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The nucleocytoplasmic exchange of macromolecules is mediated by receptors specialized in passage through
the nuclear pore complex. The majority of these receptors belong to the importin � protein family, which has
14 members in Saccharomyces cerevisiae. Nine importins carry various cargos from the cytoplasm into the
nucleus, whereas four exportins mediate nuclear export. Kap120 is the only receptor whose transport cargo has
not been found previously. Here, we characterize Kap120 as an importin for the ribosome maturation factor
Rpf1, which was identified in a two-hybrid screen. Kap120 binds directly to Rpf1 in vitro and is released by
Ran-GTP. At least three parallel import pathways exist for Rpf1, since nuclear import is defective in strains
with the importins Kap120, Kap114, and Nmd5 deleted. Both kap120 and rpf1 mutants accumulate large
ribosomal subunits in the nucleus. The nuclear accumulation of 60S ribosomal subunits in kap120 mutants is
abolished upon RPF1 overexpression, indicating that Kap120 does not function in the actual ribosomal export
step but rather in import of ribosome maturation factors.

A characteristic feature of eukaryotic cells is that RNA syn-
thesis and protein synthesis are separated by intracellular
membranes. The compartmentalization entails transport pro-
cesses between the cytoplasm and the nucleus, which take
place through the nuclear pore complex (NPC). The NPCs are
embedded in the double membrane of the nuclear envelope
and are among the largest known protein complexes, with a
size of 125 MDa in vertebrate cells and 60 MDa in the yeast
Saccharomyces cerevisiae. They consist of multiple copies of at
least 30 different proteins (nucleoporins) and allow the passage
of molecules up to 40 to 60 kDa by passive diffusion (10, 48).
However, macromolecules of a size even smaller than this
diffusion limit are transported by facilitated translocation in a
receptor-mediated and energy-dependent process (reviewed in
references 15, 58, and 62).

Nucleocytoplasmic transport is primarily mediated by im-
portin �-related receptors, which shuttle continuously between
the cytoplasm and the nucleoplasm. These receptors have a
molecular mass of 95 to 140 kDa but migrate rapidly through
the NPC (46). The transport receptors contain a characteristic
N-terminal Ran-GTP binding domain and various numbers of
so-called HEAT repeats mediating the interaction with their
cargo and the NPC (9). According to their function in import
or export, the receptors can be divided into importins and
exportins. The two receptor types respond in opposite ways to
Ran-GTP binding.

The Ran GTPase is primarily bound to GDP in the cytoplasm
and predominantly present as Ran-GTP within the nucleus (27).
The asymmetric distribution of Ran-GTP is maintained by the
localization of the Ran regulators, the cytoplasmically located

GTPase-activating protein RanGAP (Rna1 in yeast), and the
nuclear nucleotide exchange factor RCC1 (Prp20). Importins
bind their transport substrate at low Ran-GTP levels in the cyto-
plasmic compartment. After NPC passage, importins release their
cargo upon binding to Ran-GTP (17, 45). The cargo binding of
exportins requires simultaneous association with the GTP-bound
form of Ran in the nucleus. A trimeric cargo–exportin–Ran-GTP
complex forms in the nucleus and dissociates in the cytoplasm
when the Ran-bound GTP is hydrolyzed (14, 30, 54). Similarly,
importins release Ran after export and GTP hydrolysis. Thus, a
single GTP is consumed for one transport cycle of a given recep-
tor. The Ran GTPase system provides a very efficient way to
promote cargo binding/release cycles and to determine the trans-
port direction (16, 40).

Whereas more than 20 members of the importin � family
have been identified in vertebrates, the budding yeast Saccha-
romyces cerevisiae encodes 14 transport receptors. Remarkably,
only four of these are essential proteins (Kap95, Pse1, Xpo1,
and Cse1), which points to the existence of redundant trans-
port pathways. Nine receptors were characterized as importins
(Kap95, Pse1/Kap121, Yrb4/Kap123, Kap104, Sxm1, Kap114,
Nmd5, Pdr6, and Mtr10) (reviewed in reference 15). The three
yeast exportins Xpo1, Los1, and Cse1 carry the same cargo as
their mammalian counterparts. Xpo1/Crm1 recognizes leucine-
rich nuclear export signals (56), and Los1 is the export receptor
for tRNAs (21). Cse1 is the specific exportin for importin �,
which together with importin � mediates the nuclear uptake of
proteins containing a classical nuclear localization signal (NLS)
(22, 29, 54). Msn5 was found to be an exportin for various cargos
(5, 6, 11, 26) but is also involved in the import of the replication
protein A (64).

