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Abstract. The Saccharomyces cerevisiae gene, RNA1, 
encodes a protein with extensive homology to the 
mammalian Ran/TC4 GTPase activating protein. Using 
indirect immunofluorescence microscopy, we have 
demonstrated that rnal-1 mutant cells are defective in 
nuclear import of several proteins. The same result is 
obtained when nuclear import is examined in living 
cells using a nuclear protein fused to the naturally 
green fluorescent protein. These findings suggest a role 
for the Rna lp  in trafficking of proteins across the nu- 
clear membrane.  To investigate this role more directly, 
an in vitro import assay that monitors the import of a 
fluorescently labeled substrate into the nuclei of semi- 

intact yeast cells was used. Import  to the nucleus re- 
quires the addition of exogenous cytosol. Results indi- 
cate that, in contrast to wild-type cytosols, extracts 
made from rnal-1 mutant cells are unable to support 
import of the fluorescently labeled substrate into com- 
petent nuclei. Immunoblott ing demonstrates that these 
mutant-derived extracts are depleted of Rnalp .  How- 
ever, when purified Rna lp  is added back to these ex- 
tracts the import activity is restored in a dose-depen- 
dent manner. These results demonstrate that R na lp  
plays a direct role in the import of proteins into the nu- 
cleus. 

M 
ACROMOLECULAR transport across the nuclear 
envelope occurs at nuclear pores (Forbes, 1992; 
Rout and Wente, 1994) and consists both of the 

import of protein and snRNAs and the export of mature 
RNA and ribosomes (Garcia-Bustos et al., 1991; Nigg et 
al., 1991; Osborne and Silver, 1993; Fabre and Hurt, 1994). 
Since these processes are linked by their site of action it is 
likely that a number of components of the transport sys- 
tem are directly involved in both processes. For example, 
the nucleoporins, which are the structural components of 
the pore complex (Pant6 and Aebi, 1993; Rout and Wente, 
1994), are likely to participate directly in both import and 
export. Although the nuclear pores embedded in the nu- 
clear membrane serve as the site of translocation, proteins 
found both in the cytoplasm and the nucleus are required 
for the bi-directional transport of macromolecules (Pow- 
ers and Forbes, 1994). It is not clear whether these acces- 
sory proteins function in a single concerted cycle of import 
and export or comprise two independent cycles, one that 
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mediates the import of proteins to the nucleus and one 
that mediates the export of RNA from the nucleus. 

Recent work has focused on the role of the small GTP- 
binding protein Ran/TC4 in nuclear import. This protein, 
which was originally identified on the basis of its homol- 
ogy to Ras (Drivas, 1990), has been shown to be a cyto- 
solic factor that is absolutely required for import into iso- 
lated nuclei (Melchior et al., 1993a; Moore and Blobel, 
1993, 1994a). Highly conserved homologues of Ran/TC4 
have been identified in a number of organisms including 
Xenopus (Moore and Blobel, 1993), fission yeast (Matsu- 
moto and Beach, 1991), and budding yeast (Belhumeur et 
al., 1993). In Saccharomyces cerevisiae, there are two cop- 
ies of the Ran/TC4 homologue, GSP1 and GSP2, which 
differ only by two amino acids. GSP1 is an essential gene 
which is expressed at a higher level than the nonessential 
GSP2 (Belhumeur et al., 1993). 

A recent study demonstrated that in budding yeast, 
overexpression of mutant Gsplp locked in the GTP- 
bound form causes defects both in protein import and 
poly(A) + RNA export (Schlenstedt et al., 1995). These re- 
sults indicate that the ratio of GTP-/GDP-bound Gsplp 
within the cell must be meticulously regulated. Biochemi- 
cal studies have shown that isolated Ran/TC4 hydrolyzes 
GTP very slowly (Bischoff et al., 1994; Schlenstedt et al., 
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1995). The rate of GTP hydrolysis is enhanced in the pres- 
ence of cytosolic extracts. Fractionation of cytosolic ex- 
tracts has resulted in purification of a GTPase activating 
protein or (GAP) 1 activity for Ran/TC4 and identified it as 
a mammalian homologue of S. cerevisiae Rnalp  (Bischoff 
et al., 1995a). Other studies have demonstrated that 
Rna lp  from Schizosaccharomyces pombe, which comple- 
ments the rnal-1 mutation in S. cerevisiae (Melchior et al., 
1993b), also functions as a GTPase activating protein 
(Bischoff et al., 1995a). 

The RNA1 gene was initially identified in S. cerevisiae in 
a genetic screen for mutants defective in RNA processing 
(Hartwell, 1967) and mutations in this gene have subse- 
quently been shown to result in defective pre- tRNA splic- 
ing, processing of pre-rRNA, and production and export 
of poly (A)" RNA from the nucleus (Hopper et al., 1978; 
Amberg et al., 1992). As localization studies of Rnalp  de- 
termined that it was a cytoplasmic protein that was ex- 
cluded from the nucleus (Hopper et al., 1990), it was not 
clear how defects in nuclear events such as RNA process- 
ing and transport were manifested. Its identification as a 
GAP suggests that Rna lp  may be a component of a multi- 
faceted system that uses a cycle of GTP hydrolysis to regu- 
late the transport of macromolecules both into and out of 
the nucleus. Thus, the phenotypes observed in the mutants 
might result from alterations in the regulation of this hy- 
drolysis cycle rather than from a direct involvement of the 
Rna lp  in RNA processing. 

The loss of a functional GAP protein would be reflected 
in a higher ratio of GTP/GDP-bound protein within the 
cell. Experiments that artificially altered this ratio by over- 
expression of the GTP-bound form of Gsplp  (Schlenstedt 
et al., 1995) demonstrated that the localization of proteins 
to the nucleus, as well as the export of poly (A)-- RNA, are 
affected by changes in this ratio. Since RNA transport de- 
fects in the rnal-1 mutant have been characterized, we 
were interested in determining whether this mutant would 
also display defects in protein import as would be ex- 
pected if it is involved in regulation of GTP hydrolysis by 
Gsplp.  

Results presented here indicate that the temperature- 
sensitive mutant rnal-1 is unable to efficiently target pro- 
teins to the nucleus at the nonpermissive temperature. To 
determine whether Rnalp  is directly involved in protein 
import, we use an in vitro import assay (Schlenstedt et al., 
1993) and demonstrate that cytosols prepared from rnal-1 
mutant cells are unable to support import of a fluores- 
cently labeled nuclear localization sequence (NLS)-con- 
taining substrate. Addition of purified Rnalp  is able to 
rescue the defective cytosols. These findings strongly sug- 
gest that Rna lp  plays a direct role in the import of macro- 
molecules to the nucleus. 

