasmid  pFL39). A-F, GAR1 deletion  derivatives  inserted 
into  plasmid  pJPG53. A, plasmid pJPG64; B,  pJPG69; C, pJPG65; D, 
pJPG66; E ,  pJPG78; F, pJPG68. 

domain was never  sufficient to  target a reporter  protein  to  the 
nucleolus, but would rather play an accessory role in  this proc- 
ess. The GAR domain of nucleolin has been shown to assist  the 
RNA-binding domains  in  the  interaction of nucleolin with pre- 
rRNAin vitro (45). Therefore, it  is likely that  its involvement in 
nucleolar targeting  is  actually  indirect, by facilitating  the  in- 
teraction between the RNA-binding domains of nucleolin and 
their  targets on nucleolar pre-rRNA. According to  this view, the 
actual nucleolar targeting sequence of nucleolin would  be the 
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FIG. 7. Alignment of core domain of S. cereuisiae GARl with its 
S. pombe equivalent. Numbering above the sequence  refers  to the 
wild-type S. cereuisiae GARl  amino acid sequence.  The S. cereuisiae 
sequence  is  given  in  upper-case  letters (above). In  the S. pombe sequence 
(below), the  residues  identical to those of S. cereuisiae are  represented 
by dashes,  while  the  ones  that  are  different  are  in lower-case letters,  and 
three  gaps  have  been  inserted to optimize the  alignment  (represented 
by dots).  The  boundaries of the two mutants  that  have  lost  the  ability  to 
target  the  reporter  protein  to  the  nucleolus  (pJPG99  and  pJPG101)  are 
indicated by arrows. 

RNA-binding domains,  while the GAR domain would have only 
a helper function. 

The  results  presented  here  indicate  that  the two GAR do- 
mains as well as the basic domain of GARl  are not required for 
its nucleolar uptake, which can therefore be achieved by the 
core domain alone. Moreover, the  entire core domain (-100 
residues)  seems  to be required since deletions on either side of 
the core as well as  an  internal deletion result  in cytoplasmic 
accumulation. The core domain is not  significantly related  to 
other protein  sequences in  the  current  data bases. However, 
alignment of the protein  sequence of GARl from S. cerevisiae 
with its Schizosaccharomyces  pombe counterpart indicates that 
the core domain has been very well conserved during evolution 
(37),  with  nearly 60% identity between the two species (Fig. 7). 
Such  a  high  degree of conservation suggests  an  important role 
for this region. The  importance of the core domain is  further 
revealed by the fact that  the core domain is necessary and 
sufficient not only to  mediate nucleolar targeting,  but also to 
rescue the growth of a cell depleted in GAR1. 

Our  data reveal two unusual  features  in  the mechanism of 
GARl nucleolar targeting as compared with  other cellular nu- 
cleolar proteins. First,  the core domain of GARl does not con- 
tain  any classical NLSs. Second, none of our mutants allowed 
us  to  distinguish between the  nuclear  and nucleolar targeting 
activities of  GAR1. 

The first hypothesis that could explain the  unusual  features 
of the nucleolar uptake of GARl  is  that  GARl is transported 
piggyback by another nucleolar  component, either a nucleolar 
protein or as part of a snoFtNP. The  small nucleolar RNAs, like 
the nucleoplasmic small  nuclear RNAs (46), are believed to be 
exported to  the cytoplasm after completion of their  synthesis in 
the nucleus. Once in  the cytoplasm, they would associate with 
the snoRNP proteins before being  reimported to  the nucleus as 
a ribonucleoprotein complex (47). In vivo, GARl is associated 
with a t  least two different yeast  small nucleolar RNAs, snRlO 
and snR30 (29). Therefore, GARl could be transported  to  the 
nucleolus as part of a ribonucleoprotein  particle containing 
snRlO  and/or snR30. Another possibility would be that  GARl  is 
carried piggyback by another nucleolar  protein  like, for in- 
stance,  NSRl (48) or the equivalent in  yeast of nucleolin, B23/ 
NO38 (l), or Noppl40 (2), but  there  is no evidence that  GARl 
interacts  with one of these proteins. 

The second hypothesis to explain the nucleolar uptake of 
GARl is that its nucleolar transport could occur through a 
specific pathway, distinct from the  general nucleocytoplasmic 
traffic. In S. cerevisiae, the nucleolus is closely associated  with 
the  nuclear  membrane (411, and  there  is evidence that  in 
higher  eukaryotes,  the nucleolus could also be attached  to  in- 
vaginations of the  nuclear  membrane (49). In  yeast,  the  nuclear 

envelope attached  to  the nucleolus is enriched in  nuclear pore 
complexes (50), raising  the possibility that some nucleolar and 
ribosomal components could be transported  through special- 
ized pore complexes. The  recent  demonstration  that  the  trans- 
port of the  U3  small nucleolar RNA from the cytoplasm to  the 
nucleolus occurs by a mechanism distinct from the  other 
nuclear  transport mechanisms (35)  suggests  the existence of 
specific pathways for nuclear  and nucleolar targeting of 
snoRNP components. These pathways could depend  upon sig- 
nals different from the classical NLSs, which therefore would 
explain why GARl does not possess such signals. The existence 
of a short  cut between the nucleolus and cytoplasm for certain 
nucleolar components would allow their  transport to  be faster 
and more accurate  than diffusion through  the nucleoplasm. 
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