No transport cargo has been described for the yeast importin
�-like protein Kap120. However, an export defect of the large
ribosomal subunit was detected in cells with KAP120 deleted
(57). Although the export pathways for the two ribosomal
subunits are unknown, a number of factors necessary for ribo-
somal export have been found (32, 39, 57). The biogenesis of
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ribosomal subunits, which consist of 76 ribosomal proteins and
4 ribosomal RNAs, requires more than 70 additional factors,
like snoRNAs, processing enzymes, and RNA helicases. These
factors are involved in the temporally and spatially regulated
assembly and maturation of the subunits in the nucleolus, the
nucleoplasm, and the cytoplasm. The 35S pre-rRNA comprises
the 18S rRNA of the small ribosomal subunit as well as the 25S
and 5.8S rRNAs, which are found together with the 5S rRNA
in the large ribosomal subunit. During ribosomal subunit as-
sembly, the 35S precursor is extensively cleaved, processed,
and modified (reviewed in references 28 and 60).

Here, we report the identification of Rpf1 as an import
cargo for Kap120. Purified Kap120 binds to the GTP-bound
form of Gsp1, the yeast homologue of Ran. Rpf1 also binds
directly to Kap120 and is released by Gsp1-GTP binding to
Kap120. Therefore, Kap120 has the characteristic properties of
an importin. Rpf1 also associates with other importins in a
Gsp1-dependent manner. At least three different importins,
Kap120, Kap114, and Nmd5, can import Rpf1. The in vivo
nuclear import is significantly inhibited in strains with all of
these three importins deleted. We demonstrate that Rpf1 is a
predominantly nucleolar protein which is required for 25S
rRNA processing and for export of the large ribosomal sub-
unit. Furthermore, we show that the export defect of large
ribosomal subunits in kap120-null cells is reverted to a large
extent when RPF1 is overexpressed, indicating that Kap120 is
not a ribosomal export factor.

MATERIALS AND METHODS

Strains and plasmids. Yeast strains and plasmids used in this study are listed
in Table 1. The KAP114::LEU2 deletion strain (GSY503) was described before
(18). The KAP120 knockout strains (KAP120::TRP1 MAT� [GSY511] and MATa
[GSY512]; KAP120::URA3 MAT� [GSY513] and MATa [GSY514]) and NMD5
(MAT� [GSY497] and MATa [GSY498]) were constructed by replacement of
DNA fragments containing the respective coding sequence by selectable markers
(25) using double crossover integration. Plasmid fragments containing 5� and 3�
regions of the KAP120 or NMD5 gene were used to transform a wild-type strain.
In the KAP120 deletion strains, TRP1 or URA3 substitutes for a HindIII frag-
ment of the KAP120 open reading frame. Likewise, the NMD5-null strains
contain a replacement within the NMD5 coding sequence by TRP1. Double or
triple knockouts were isolated after crossing the KAP120-, KAP114-, and NMD5-
null strains and subsequent tetrad dissection of the respective diploids. Carboxy-
terminal green fluorescent protein (GFP) fusion proteins were generated by
genomic integration as described previously (33). Appropriate oligonucleotides
complementary to 3� sequences of RPF1 or RPL11b and plasmid pFA6a-
GFP(S65T)-His3MX6 (33) as the DNA template were used to amplify a PCR
product, which was used for transformation. All genomic integrations were
confirmed by control PCRs and immunoblot analysis.

The RPF1 deletion strain was generated by genomic integration as described
previously (33). Diploid wild-type cells were transformed with a PCR product
generated with plasmid pFA6a-His3MX6 as the template. Tetrad dissection of
the resulting heterozygous diploid strain (GSY1067) yielded only two viable His�

spores, which confirms that RPF1 is an essential gene (63). The temperature-
sensitive rpf1-1 strain (GSY1076) was constructed by transforming a haploid
strain with RPF1 deleted but containing a RPF1 CEN URA3 plasmid (GSY921)
with a gapped RPF1 CEN LEU2 plasmid digested with the restriction endonucle-
ases BsaBI and SalI, which removes most of the RPF1 coding region (655 bp,
codons 8 to 226) but leaves the 5� and 3� sequences of RPF1, and with an
overlapping 915-bp RPF1 fragment generated by a mutagenic PCR (0.5 mM
MnCl2 and excess of dGTP were added to the reaction) with Taq polymerase
(MBI Fermentas). This approach leads to plasmid repair by the use of the PCR
product via homologous recombination in yeast. The resulting colonies were
incubated on plates containing 5-fluoroorotic acid to remove the URA3 plasmid
and then screened for temperature sensitivity. The rpf1-1 LEU2 plasmid was
isolated, amplified in Escherichia coli, and sequenced to determine the rpf1-1
mutations. Defining the RPF1 start codon as positions 1 to 3, the base exchanges

on the DNA level were A164G, A259G, A376G, C505T, A571G, A575T, and
A602G. This corresponds to the amino acid substitutions N55S, S87G, R126G,
P169S, S192C, and N201D.