1. Abbreviations used in this paper: ECL, enhanced chemiluminescence; 
GAP, GTPase activating protein; GFP, green fluorescent protein; GST, 
glutathione-S-transferase; GT,  glutathione; HSA, human serum albumin; 
IPTG, isopropylthio-13-D-galactoside; NLS, nuclear localization sequence; 
RT, room temperature. 

Materials and Methods 

Strains and Plasmids 

The wild-type strain employed for indirect immunofluorescence micros- 
copy was the haploid strain FY86 ([MATch, ura3-52, leu2A1, his3A900]; a 
gift from F. Winston, Harvard University Medical School). Strain PSY714 
(MATa, rnal-1 urn3-52, leu2A1) was created by crossing the original strain 
EE lb  (Atkinson et al., 1985) twice to FY86. For in vitro import assays a 
wild-type sister spore of PSY714 (PSY715 [MATch, ura3-52, leu2Al, 
his3Zl200]) was used as the control. The diploid wild-type strain PSY223 
(MA Ta/MATce, ura3-52/ura3-52, leu2-3/leu2-3, his3/H1S3, his4/HIS4) was 
used to prepare semi-intact cells for the in vitro assay. 

The glutathione-S-transferase (GST)-Rnalp fusion plasmid was con- 
structed by ligating PCR-amplified RNA1 DNA with engineered BgllI- 
EcoRI ends into the BamHI-EcoRI sites of pGEX-2T (Pharmacia, Piscat- 
away, N J). For experiments that examined the localization of a reporter 
protein, two constructs were employed. The first was a LEU2, GALl pro- 
moter plasmid encoding the SV-40-NLS fused to the SUC2 gene (Nelson 
and Silver, 1989), and the second was a URA3, GALl promoter plasmid 
that consists of a portion of the nuclear protein Npl3p (Bossie et al., 1992) 
fused to the NH~ terminus of the naturally fluorescent green fluorescent 
protein (GFP) (Chalfie et al., 1994) (Lee, M. S., and P. A. Silver, unpub- 
lished data). 

Protein Localization 

Indirect immunofluorescence microscopy was used to examine the local- 
ization of either an endogenous nuclear protein, Npl3p (Bossie et al., 
1992; Flach et al., 1994), or an artificial reporter protein. For experiments 
that examined the cellular localization of Npl3p, cells were grown in 
YEPD at room temperature (RT) to a density of 107 cells/ml. Cultures 
were then split and half was maintained at RT and half was shifted to 36°C 
for 2 h. For inducible reporter proteins the cells were grown to a density of 
5 × 106 cells/ml in media lacking uracil or leucine (depending on the plas- 
mid employed) with 2% raffinose. Cultures were then induced by the ad- 
dition of 2% galactose and growth was continued at RT for 2--4 h. Follow- 
ing this induction, cultures were shifted to 36°C. Samples were then either 
prepared for immunofluorescence microscopy as previously described 
(Flach et al., 1994) or viewed directly by microscopy using the FITC chan- 
nel to examine the cellular localization of the fusion to GFP. For immuno- 
fluorescence microscopy, incubation with antibodies against Npl3p (1:500 
dilution) (Bossie et al., 1992) or invertase (1:20,000 dilution) (Nelson and 
Silver, 1989) was followed by incubation with FITC-labeled antibodies 
(Jackson ImmunoResearch Laboratories, West Grove, PA) at a 1:1,000 
dilution and with DAPI. 

In Vitro Import Assay 

This assay was performed as described previously (Schlenstedt et al., 
1993). Semi-intact cells were prepared from the wild-type strain PSY223. 
Cytosols were made from rnal-1 mutant cells (strain PSY714) or a wild- 
type spore from the same tetrad (PSY715) grown at RT or 36°C. Cultures 
were grown to a density of 107 cells/ml at RT and then shifted to the non- 
permissive temperature (36°C) (or maintained at the permissive tempera- 
ture) for 2 h prior to the preparation of cytosols. Cells were pelleted, 
washed in buffer A (0.25 M sorbitol, 20 mM Pipes-KOH, pH 6.8, 150 mM 
K-acetate, 5 mM Mg-acetate), and resuspended in 1/75 vol buffer A con- 
taining 1 mM DTT, 0.5 mM PMSF, 3 ~g/ml leupeptin, aprotinin, chymo- 
statin, and pepstatin. Acid washed 0.5 mm glass beads were added at 1/3 
vol of the cell suspension. Cells were lysed by a series of six to eight 120-s 
pulses in an ice-cold mini-bead beater. The resulting lysate was centri- 
fuged at 30,000 g for 10 min. The resulting supernatant was then centri- 
fuged at 100,000 g for 45 min. Samples were frozen in liquid nitrogen and 
stored at -80°C. The final protein concentration was ~5-10 mg/ml as de- 
termined by Bio-Rad protein assay reagent (Bio-Rad Laboratories, Inc., 
Hercules, CA) using BSA as a standard. 

Import assays (30 Ixl total reaction vol) were performed in buffer A and 
contained 5 × 107 semi-intact cells/ml, 1 mM ATP, 0.1 mg/ml creatine ki- 
nase, 10 mM creatine phosphate, 1.5-2 mg/ml cytosolic proteins, and 5 ~g/ 
ml of a fluorescent substrate consisting of NLS peptide (CTPPKKKRKV) 
conjugated to human serum albumin (HSA). Some experiments also con- 
tained purified GST-Rnalp at a concentration of 10-50 txg/ml. Reactions 
were incubated at 30°C for 10 min, stained with DAPI (final concentration 
0.25 tLg/ml), and viewed by fluorescence microscopy. For all import data, 

The Joumal of Cell Biology, Volume 130, 1995 1018 



experiments were performed at least three times and 200 cells were scored 
in each experiment. The means and standard deviations shown were cal- 
culated from three independent experiments. 

Purification of GST-Rnalp 
The GST-Rnal  fusion protein was expressed in Escherichia coli DH5ct 
cells. Cultures were grown overnight in Luria broth containing 100 ixg/ml 
ampicillin at 37°C and then diluted into fresh media and grown until the 
OD 600 reached 0.64).7. Cultures were then induced with 0.5 mM isopro- 
pylthio-13-o-galactoside (IPTG) for 2 h at 30°C. Cells were pelleted at 6000 
g at 4°C for 15 rain and pellets were stored at -20°C overnight. The cells 
were then thawed and resuspended in 1 ml (per 50 ml culture) lysis buffer 
(200 mM NaC1, 50 mM Tris, pH 8.0, 2.5 mM EDTA, 0.1% Tween 20) con- 
taining protease inhibitors (0.5 mM PMSF, 3 ixg/ml leupeptin, aprotinin, 
chymostatin, and pepstatin). Cells were lysed by sonication with six to 
eight 30-s pulses at a medium setting on a Heat Systems Ultrasonicator 
(Heat Systems Inc. Farmingdale, NY). The lysate was centrifuged at 
30,000 g at 4°C for 15 min to pellet cell debris. The soluble fraction was di- 
luted to a concentration of 5 mg/ml and bound to GT-sepharose (Pharma- 
cia) (1 ml bed vol/500 ml culture). The binding was carried out for 1-3 h at 
4°C. 10-min washes of 10 vol were performed at 4°C in the following or- 
der: I x  Iysis buffer; 1× wash buffer (50 mM Tris, pH 8.0, 200 mM NaCl); 
l x  high salt wash buffer (50 mM Tris, pH 8.0, 500 mM NaC1); 2x wash 
buffer. The fusion protein was eluted in three 10-rain washes (1 vol) of 10 
mM glutathione in 50 mM Tris, pH 8.0. The pooled eluates were then dia- 
lyzed for 15 h at 4°C against T buffer (25 mM Tris, pH 8.0, 150 mM NaC1, 
2.5 mM CaCl2, 0.1% I~-mercaptoethanol) and overnight in T buffer con- 
taining 10% glycerol. The protein was concentrated with a Centriprep-30 
(Amicon, Beverly, MA). Purification and concentration of the fusion pro- 
tein were monitored by SDS-PAGE (Laemmli, 1970). Glycerol was added 
to the purified protein to a final concentration of 10% and aliquots were 
stored at -80°C. Final protein concentration was 0.2~).3 mg/ml as deter- 
mined by Bio-Rad protein assay employing BSA as a standard. 

GAP Assay 
Purification of GST-Gsplp from yeast lysates was performed as previ- 
ously described (Schlenstedt et al., 1995). Gsplp  was further purified after 
cleavage with thrombin (Sigma, St. Louis, MO) as previously described 
(Smith and Johnson, 1988). Gsplp (160 nM) was labeled with 1.4 ILl ['/- 
32P]GTP (6,000 Ci/mmol; NEN DuPont,  Boston, MA), 1 mM DTT, 1 mg/ 
ml BSA in a volume of 10 txl for 20 rain at room temperature. GTPase as- 
says were performed in 50-1xl reactions in the presence of 40 nM Gsplp-  
[7-3Zp]GTP with or without GST-Rnalp or GST-Rnal- lp  diluted in GAP 
buffer (20 mM Tris, pH 7.5, 50 mM NaCl, 10 mM MgC12, 1 mM DTT, 1 
mg/ml BSA). The amount of non-hydrolyzed GTP was determined by a 
filter binding assay. After incubation for 10 min at 30°C, 1 ml ice-cold 
GAP buffer was added. Triplicate samples were vacuum filtered through 
nitrocellulose, filters were washed 10 times with 0.5 ml GAP buffer. The 
remaining Gsplp-bound GTP was determined by scintillation counting. 
No radioactivity was removed under identical conditions when [ct-32p]GTP- 
labeled Gsplp was used. 

Immunoblotting 
Protein samples were resolved by SDS-PAGE (Laemmli, 1970) on 10% 
gels. Proteins were then transferred by standard methods to nitrocellulose 
(Towbin et al., 1979). The anti-Rnalp antibody (Hopper et al., 1990) was 
used at a concentration of 1:10,000. Immunoreactive bands were detected 
with the enhanced chemiluminescence (ECL) detection kit (Amersham, 
Arlington Heights, IL). 

Results 

Rnal-1 Mutant Cells Are Defective in Protein Import 
In Vivo 

To investigate the role of Rna lp  in protein import to the 
nucleus, we used the well-characterized mutant rnal-1. 
This temperature-sensitive, conditionally lethal mutation 
prevents growth at temperatures of 30°C and above. Mu- 
tant ceils display pleiotropic defects in RNA processing 

and transport. The defect in RNA transport occurs rapidly 
following a shift to the nonpermissive temperature and re- 
sults in the accumulation of approximately 60% of poly(A) ÷ 
RNA within the nucleus (Hutchinson et al., 1969; Amberg 
et al., 1992). 

Initial experiments examined the localization of the nu- 
clear protein Npl3p (Bossie et al., 1992). As evidenced by 
co-localization with the DAPI  staining of chromatin, this 
protein is efficiently targeted to the nucleus in wild-type 
cells maintained at RT or shifted to 36°C (Fig. 1, a-f) .  
While rnal-I cells target Npl3p to the nucleus when main- 
tained at RT (Fig. 1, g-i), they are unable to do so follow- 
ing a two hour shift to the nonpermissive temperature 
(Fig. 1, j-l). The same results were obtained when cells 
were shifted to the nonpermissive temperature for one 
hour (data not shown). 

Since Npl3p is an RNA binding protein that shuttles be- 
tween the nucleus and the cytoplasm (Flach et al., 1994; 
Wilson et al., 1994), we considered the possibility that the 
aberrant targeting of this protein in the rnal-1 mutant 