For expression in E. coli or yeast, the coding regions of the respective genes
were amplified by PCR with the proofreading Pwo polymerase (Roche) and
inserted as BamHI/BamHI or BamHI/XhoI fragments into the following vectors:
pGEX-4T (Amersham Pharmacia), pGEX4-TEV, pGEX-5G (55), YEpGAL-
GST (pGS139), YCpGAL-GFP (pGS372) (52), pQE30, pQE60 (QIAGEN),
pQE70-T7 (pGS435) (52), pEG-Bam, and pJG-Bam (Table 1). The RPF1 gene,
including its own promoter, was PCR amplified as a 1,539-bp XbaI/XhoI frag-
ment and inserted into pRS315, pRS316 (53), and pRS426 (8). The multicloning
sites of plasmids pEG202 and pJG4-5 provided by OriGene Technologies (Rock-
ville, MD) were remodeled to obtain BamHI sites for subcloning with the
suitable reading frame 5�-GGA.TTC-3�. Plasmid pEG202 was cleaved with
EcoRI, treated with mung bean nuclease to digest the overhanging ends, and
then ligated with T4 DNA ligase. The resulting plasmid pEG-Bam lacks an
EcoRI site and contains a BamHI site with the desired reading frame. The
BamHI site of pJG4-5 at position 2650 was removed by cleavage with BamHI,
filling in of the overhangs with Klenow polymerase, and religation. This plasmid
was then treated with EcoRI, Klenow polymerase, and T4 DNA ligase in the
presence of annealed 5�-CGGATCCG-3� linkers. Digestion with BamHI and
religation gave rise to the plasmid pJG-Bam.

Two-hybrid screen. The two-hybrid assays (7) were performed using the
DupLEX-A system (OriGene Technologies). The strain EGY48, carrying an
integrated lexA operon-LEU2 reporter, was transformed with the lexA operon-
lacZ reporter plasmid pSH18-34 and with the bait plasmid pEG-KAP120 encod-
ing an in-frame fusion of the lexA DNA binding domain (BD) with the complete
coding sequence of KAP120. The synthesis of the BD-Kap120 fusion protein in
these cells was confirmed by immunoblotting analysis with anti-LexA antibodies
(Santa Cruz Biotechnology). The strain was transformed with a pJG4-5 library
(OriGene Technologies), which contains fusions of the B42 activation domain
(AD) with fragments of yeast genomic DNA under the control of the galactose-
inducible GAL1 promoter. Two million transformants were plated onto agar
plates with synthetic complete media lacking leucine and incubated for 5 days at
30°C. The Leu� transformants were further screened for the formation of blue
colonies due to �-galactosidase expression on plates containing 5-bromo-4-
chloro-3-indolyl-�-D-galactopyranoside (X-Gal) as a second test for interaction.
After establishing that both interaction assays were galactose dependent, the
library plasmids from candidate clones were isolated, amplified in E. coli KC8,
and retransformed into EGY48/pSH18-34/pEG-KAP120 cells. The assays for
galactose-dependent growth on Leu� plates and blue colony formation on X-Gal
plates were repeated. The DNA of positive clones was sequenced to determine
the interacting genes. The filter lift �-galactosidase assays with nitrocellulose and
X-Gal were performed as described by the manufacturer (OriGene manual).

Protein and RNA analysis. Cell lysate preparation and the purification of
recombinant proteins were performed as described previously (35, 52). Gluta-
thione S-transferase (GST) and GST fusion proteins were purified by affinity
chromatography on glutathione Sepharose (Amersham Pharmacia). Fusion pro-
teins to N-terminal or C-terminal six-histidine tags were purified with nickel-
nitrilotriacetic acid agarose (QIAGEN). GST-Kap95, GST-Kap114, Kap120-
6His, and Nmd5-6His were further purified by Mono Q (Amersham Pharmacia)
chromatography. Kap120-6His and 6His-Rpf1 were used for the immunization of
rabbits to obtain polyclonal antibodies. The affinity purification of these anti-
bodies was performed as described previously (52). 6His-Gsp1Q71L loaded with
GTP or GDP was purified on Mono S as described previously (35). Rpf1 was
synthesized with the linked in vitro T7 transcription/translation kit (Roche) in the
presence of [35S]methionine and linearized pQE70-T7-RPF1 plasmid. The re-
ticulocyte lysates were diluted 1:100 into reaction mixtures containing GST
fusion proteins bound to glutathione Sepharose in PBSKMT buffer (25 mM Na
phosphate, 150 mM NaCl, 3 mM KCl, 1 mM MgCl2, 0.1% Tween 20, pH 7.3).
For solution binding assays, GST fusion proteins were bound to glutathione
Sepharose by incubation for 30 min at 4°C. After three washes with 1 ml
PBSKMT buffer, six-histidine fusion proteins were added to a volume of 300 �l.
The reaction mixtures were incubated for 30 or 60 min at 4°C. Bound proteins
were washed three times with PBSKMT buffer and then eluted by incubation
with sodium dodecyl sulfate (SDS) sample buffer for 4 min at 95°C. Direct
immunofluorescence microscopy was used to visualize GFP-Kap120 in logarith-
mically grown cells with a Zeiss Axioscope at 1,000-fold magnification. GFP-
Kap120 is functional because it rescues the Rpf1 mislocalization phenotype in a
kap114 nmd5 strain background. Indirect immunofluorescence microscopy using
affinity-purified polyclonal antibodies against GFP, Rpf1, and Kap120 or mono-
clonal antibodies against Nop1 (4) and staining of the cells with the DNA dye
DAPI (4�,6�-diamidino-2-phenylindole) were described before (52, 54). Western
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blot analysis was carried out with the enhanced chemiluminescence kit (Amer-
sham Pharmacia) using horseradish peroxidase-conjugated goat anti-rabbit im-
munoglobulin G (Sigma) as secondary antibody.