Figure 1. T h e  e n d o g e n o u s  nuc lea r  pro te in ,  Npl3p,  is mis local ized 
in rnal-1 m u t a n t  cells at the  n o n p e r m i s s i v e  t e m p e r a t u r e .  Wild-  
type ( a - f )  or  rnal-1 m u t a n t  cells (g- / )  were  ma in t a ined  at R T  (a-c 
and  g-i) or  shi f ted  to 36°C for 2 h (d- f  and  j-l)  and  p r e p a r e d  for 
i m m u n o f l u o r e s c e n c e  mic roscopy  as descr ibed  in e x p e r i m e n t a l  
p rocedures .  Cells  were  s t a ined  with ant i -Npl3p fo l lowed by 
F ITC- l abe l ed  an t i - r abb i t  an t ibody  (a, d, g, and  j),  s t a ined  wi th  
D A P I  (b, e, h, and  k), or  v iewed by N o m a r s k i  optics (c, f,  i, and  l). 
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might be a reflection of the function of Npl3p in RNA me- 
tabolism rather than an indication of a general defect in 
protein localization. To address this point, we examined 
the localization of a galactose-induced reporter protein 
containing an NLS. Cells were grown at the permissive 
temperature in selective media containing 2% raffinose. 
Cultures were then induced for 3-4 h by the addition of 
2% galactose followed by a one to 2-h shift to 36°C. Since 
rnal-1 mutants are defective in the export of poly(A) ÷ 
RNA from the nucleus, it was critical that reporter con- 
structs be induced at the permissive temperature and 
shifted to the nonpermissive temperature only after suffi- 
cient induction. Experiments in which cultures were in- 
duced and shifted simultaneously showed no signal for the 
reporter protein (data not shown) as would be expected if 
the reporter construct is transcribed but message is unable 
to be efficiently transported to the cytoplasm for trans- 
lation. 

Results are shown for an inducible reporter construct 
that encodes the SV-40-NLS fused to invertase. As ob- 
served with the endogenous Npl3p, the protein is effi- 
ciently localized to the nucleus in wild-type cells at both 
RT and 36°C (Fig. 2, a-f). This is not the case for the rnal-1 
mutants which localize the protein predominantly to the 
nucleus at the permissive temperature (Fig. 2, g-i) but 
show marked mislocalization of the reporter protein to the 
cytoplasm following a shift to the nonpermissive tempera- 
ture (Fig. 2, j-l). Similar results were observed when an- 
other reporter construct, H2B-NLS [3-galactosidase (More- 
land et al., 1987), was employed for this experiment (data 
not shown). Since the RNA export defect in rnal-1 ceils 
can be observed following a 20-min shift to the nonpermis- 

sive temperature (Amberg et al., 1992), we examined the 
time of onset of the protein import defect. Using the SV- 
40-invertase reporter protein expressed as described 
above, mislocalization to the cytoplasm was observed as 
early as 15 min following a shift to 36°C (data not shown). 
These data suggest that cells containing a conditional al- 
lele of RIVAl are unable to efficiently target proteins to 
the nucleus at the nonpermissive temperature and that this 
defect occurs on the same time scale as the previously re- 
ported RNA transport defect. 

Nuclear protein import was also examined directly in 
living cells. To accomplish this, GFP (Chalfie et al., 1994) 
was targeted to the nucleus by constructing a fusion to a 
small portion of Npl3p. These experiments have the ad- 
vantage over indirect immunofluorescence microscopy 
that cells are not fixed, thus results obtained cannot be at- 
tributed to fixation procedures or to processing of the 
cells. For these experiments, cells were grown and induced 
at RT as described above. Cultures were shifted to the 
nonpermissive temperature when the GFP signal of the fu- 
sion protein became visible by fluorescence microscopy 
(approximately three to four hours after induction). Fol- 
lowing the shift to the nonpermissive temperature, sam- 
ples were examined directly by fluorescence microscopy. 
The GFP-Npl3 fusion protein was properly targeted to the 
nucleus in wild-type cells at either RT or 36°C (Fig. 3, a-d) 
and in mutant cells maintained at the permissive tempera- 
ture (Fig. 3, e and f). However, when mutant cells were 
shifted to the nonpermissive temperature, protein mislo- 
calization to the cytoplasm was observed in a manner simi- 
lar to that observed by indirect immunofluorescence mi- 
croscopy (Fig. 3, g and h). Cells containing the GFP-NpI3 
fusion protein were also stained with DAPI to demon- 
strate that the fusion protein co-localized with DAPI 
staining of the nucleus (data not shown). Taken together, 
the results presented above show that cells containing mu- 
tant Rnalp are unable to efficiently target proteins to the 
nucleus. 

Figure 2. Rnal-1 m u t a n t  cells mislocal ize the  r epo r t e r  pro te in ,  
SV-40-NLS invertase, at the nonpermissive temperature. Wild- 
type (a-f) and rnal-1 mutant (g-l) cells expressing the fusion pro- 
tein SV-40-NLS invertase were either maintained at RT (a-c and 
g-i) or shifted to 36°C (d-f and j-l) for two hours prior to prepa- 
ration of the ceils for immunofluorescence microscopy. Cells are 
shown stained with anti-invertase followed by a FITC-iabeled 
anti-rabbit antibody (a, d, g, and j), stained with DAPI (b, e, h, 
and k), or viewed by Nomarski optics (c, f, i, and 1). 

Rnal-1 Mutant Cytosols Are Unable to Support 
Nuclear Import of  a Fluorescently Labeled Substrate 
In Vitro 

In order to examine the role of the Rnalp in protein im- 
port more directly, we employed an in vitro import assay 
(Schlenstedt et al., 1993). The assay faithfully reproduces 
all aspects of nuclear import. Both exogenous cytosol and 
an energy regenerating system are required for import of a 
fluorescently labeled NLS-containing substrate into the 
nuclei of semi-intact yeast cells. Hence, this assay can be 
combined with yeast genetics to investigate the role of nu- 
clear components in import by examining the function of 
mutant semi-intact cells or to investigate the function of 
cytosolic factors by examining cytosols derived from mu- 
tant cells. Using this approach mutations in several nu- 
cleoporins have been shown to block import to the nucleus 
(Schlenstedt et al., 1993); however, no mutants with im- 
port defective cytosols had previously been described. 

Since Rnalp is located in the cytoplasm (Hopper et al., 
1990), we prepared cytosols from both rnat-t mutant 
(PSY714) and wild-type (PSY715) ceils either maintained 
at the permissive temperature or shifted to the nonpermis- 
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Figure 3. An Npl3p-GFP fusion protein is mislocalized in living 
rnal-1 cells shifted to the nonpermissive temperature. Both wild- 
type (a-d) and rnal-1 (e-h) cells expressing a fusion protein con- 
sisting of a portion of Np13 fused to GFP are shown. Wild-type 
cells efficiently target this protein to the nucleus at either RT (a) 
or following a 2-h shift to 36°C (c). Corresponding Nomarski im- 
ages are shown in panels b and d, respectively. In contrast, rnal-1 
cells which localize the protein to the nucleus efficiently at RT (e) 
are unable to do so after a 2-h shift to 36°C (f). Nomarski images 
are shown in g and h, respectively. 

sive temperature  for 2 h. The cytosols were tested for the 
ability to stimulate import  of the fluorescently labeled sub- 
strate into the nuclei of wild-type semi-intact cells. At  a fi- 
nal concentrat ion of 2 mg/ml, cytosol prepared from 
shifted or unshifted wild-type cells stimulated import into 
the nuclei of semi-intact cells (Fig. 4 A). In contrast, little 
or no import  was observed upon addition of an equal 
amount  of the rnal-1 mutant  cytosols prepared either 
from cells mainta ined at the permissive temperature  or 
shifted to the nonpermissive temperature.  No import  was 
observed in the absence of cytosol (data not shown). Fig. 4 
B shows examples of semi-intact cells with fluorescently 
labeled substrate bound to the nuclear envelope in the 
presence of rnal-1 mutant  cytosol (rnal-1) and import 

Figure 4. (A) Cytosols made from rnal-1 mutant cells are unable 
to support import in vitro. Cytosolic extracts made from wild- 
type and rnal-1 cells were included in an in vitro assay that moni- 

tors the uptake of a fluorescently labeled NLS-containing sub- 
strate. In the absence of exogenous cytosol import does not 
occur, although binding to the nuclear envelope is observed. 
When cytosol prepared from wild-type cells maintained at RT or 
shifted to 36°C is added to import reactions to a final concentra- 
tion of 2 mg/ml, ~40% of the cells accumulate substrate within 
the nucleus. In contrast, at the same concentration cytosols made 
from rnal-1 mutant cells at RT or at 36°C were unable to support 
import. The height of each bar represents the mean of three separate 
experiments in which 200 cells were counted. Standard deviations 
are indicated by the error bars. (B) Examples of the binding and 
import reactions observed in the in vitro assay are shown. In the 
presence of mutant rnal-1 cytosols (final protein concentration 
1.5 mg/ml) binding of the NLS-containing fluorescently-labeled 
substrate is observed (rnal-1). As previously demonstrated 
(Schlenstedt et al., 1993), in the presence of wild-type cytosol im- 
port to the nucleus is observed (WT). Import is also observed 
when mutant rnal-1 cytosol is supplemented with 50 txg/ml puri- 
fied GST-Rnalp (rnal-1 + RNA1). The rhodarnine signal indi- 
cates the NLS-containing fluorescent substrate and the nucleus is 
indicated by DAPI staining of chromatin. Nomarski images of 
the corresponding cells are shown. 
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into the nucleus in the presence of wild-type cytosol (WT). 
It is not surprising that results obtained in vitro differ 

from those obtained in vivo. Often temperature-sensitive 
proteins in yeast function adequately at the permissive 
temperature in vivo but are unable to function in in vitro 
assays even at the permissive temperature (e.g., Minvielle- 
Sebastia et al., 1994). 

In contrast to cytosolic extracts prepared from rnal-1 
cells, the semi-intact cells prepared from this mutant  were 
competent to support import in the presence of wild-type 
cytosol (data not shown). However,  the combination of 
rnal-1 mutant semi-intact cells and mutant  cytosols was 
not able to do so. These results lend further credence to 
the hypothesis that R n a l p  is a cytosolic factor required for 
protein import to the nucleus. 

Rnalp  Is Absent from Mutant Cytosols 

To address the inability of rnal-1 mutant  cytosols to sup- 
port nuclear import, an analysis of R n a l p  in wild-type and 
mutant  extracts was carried out. Immunoblot  analysis with 
ant i -Rnalp antibody (Hopper  et al., 1990) demonstrated 
that, as previously reported (Hopper  et al., 1990; Tung et 
al., 1992), the amount  of R n a l p  present in rnal-1 mutant  
cells (Fig. 5, lanes 3 and 4) is similar to the amount found 
in wild-type cells (Fig. 5, lanes I and 2). While cytosolic ex- 
tracts made from wild-type cells contain as much R n a l p  as 
found in whole cells (Fig. 5, lanes 5 and 6), cytosolic ex- 
tracts made from rnal-1 mutant cells and utilized in the in 
vitro assay almost completely lack R n a l p  (Fig. 5, lanes 7 
and 8) which is found exclusively in the pelleted material 

(data not shown). Quantitation of the amount  of protein 
by scanning densitometry of immunoblots and comparison 
to known amounts of purified protein indicates that 
Rna lp  is very abundant in cytosol. The protein is present 
at a level that is approximately 1% of total soluble protein 
in wild-type cytosolic extracts used for these experiments. 
Mutant  cytosols, however, have at least 50-fold less R n a l p  
than found in wild-type cytosols when prepared from cells 
grown at the permissive temperature. The protein is virtu- 
ally undetectable in cytosolic extracts made from cells 
grown at the nonpermissive temperature. 

Addition of  Purified Rnalp  Restores the Import Activity 
of  rnal-1 Mutant Cytosols 

Since rnal-1 mutant  cytosols that were not competent  to 
stimulate import into semi-intact cells were depleted of 
Rna lp ,  we wanted to determine whether adding back pu- 
rified R n a l p  would rescue the defective cytosols. To facili- 
tate purification of Rnalp ,  a GST-fusion protein was 
expressed in E. coll. In yeast, expression of a galactose- 
inducible GST-Rna lp  fusion protein rescues the tempera- 
ture-sensitive phenotype of the rnal-1 mutant  (data not 
shown), indicating that R n a l p  can function as a GST fu- 
sion. In addition, the GST-Rna lp  fusion protein is local- 
ized to the cytoplasm and excluded from the nucleus in a 
manner similar to that observed for endogenous R n a l p  
(data not shown). A purification profile for the E. coli fu- 
sion protein is shown in Fig. 6. Briefly, the protein was in- 
duced in DH5ct cells (lane 2), a soluble lysate was made 
(lane 3), and the protein was purified by incubation with 
glutathione (GT)-Sepharose (lane 4). The GST fusion pro- 
tein was eluted with excess glutathione, dialyzed against 
buffer, and concentrated to 0.2 mg/ml. The purified fusion 
protein was specifically recognized by antibodies directed 
toward either R n a l p  or GST (data not shown). 