Newly synthesized rRNA was analyzed by [methyl-3H]methionine pulse-chase

labeling as described previously (57). Liquid cultures were grown in synthetic
complete medium without methionine. At log phase (A600 � 1.5), the cells were
pulsed with 100 �Ci [methyl-3H]methionine (Amersham Pharmacia) for 3 min
and then chased with 4 mM nonradioactive methionine. Samples corresponding

TABLE 1. Yeast strains and plasmids used in this study

Strain or plasmid description Genotype or encoded protein Source or
reference

Strains
Wild type MATa ura3-52 leu2�1 his3�200 trp1�63 (S288C, GSY155) 51
EGY48 MAT� ura3 leu2 his3 trp1 lexA op::LEU2 (GSY168) OriGene
RPF1-GFP MATa ura3-52 leu2�1 his3�200 trp1�63 RPF1-GFP::HIS3 (GSY1044) This study
prp20-1 RPF1-GFP MAT� ura3 leu2 trp1 prp20-1 RPF1-GFP::TRP1 (GSY1052) This study
�kap120 RPF1-GFP MAT� ura3 leu2 his3 trp1 KAP120::TRP1 RPF1-GFP::HIS3 (GSY1045) This study
�kap114 RPF1-GFP MAT� ura3 leu2 his3 trp1 KAP114::LEU2 RPF1-GFP::HIS3 (GSY1046) This study
�nmd5 RPF1-GFP MAT� ura3 leu2 his3 trp1 NMD5::TRP1 RPF1-GFP::HIS3 (GSY1050) This study
�kap114 �kap120 RPF1-GFP MAT� ura3 leu2 his3 trp1 KAP114::LEU2 KAP120::TRP1

RPF1-GFP::HIS3 (GSY1047)
This study

�nmd5 �kap120 RPF1-GFP MAT� ura3 leu2 his3 trp1 NMD5::TRP1 KAP120::URA3 RPF1-GFP::HIS3
(GSY1051)

This study

�nmd5 �kap114 RPF1-GFP MAT� ura3 leu2 his3 trp1 NMD5::TRP1 KAP114::LEU2 RPF1-GFP::HIS3
(GSY1049)

This study

�nmd5 �kap114 �kap120 RPF1-GFP MAT� ura3 leu2 his3 trp1 NMD5::TRP1 KAP114::LEU2 KAP120::URA3
RPF1-GFP::HIS3 (GSY1048)

This study

RPL11b-GFP MATa ura3 leu2 his3 trp1 RPL11b-GFP::HIS3 (GSY1036) This study
�nmd5 RPL11b-GFP MAT� ura3 leu2 his3 trp1 NMD5::TRP1 RPL11b-GFP::HIS3 (GSY1043) This study
�kap114 RPL11b-GFP MAT� ura3 leu2 his3 trp1 KAP114::LEU2 RPL11b-GFP::HIS3 (GSY1042) This study
�kap120 RPL11b-GFP MAT� ura3 leu2 his3 trp1 KAP120::TRP1 RPL11b-GFP::HIS3 (GSY1039) This study
rpf1-1 MATa ura3 leu2 his3 trp1 ade2 RPF1::HIS3 (pRS315-rpf1-1) (GSY1076) This study
rpf1-1 RPL11b-GFP MATa ura3 leu2 his3 trp1 ade2 RPF1::HIS3 RPL11b-GFP::TRP1

(pRS315-rpf1-1) (GSY1148)
This study

Plasmids
pSH18-34 (pGS479) 2�m URA3 lexA op::lacZ �-Galactosidase OriGene
pEG202 (pGS474) 2�m HIS3 lexA DNA BD OriGene
pEG-Bam (pGS898) 2�m HIS3 lexA DNA BD This study
pEG-KAP120 (pGS1020) BD-Kap120 This study
pJG4-5 (pGS476) 2�m TRP1 B42 AD OriGene
pJG-Bam (pGS898) 2�m TRP1 B42 AD This study
pJG-GSP1 (pGS893) AD-Gsp1 This study
pJG4-5-RPF1 47-295 (pGS1600) AD-Rpf1 (47–295, library isolate) This study
pJG-RPF1 (pGS1460) AD-Rpf1 (1–295, full-length) This study
pQE9-GSP1 Q71L (pGS468) 6His-Gsp1 Q71L 35
pQE60-NMD5 (pGS1090) Nmd5-6His 18
pQE60-KAP120 (pGS1441) Kap120-6His This study
pQE30-RPF1 (pGS1465) 6His-Rpf1 This study
pGEX-5G-KAP120 (pGS1235) GST-Kap120 This study
pGEX-4T-SXM1 (pGS1295) GST-Sxm1 This study
pGEX-4TEV-KAP104 (pGS1010) GST-Kap104 35
pGEX-4TEV-MTR10 (pGS882) GST-Mtr10 This study
pGEX-4T-KAP114 (pGS1188) GST-Kap114 This study
pGEX-4T-NMD5 (pGS1104) GST-Nmd5 This study
pGEX-4TEV-KAP95 (pGS962) GST-Kap95 35
pGEX-4T-PDR6 (pGS1124) GST-Pdr6 This study
pGEX-4T-MSN5 (pGS1095) GST-Msn5 This study
YEpGAL-GST-SXM1 (pGS1209) 2�m URA3 GST-Sxm1 18
YEpGAL-GST-PSE1 (pGS338) 2�m URA3 GST-Pse1 52
YEpGAL-GST-YRB4 (pGS334) 2�m URA3 GST-Yrb4 52
YEpGAL-GST-RPF1 (pGS1466) 2�m URA3 GST-Rpf1 This study
YCpGAL-GFP-KAP120 (pGS1233) CEN URA3 GFP-Kap120 This study
YCpGAL-KAP120 (pGS1231) CEN URA3 Kap120 This study
YCpGAL-KAP120�N CEN URA3 Kap120�N (133–1,032) This study
YCpGAL-SXM1 (pGS1206) CEN URA3 Sxm1 This study
YCpGAL-SXM1�N (pGS1210) CEN URA3 Sxm1�N (125–944) This study
pQE70-T7-RPF1 (pGS1298) Rpf1 This study
pRS316-RPF1 (pGS1454) CEN URA3 Rpf1 This study
pRS315-RPF1 (pGS1453) CEN LEU2 Rpf1 This study
pRS315-rpf1-1 (pGS1601) CEN LEU2 Rpf1-1 This study
pRS426-RPF1 (pGS1455) 2�m URA3 Rpf1 This study
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to 15 optical density units were taken after 0, 3, and 10 min. After glass bead lysis
of the yeast cells, total RNA was extracted with phenol and separated on 1.25%
agarose gels containing 6.6% formaldehyde, as described previously (61). The
RNA was blotted onto a Hybond-N membrane (Amersham Pharmacia), which
was sprayed with En3Hance (Perkin-Elmer Life Sciences) and detected by ex-
position of X-ray films.

RESULTS

Kap120 is a Ran-binding protein primarily located in the
nucleus. In order to localize Kap120, we determined its intra-
cellular distribution by indirect immunofluorescence micros-
copy. We generated polyclonal antibodies directed against re-
combinant Kap120. After affinity purification, these antibodies
recognized in Western blots a protein of the expected size of
120 kDa in wild-type cells but not in cells with KAP120 deleted
(data not shown). Standard immunofluorescence microscopy
using formaldehyde-fixed cells showed that Kap120 is predom-
inantly nuclear and also present in the cytoplasm to a lesser
degree (Fig. 1A). Because formaldehyde fixation often causes
loss of the NPC staining (52), we also localized Kap120 in
living cells. A fusion of the GFP to Kap120 was again mostly

nuclear but also found at the nuclear rim, indicating that a
fraction of Kap120 resides at the nuclear envelope (Fig. 1A).
This is in agreement with a previously reported partial punc-
tate rim staining pattern of a Kap120-protein A fusion protein
(49) and with a cytoplasmic and nuclear localization of a
Kap120-GFP fusion protein (23). The presence of Kap120 in
the cytoplasm, the nucleoplasm, and the nuclear envelope is
typical for importin �-like proteins, which shuttle between the
cytoplasm and the nucleus.

A two-hybrid analysis demonstrated an in vivo interaction of
Kap120 with Gsp1, the essential yeast homologue of Ran (Fig.
1B). The expression of a lexA DNA binding domain fusion with
Kap120 and of an activation domain fusion with Gsp1 led to
the transcription of two independent reporter genes, lacZ and
LEU2, which was detected by blue color formation on X-Gal
plates and by growth on leucine-deficient plates. The two-
hybrid interaction was specific because it was not detected with
the DNA binding domain alone or when the expression of the
activation domain-GSP1 hybrid was repressed (Fig. 1B).