Purified GST-Rna lp  was then added to import assays at 
various concentrations (Fig. 7). Addit ion of 50 ~zg/ml (final 
concentration) of purified GST-Rna lp  had no effect on 
the stimulation of import observed with 1.5 mg/ml wild- 
type cytosol (data not shown). A final concentration of 50 
txg/ml of  the fusion protein did not stimulate import in the 
absence of exogenous cytosol (data not shown). However,  
when GST-Rna lp  fusion protein was added in conjunction 

Figure 5. Immunoblotting demonstrates that the Rnalp is de- 
pleted from eytosolic extracts made from rnal-1 mutant cells. 
Whole cell extracts were made as described in experimental pro- 
cedures. Cytosolic extract samples were those prepared for the in 
vitro assay. Equal amounts of protein were loaded in each lane as 
determined both by BioRad protein assay and by staining blots 
with Ponceau S following transfer of proteins. Samples were re- 
solved on a 10% SDS-PAGE gel and immunoblotted with anti- 
Rnalp antibodies. Wild-type cells grown at RT (lane 1) and 
shifted to 36°C (lane 2) contain approximately equal amounts of 
Rnalp. Mutant cells grown at either RT (lane 3) or shifted to 
36°C (lane 4) contain approximately as much protein as wild-type 
cells. Rnalp is present in wild-type cytosols (RT, lane 5; 36°C, 
lane 6) at levels approximately equal to those observed in whole 
ceils. In contrast, mutant cytosols prepared from rnat-1 ceils 
grown at either temperature (RT, lane 7; 36°C, lane 8) contained 
barely detectable levels of Rnalp. The position of molecular 
weight markers (kD) is indicated to the left. 

Figure 6. Purification of 
GST-Rnalp fusion protein 
from E. coll. The coding se- 
quence of RNA1 was cloned 
into pGEX-2T and expressed 
in DH5a cells. Purification 
was monitored by electro- 
phoresis in 10% SDS-poly- 
acrylamide gels. A Coo- 
massie-stained gel of the 
purification profile of this fu- 
sion protein is shown: lane 1, 
extract of uninduced cells; 
lane 2, extract of induced 
cells; lane 3, soluble lysate; 
and iane 4, purified fusion 
protein. The position of mo- 
lecular weight markers (kD) 
is indicated to the left. 
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with 1.5 mg/ml rnal-1 mutant  cytosol, a dose-dependent 
increase in protein import was observed. As the amount  of 
import to the nucleus increases, the amount  of binding at 
the nuclear envelope decreases (Fig. 7, inset; also see Fig. 4 
B). The assumption is that although in the absence of func- 
tional Rna lp  import to the nucleus is blocked, binding to 
the nuclear envelope can still occur. Thus, upon addition 
of functional R n a l p  a portion of the nuclear envelope- 
bound substrate is imported to the nucleus and a subse- 
quent decrease in the overall level of binding results. Max- 
imal stimulation (approximately equal to that observed 
with wild-type cytosol) was observed at a final concentra- 
tion of 50 Ixg/ml of the fusion protein. Import  of the fluo- 
rescently-labeled substrate observed in the presence of 50 
txg/ml G S T - R n a l p  in conjunction with mutant  cytosol is 
shown in Fig. 4 B (rnal-1 + RNA1) .  The maximal amount  
of GST-Rna lp  added back to experiments (50 ixg/ml) cor- 
responds to ~ 2 %  of total cytosolic protein in these reac- 
tions, an amount  that correlates well with the observed 
level of R n a l p  found in wild-type cytosols, approximately 
1% of total protein. Slightly less import was observed in 
the experiments described in Fig. 7 than in those presented 
in Fig. 4. This is due to the fact that cytosol was added at a 
final concentration of 1.5 mg/ml (rather than 2 mg/ml) in 
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these experiments to allow for the addition of appropriate 
concentrations of purified GST-Rnalp .  This amount  of cy- 
tosol is limiting for import and thus results in the observed 
decrease in the percentage of cells importing substrate to 
the nucleus. Purified GST alone had no effect on protein 
import at either concentration. Finally, addition of the pu- 
rified mutant  protein, GST-Rna l - Ip ,  to a concentration of 
50 txg/ml did not stimulate import in the presence of mu- 
tant cytosol (data not shown). 

To examine the biochemical activity of both GST- 
R n a l p  and GST-Rna l - lp ,  a G A P  assay was performed. 
This assay monitors the stimulation of GTP hydrolysis by 
a GTPase in the presence of a G A P  (Schlenstedt et al., 
1995). It has recently been demonstrated that homologues 
of R n a l p  serve as GAPs  for Ran/TC4 (Coutavas et al., 
1993; Bischoff et al., 1994, 1995a). Thus, Gsp lp  purified 
from yeast was labeled with [~-32p]GTP as described in 
Materials and Methods. A GST fusion to either wild-type 
or mutant  R n a l p  was added to reactions and the rate of 
GTP hydrolysis was monitored by following the loss of the 
labeled ~/-phosphate. This is plotted as the percent radio- 
active GTP that remained bound to Gsp lp  (Fig. 8) vs. con- 
centration of R n a l p  (or R n a l - l p )  added to reactions. 
GST-Rnalp  induces GTP hydrolysis by Gsplp  in a manner 
comparable to that previously reported for the mamma-  
lian proteins (Bischoff et al., 1994, 1995a). As determined 
by three independent titrations, 0.5 + 0.2 nM wild-type 
R n a l p  was required to hydrolyze 50% of the bound GTP 
in a 10-min incubation. In contrast, the mutant  protein pu- 
rified from E. coli was unable to stimulate GTP hydrolysis 
by Gsp lp  under conditions identical to those used for the 
wild-type protein. Even at a concentration of 90 nM, mu- 
tant protein was unable to significantly stimulate GTP hy- 
drolysis (data not shown). Thus, data obtained from the 
G A P  assay confirms the biochemical functionality of the 
wild-type R n a l p  fusion protein employed for these stud- 

Cytoso l :  W F  rnal-1 rnal-1 rnal-1 rnal-1 rna l -1  
Protein:  . . . .  G S T  R N A 1  R N A 1  R N A 1  