The Ran-binding domain of importin �-like receptors re-

FIG. 1. Kap120 is a mostly nuclear protein that interacts with Ran. (A) Kap120 is located predominantly in the nucleus. Wild-type yeast cells were
cultured in liquid media at 30°C. The cells were prepared for immunofluorescence microscopy, probed with affinity-purified Kap120-specific antibodies
and fluorescein isothiocyanate (FITC)-conjugated secondary antibodies to visualize Kap120, and treated with DAPI to stain the DNA (upper panel).
Wild-type cells were transformed with plasmid pGS1233 encoding GFP-Kap120. The synthesis of the fusion protein was induced by addition of 2%
galactose to liquid cultures. After 2 h, the cells were viewed by fluorescence microscopy to localize GFP-Kap120 in living cells and also viewed by
Nomarski optics/differential interference contrast (DIC) (lower panel). (B) KAP120 interacts with GSP1 by two-hybrid analysis. The yeast strain EGY48
carrying the lexA operon-LEU2 reporter and the lexA operon-lacZ reporter was transformed with plasmid pJG-GSP1 containing a hybrid of the AD and
the GSP1 open reading frame under control of a galactose-inducible promoter. This strain was transformed with plasmid pEG-KAP120 encoding a fusion
of the lexA DNA BD with full-length Kap120 or with plasmid pEG202 encoding the BD only. Cells of two transformants were spotted onto X-Gal plates
or Leu� plates containing either glucose (repression) or galactose (induction) and incubated for 3 days at 30°C. (C) Expression of KAP120�N causes a
dominant-lethal phenotype. Wild-type cells containing plasmid YCpGAL-KAP120, YCpGAL-SXM1, YCpGAL-KAP120�N, or YCpGAL-SXM1�N as
indicated were streaked on plates containing 2% glucose or 2% galactose and incubated for 2 days at 30°C. (D) Kap120 binds to Gsp1-GTP but not to
Gsp1-GDP. Recombinant GST (8 �g per reaction) or a GST-Kap120 fusion protein (14 �g per reaction) purified from E. coli lysates was immobilized
on glutathione Sepharose and incubated for 60 min at 4°C with buffer alone, 15 �g of Gsp1-GDP, or 15 �g of Gsp1-GTP as indicated. The bound material
of the reactions was washed three times with binding buffer and aliquots were analyzed by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and
Coomassie blue staining together with 20% of the loads of Gsp1-GDP and Gsp1-GTP. Molecular mass markers are given in kDa.
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sides in their N-terminal domain. It was shown earlier that
the synthesis of N-terminally truncated Yrb4/Kap123 or Los1
causes a dominant-negative phenotype with regard to nuclear
transport mechanisms and cell growth. The inhibitory effect of
receptors defective in Ran-GTP binding is probably caused by
jamming of nuclear pores (21, 31, 52). We tested whether the
expression of KAP120�N, a deletion mutant of KAP120 miss-
ing the amino-terminal 132 amino acid codons, is toxic for
yeast cell growth. For comparison, we also analyzed Sxm1�N
lacking 124 amino-terminal residues, a truncation mutant of
the importin Sxm1 (47). The complete coding regions as well as
the �N fragments of KAP120 and SXM1 were cloned into a
yeast expression vector under the transcriptional control of
the galactose-inducible GAL1 promoter. Wild-type cells carry-
ing these plasmids were streaked onto plates containing glu-
cose (repression) or galactose (induction). The expression of
KAP120�N and SXM1�N led to a dominant-lethal phenotype,
whereas the expression of KAP120 and SXM1 had no effect on
growth (Fig. 1C). These results suggest that the nonessential
proteins Kap120 and Sxm1 may play a role in nuclear transport
and that their function depends on the interaction with Ran-
GTP.

We next tested whether Kap120 binds to Gsp1 in vitro using
pull-down assays. A fusion protein of GST to Kap120 was
purified from a bacterial lysate, immobilized to glutathione
Sepharose, and incubated with Gsp1 loaded with either GTP
or GDP. Figure 1D shows that Kap120 bound specifically to
Gsp1-GTP but not to Gsp1-GDP. Gsp1-GTP did not bind
to GST alone in a control reaction. The direct binding to
Gsp1-GTP in the absence of additional factors suggests that
Kap120 acts as an importin.

Kap120 interacts with Rpf1. We performed a two-hybrid
screen with LexA-Kap120 as the bait to identify potential
transport substrates for Kap120. One of the positive clones
encoded a fusion protein of the activation domain with amino
acid residues 47 to 295 of Rpf1 (Fig. 2). We observed a simi-
larly strong two-hybrid interaction between Kap120 and either
Rpf147-295 or full-length Rpf1 (not shown). Rpf1 is an essential
protein of 295 amino acids with a molecular mass of 35 kDa
that is required for ribosome biogenesis. It contains a con-
served RNA binding motif of 17 amino acid residues near its C
terminus. Rpf1 depletion and immunoprecipitation experi-

ments suggested that it is required for early steps of large
ribosomal subunit rRNA maturation (61).