C o n e . ( l a g / m l ) :  . . . .  50  1 0  30 50 

Figure 7. Addition of purified GST-Rnalp fusion protein from 
E. coli to rnal-1 cytosols results in the stimulation of import in 
the in vitro assay. The in vitro assay was performed and quanti- 
tated as described in Fig. 4 with the exception that cytosols were 
added to a final concentration of 1.5 mg/ml. No import was ob- 
served in the absence of cytosol (not shown) or in the presence of 
rnal-1 mutant cytosol prepared from cells shifted to 36°C. Addi- 
tion of purified GST (final concentration of 50 Ixg/ml) to rnal-1 
cytosol did not stimulate import. However, when purified GST- 
Rnalp was added to rnal-1 cytosol at 10 ~g/ml, 30 ~g/ml, or 50 
Ixg/ml, a dose-dependent increase in import of the fluorescently 
labeled substrate was observed. The height of each bar represents 
the mean of three separate experiments in which 200 cells were 
counted. Standard deviations are indicated by the error bars. (In- 
set) As import of the fluorescent substrate increases a consequent 
decrease in the level of binding to the nuclear envelope is ob- 
served. The percentage of cells showing either binding ( I )  or im- 
port (~) is plotted versus the amount of purified GST-Rnalp 
added to the reaction. 
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Figure 8. Rnalp is a GTPase activating protein for Gsplp. [~/_32p] 
GTP-labeled Gsplp was incubated for 10 min with various con- 
centrations of GST fused to either wild-type ((3) or mutant ([]) 
Rnalp as indicated. Experiments were carried out as described in 
Materials and Methods. Results are plotted as the percent [~- 
3Zp]GTP that remained bound to Gsplp. Each point shown on 
the graph represents the mean of three experiments. Standard 
deviations are indicated by the error bars. 
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ies. These results also provide a probable explanation for 
the inability of the mutant fusion protein to induce import 
of the NLS-containing substrate to the nucleus and suggest 
that GAP activity is required for nuclear import. 

Discussion 

The results presented above demonstrate that Rnalp  is in- 
volved in the import of proteins into the nucleus. The tem- 
perature-sensitive mutant rnal-1 exhibits defects in protein 
localization at the nonpermissive temperature. Further- 
more, an in vitro assay demonstrates that cytosols lacking 
Rnalp  are unable to support import into the nuclei of 
semi-intact yeast cells. Only when purified Rnalp  is added 
back to rnal-1 cytosols do they become competent to sup- 
port import. 

The rnal-1 strain was originally isolated as a yeast mu- 
tant with defects in RNA processing and transport (Hart- 
well, 1967; Hopper  et al., 1978; Amberg et al., 1992). The 
subsequent observation that Rnalp  was located in the cy- 
toplasm and excluded from the nucleus (Hopper et al., 
1990) made it difficult to assign a cellular function to 
Rnalp.  However, recent biochemical studies have identi- 
fied a role for this protein in the regulation of the small 
GTP-binding protein Ran/TC4. The Rnalp  homologues 
from both HeLa cells (Coutavas et al., 1993; Bischoff et al., 
1994) and S. pombe (Bischoff et al., 1995a) were purified 
as stimulators of Ran GTPase activity. Data presented 
here demonstrate that the S. cerevisiae protein also func- 
tions as a GAP for Gsplp.  Furthermore, it has been shown 
that the S. pombe homologue of Rnalp  is able to function 
in S. cerevisiae (Melchior et al., 1993b). Thus, Rna lp  is a 
highly conserved protein that regulates the ratio of GTP-/ 
GDP-bound Ran/TC4 within the cell by enhancing the 
rate of Ran/TC4/Gsplp-mediated GTP hydrolysis. This 
explains the similar phenotypes observed for rnal-1 mu- 
tant cells shifted to the nonpermissive temperature and 
wild-type cells overexpressing a GTP-bound form of the 
budding yeast Ran/TC4 homologue, Gsplp  (Schlenstedt 
et al., 1995). In both cases, cells are defective in the local- 
ization of nuclear proteins and in the export of poly(A) + 
RNA from the nucleus. Taken together, these findings 
suggest that the cytoplasmic Rna lp  does not function 
solely in RNA processing but rather affects other aspects 
of cellular metabolism. Thus, Rnalp  may play two distinct 
roles within the cell, one that affects export of RNA and 
one that affects import of proteins. Conversely, it may 
function through a more general role in regulation of mac- 
romolecular transport, a suggestion that is supported by its 
identification as the GAP for Ran/TC4. 

To address the possibility that the Rnalp  functions di- 
rectly in nuclear import we employed an in vitro import 
assay. The in vitro assay has the advantage over in situ 
methods that protein import can be separated from RNA 
export; the assay monitors uptake of substrate into nuclei 
of semi-intact cells and requires the addition of exogenous 
cytosol. Since cells and cytosol can be derived from differ- 
ent sources (i.e., wild-type or mutant), it is possible to de- 
termine whether mutant extracts directly affect protein 
import in the absence of improperly processed or trans- 
ported RNA molecules. It is difficult to uncouple protein 
import and RNA export in vivo as they are both mediated 

by the nuclear pores, a fact that complicates the determi- 
nation of which phenotype is direct and which is indirect. 
For this reason, the in vitro assays are critical. In experi- 
ments that examine the function of mutant cytosols, the 
nuclei employed are derived from wild-type cells; thus, the 
results obtained in this assay are not clouded by the possi- 
bility that poly(A) ÷ RNA is aberrantly accumulated in the 
nucleus or within the nuclear pore resulting in an indirect 
blockage of protein import. In addition, the GAP assay di- 
rectly examines the biochemical function of Rnalp.  

Results indicate that cytosolic extracts that lack Rnalp  
are unable to support import into wild-type nuclei; how- 
ever, in the presence of wild-type cytosol, rnal-1 mutant 
cells are able to support import. Furthermore, addition of 
purified Rna lp  to mutant cytosols depleted of Rnalp  re- 
stores the import activity. This is not the case for mutant 
protein. A GAP assay confirms the biochemical activity of 
the wild-type protein purified from E. coli but also demon- 
strates that the mutant protein does not serve as a func- 
tional GAP when purified from E. coll. The rnal-1 mutant 
consists of two point mutations, both of which are required 
to obtain the conditional phenotype (Traglia et al., 1989). 
Further structure-function analyses will be carried out to 
determine whether either or both of these mutations spe- 
cifically alter the GAP activity of Rnalp.  Thus, results ob- 
tained for the GAP activity of Rna lp  parallel those ob- 
tained in the in vitro import assay. Wild-type Rnalp  which 
functions as a GAP in vitro is able to efficiently restore 
protein import activity to depleted cytosols whereas the 
nonfunctional mutant protein is not. These findings strongly 
support the hypothesis that Rnalp  is an essential cytosolic 
factor required for nuclear import. 

A recent study that demonstrated that the rnal-1 mu- 
tant was synthetically lethal with a conditional allele of the 
nucleoporin NUP1 provides further evidence that Rnalp  
is involved in transport of macromolecules across the nu- 
clear envelope (Bogerd et al., 1994). In contrast to data 
presented in this report, Bogerd et al. (1994) cited unpub- 
lished data that found no protein import defect in rnal-1 
mutant cells under conditions in which RNA export is de- 
fective. Since the experimental methods were not detailed, 
it is impossible to make a direct comparison to the results 
presented in this manuscript. In order to explain the RNA 
export defect and the synthetic lethality with nupt, the au- 
thors invoke a model where the cytoplasmic Rna lp  might 
transiently associate with the nuclear pore to facilitate 
RNA export. However, our finding that Rna lp  plays a di- 
rect role in import of proteins into the nucleus raises the 
possibility that this synthetic lethality results from a loss of 
an essential interaction between cytosolic components of 
the protein import system and the nuclear pore. 

Although the rnal-1 mutant was originally isolated on 
the basis of defective RNA processing, it has not yet been 
demonstrated that Rna lp  has a primary function in the 
maturation and export of RNA. It is plausible, in light of 
the role of Rna lp  in protein import, that RNA export de- 
fects observed in the rnal-1 mutant may be indicative of 
the loss of some short-lived nuclear factor that is required 
for RNA processing/transport rather than a direct func- 
tion in RNA export. Until an in vitro assay for the export 
of poly(A) ÷ RNA from the nucleus is developed, it will 
not be feasible to examine RNA export in the absence of 
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protein import and distinguish between these two possibil- 
ities. 

Rna lp  restores import activity to mutant cytosols but 
alone is not able to substitute for wild-type cytosol in im- 
port reactions. This suggests that Rna lp  is part of a multi- 
component system that functions in protein import through 
regulation of the nucleotide-bound state of Ran/TC4. 
Other members of this system have been identified 
(Coutavas et al., 1993; Lee et al., 1993; Moore and Blobel, 
1993, 1994b; Bischoff et al., 1994; Lounsbury et al., 1994; 
Powers and Forbes, 1994; Bischoff et al., 1995b; Ouspenski 
et al., 1995; Schlenstedt, G., D. H. Wong, D. M. Koepp, 
and P. A. Silver, manuscript submitted). For example, the 
nuclear protein RCC1 (Ohtsubo et al., 1989; Dasso, 1993) 
serves as the nucleotide exchange factor for Ran/TC4 me- 
diating the interchange of the GDP-bound state to the 
GTP-bound state (Bischoff and Ponstingl, 1991a). In fact, 
in the nucleus Ran/TC4 exists as a complex with RCC1 
(Bischoff and Ponstingl, 1991b). Interestingly, the yeast 
homologue of RCC1, PRP20, was identified as a tempera- 
ture-sensitive mutant with pleiotropic defects in RNA pro- 
cessing/transport (Aebi et al., 1990; Fleischmann et al., 
1991; Kadowaki et al., 1992). Like rnal-1, the prp20-1 mu- 
tant is unable to efficiently localize NLS-containing pro- 
teins to the nucleus (Corbett, A. H., D. M. Koepp, and P. A. 
Silver, unpublished results). In support of a direct role for 
Prp20p/RCC1 in nuclear import it has also been demon- 
strated that in mammalian cells loss of RCC1 causes a de- 
fect in protein import to the nucleus in vivo (Tachibana et 
al., 1994). 

Previous fractionation studies have not identified Rna lp  
as an essential cytosolic factor required for nuclear import 
(Melchior et al., 1993a; Moore and Blobel, 1993, 1994b). It 
is possible that at sufficiently high Ran/TC4 concentration, 
the level of GTP hydrolysis obtained is able to compensate 
for the lack of GAP activity. This might also be the case if 
mechanistic differences between Ran/TC4 and Gsplp  re- 
sult in different intrinsic rates of GTP hydrolysis. Alterna- 
tively, wild-type nuclei employed for other in vitro assays 
could contain an amount of Rna lp  that is adequate to sup- 
port import under the conditions employed. 

Several models can be constructed based on the present 
data regarding Rnalp,  Ran/TC4, and RCC1. Since Ran/ 
TC4 is found both in the cytoplasm and in the nucleus and 
interacts with proteins in both the nucleus and the cyto- 
plasm, it is possible that: (a) a single pool of protein shut- 
tles between the nucleus and cytoplasm; or that (b) distinct 
protein pools function separately in the different compart- 
ments. In either case, a role for Rna lp  can be envisioned. 
If Ran/TC4 functions by shuttling between the nucleus 
and the cytoplasm, GTP hydrolysis could be required for 
transport into the nucleus. Ran/TC4 would be targeted to 
the nuclear membrane in its GTP-bound state, and then 
upon hydrolysis it would be transported into the nucleus. 
Since a nucleotide exchange factor, RCC1, is located in 
the nucleus, it is likely that import would be followed by 
an interchange between the GDP-bound state of Ran/TC4 
and the GTP-bound state. It is possible that an as of yet 
unidentified nuclear GAP is required for export of Ran/ 
TC4 from the nucleus which may or may not be accompa- 
nied by the export of poly(A) + RNA or proteins. In this 
model, a cytoplasmic nucleotide exchange factor would be 

required to return GDP-bound Ran/TC4 to its GTP- 
bound state and complete the cycle. Alternatively, it is 
possible that Ran/TC4 is simply exported in its GTP- 
bound state. A similar scenario would occur if Ran/TC4 
exists as separate, compartmentalized pools. In this case, 
GTP hydrolysis would support transport of the substrate 
alone rather than a substrate-Ran/TC4 complex, and the 
Ran/TC4 would simply cycle to and from the nuclear 
membrane rather than across it. 

At this point it is not possible to distinguish between 
these models. Based on the data presented in this manu- 
script it is, however, possible to ascribe a direct role in pro- 
tein import to Rnalp.  Thus far the combination of bio- 
chemical and genetic approaches has been extremely 
useful in the identification of factors involved in nuclear 
trafficking and will continue to be effective in the elucida- 
tion of the mechanism of transport across the nuclear en- 
velope. 
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