In order to examine which importin is able to bind to Rpf1
in vitro, we incubated [35S]methionine-labeled Rpf1 synthe-
sized in a rabbit reticulocyte lysate with immobilized GST
fusions to all yeast importins. We showed previously that these
GST-importin fusion proteins are functional, since they all
bind to Gsp1-GTP (18). Figure 3A demonstrates that Rpf1
bound to Kap120, Kap114, and Nmd5. It also showed a weak
binding to Kap95 but not to the other importin fusions or GST
alone. We investigated next whether Rpf1 can bind directly to
Kap120, Kap114, and Nmd5 using exclusively recombinant
proteins. GST-Kap120, GST-Nmd5, and GST-Kap114 were
immobilized to glutathione Sepharose and incubated with a
six-histidine fusion to Rpf1, which had been purified from a
bacterial lysate. Rpf1 bound to these three importins (Fig. 3B,
lanes 2, 5, and 8) but did not bind to GST (lane 11). Rpf1 also
bound to Kap95 (data not shown). However, the binding to
Kap95 (importin �) was not stimulated by Srp1 (importin �),
indicating that Rpf1 does not contain a classical NLS. Because
importins typically release their cargo by binding to Gsp1-
GTP, we performed complexes of Rpf1 with Kap120, Nmd5,
and Kap114 and then incubated with Gsp1-GTP (Fig. 3B, lanes
3, 6 and 9). Gsp1-GTP released the majority of Rpf1 and
associated itself with the receptors. Similarly, Kap120 bound to
immobilized GST-Rpf1 and was subsequently released by
Gsp1-GTP (Fig. 3C). Thus, the association of Rpf1 with
Kap120, Nmd5, and Kap114 in the absence of additional fac-
tors represents a specific cargo-importin binding which is in-
hibited by Gsp1-GTP. Remarkably, the dissociation of Rpf1
from the receptors by yeast Ran-GTP was not fully complete
(Fig. 3D). Whereas Ran-GDP hardly affected the stability of
the Rpf1-receptor complexes, most but not all Rpf1 was re-
moved from the receptors by Ran-GTP (55 to 75% release). A
fraction of these complexes were reproducibly resistant to
Ran-GTP under various conditions. In analogy to previously
reported similar observations (18, 41), this suggests that a so
far unknown factor might assist in the process of import com-
plex disassembly within the nucleus.

Three different importins are required for nuclear import
of Rpf1. Preliminary localization data from a previous study
indicated that Rpf1 might be a nucleolar protein (61). Using
affinity-purified polyclonal antibodies against recombinant
Rpf1, we localized Rpf1 in wild-type yeast cells (Fig. 4A). By
immunofluorescence microscopy, Rpf1 colocalized with the
nucleolar marker protein Nop1. Rpf1 is located in crescent-
shaped structures that are typically observed for nucleoli, and
it is present within the nucleus but does not colocalize with
DNA. We conclude that Rpf1 resides predominantly in the
nucleolus. We also analyzed strains whose chromosomal copy
of RPF1 was replaced by an RPF1-GFP fusion. Rpf1-GFP was
fully functional, because cells expressing the fusion protein
show an identical growth behavior compared to isogenic wild-
type cells (data not shown). Rpf1-GFP was again mostly nu-
cleolar and also present in the nonnucleolar nucleoplasm to
some extent (Fig. 4B and 5).

To address whether Rpf1 requires Ran for nuclear uptake,
we examined import in the temperature-sensitive prp20-1 mu-
tant, which is defective in the Gsp1-specific guanine exchange
factor at the nonpermissive temperature. The Ran GTPase

FIG. 2. RPF1 interacts with KAP120 in two-hybrid assays. The strain
EGY48 carrying LEU2 and lacZ reporters as well as plasmid pJG-
RPF147-295 containing an AD fusion with codons 47 through 295 of
RPF1, which was isolated in a two-hybrid screen using KAP120 as the bait,
was transformed with plasmids coding for the BD-Kap120 hybrid protein
or the BD only. Cells of two transformants were spotted onto Leu� plates
containing glucose (Glc) or galactose (Gal) and analyzed by the X-Gal
filter lift assay.
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cycle is severely perturbed after shifting these cells to 37°C.
Whereas Rpf1-GFP was still mainly nucleolar at 25°C, the
import of Rpf1-GFP was severely inhibited at 37°C, and it
accumulated in the cytoplasm of these mutants (Fig. 4B). This
indicates that nuclear import depends on the Ran GTPase.

We next analyzed Rpf1 import in vivo in various transport
receptor mutants by immunofluorescence microscopy with
GFP-specific antibodies (Fig. 5). Cells carrying the RPF1-GFP
allele as well as a deletion of KAP120, KAP114, or NMD5
showed no cytoplasmic accumulation of Rpf1-GFP. Strains

FIG. 3. Rpf1 binds to Kap120, Kap114, and Nmd5 in a Ran-dependent manner. (A) GST fusion proteins to the indicated transport receptors
(14 �g per reaction) or GST alone (�) were immobilized on glutathione Sepharose and incubated for 30 min at 4°C with [35S]methionine-labeled
Rpf1 synthesized in a reticulocyte lysate. The resin was washed three times, and bound proteins as well as the Rpf1 load were analyzed by
SDS-PAGE and autoradiography. Molecular mass markers (M) are in kDa. (B) Recombinant GST fusion proteins (14 �g per reaction) to Kap120
(lanes 1 to 3), Nmd5 (lanes 4 to 6), Kap114 (lanes 7 to 9), and GST alone (lanes 10 to 12) were immobilized on glutathione Sepharose and
incubated for 30 min at 4°C without or with 10 �g of 6His-Rpf1 as indicated. After three washes, the samples were further incubated for 60 min
with buffer alone or with 15 �g of Gsp1p-GTP (lanes 3, 6, 9, and 12). After washing, the bound material as well as 20% of the loads was analyzed
by SDS-PAGE and Coomassie blue staining. (C) Immobilized GST-Rpf1 (10 �g per reaction) was incubated for 30 min at 4°C with 12 �g of a
six-histidine fusion to Kap120 (lanes 2 and 3). After three washes, the bound proteins were further incubated for 30 min with buffer alone (lanes
1 and 2) or with 15 �g of Gsp1-GTP (lane 3). The reaction products were washed three times and examined by SDS-PAGE and Coomassie blue
staining together with the load of Kap120. Molecular mass markers are given in kDa. (D) GST fusion proteins to Kap120, Nmd5, and Kap114 were
immobilized on glutathione Sepharose and incubated with 6His-Rpf1 as described in the legend for panel B. The reaction mixtures were further
incubated for 60 min with buffer alone, with 15 �g of Gsp1-GDP, or with 15 �g of Gsp1-GTP. After washing, the bound material was analyzed
by SDS-PAGE. The amounts of Rpf1 bound to the receptors were quantified and compared to the buffer control.
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bearing all combinations of double knockouts of these import-
ins were also not significantly inhibited in Rpf1 import, al-
though some cytoplasmic Rpf1-GFP was detected in the
kap120 nmd5 double mutant. However, the import of Rpf1 in
the KAP120 KAP114 NMD5 triple-deletion mutant was dra-
matically defective (Fig. 5). This cytoplasmic accumulation was
also observed in triple-null cells expressing untagged RPF1
(data not shown). The growth rate of the triple mutant is
reduced to 65% in comparison to isogenic wild-type cells (not
shown). However, other nuclear transport pathways are not
affected by the triple gene deletion. The nuclear import of
classical NLS proteins and the intracellular distribution of
three proteins shuttling between the cytoplasm and the nu-
cleus, Npl3 (13), importin � (54), and Yrb1 (35), were not
affected by the triple mutation (not shown). We conclude that
Kap120, Kap114, and Nmd5 all contribute to nuclear import of
Rpf1. Remarkably, only the deletion of the three importins
together reveals that they are required for import.

FIG. 4. Rpf1 is a nucleolar protein that requires Ran for nuclear
import. (A) Wild-type yeast cells were cultured in liquid-rich media at
30°C and prepared for immunofluorescence microscopy. The samples
were probed with affinity-purified rabbit antibodies against Rpf1 and
with mouse monoclonal antibodies against the nucleolar marker pro-
tein Nop1 and then incubated with FITC-conjugated secondary anti-
rabbit antibodies and with Texas Red-conjugated secondary anti-
mouse antibodies and stained with DAPI. (B) Mutant prp20-1 cells
bearing a temperature-sensitive mutation in the Ran-specific guanine
exchange factor and containing a chromosomal RPF1-GFP allele were
cultured at 25°C, shifted for 1 h to 37°C, and analyzed by immunoflu-
orescence microscopy. The samples were probed with anti-GFP anti-
bodies and FITC-labeled secondary antibodies to visualize Rpf1 and
treated with DAPI to stain the DNA.

FIG. 5. The nuclear import of Rpf1 is impaired in kap120 kap114
nmd5 triple mutants. Wild-type yeasts, cells with NMD5, KAP114, or
KAP120 deleted, and strains carrying the indicated double or triple
mutations were cultured in liquid-rich media at 30°C. The cells, which
all contain a chromosomal integration of RPF1-GFP, were examined
by immunofluorescence microscopy. The samples were probed with
GFP-specific antibodies and with FITC-conjugated secondary antibod-
ies and stained with DAPI.
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Rpf1 is necessary for 25S rRNA processing and export of
large ribosomal subunits. To examine the function of Rpf1,
we used PCR-mediated mutagenesis to generate temperature-
sensitive mutations in RPF1. The rpf1-1 mutant used in this
study has five amino acid changes between residues 55 and 201
of Rpf1. The rpf1-1 mutations are recessive, since a heterozy-
gous diploid that resulted from a cross to the wild type lost the
temperature-sensitive phenotype (Fig. 6A). The mutant Rpf1-1
protein was still located in the nucleolus (data not shown) and was
present in similar amounts to wild-type Rpf1 both at 25°C and
37°C (Fig. 6B).

To analyze the role of Rpf1 in 35S pre-rRNA processing,
rpf1-1 cells were pulsed with [methyl-3H]methionine for 3
min at early log phase and then chased with an excess of
nonradioactive methionine for 0, 3, or 10 min (see Fig. S1 in
the supplemental material). This allows the specific labeling
of newly synthesized rRNA which is highly methylated. In
wild-type cells or rpf1-1 mutants transformed with an RPF1
plasmid, the processing of the 35S pre-rRNA to the mature
25S and 18S rRNAs was almost complete after 3 min at both
25°C and 37°C. The formation of the 18S rRNA was not
affected in rpf1-1 mutants. However, a strong defect in pro-
cessing of precursors to 25S rRNA was detected within the
first 3 min of chase, which resulted in the accumulation of
the 27S rRNA and 35S rRNA precursor species. The pro-
cessing to 25S rRNA was especially delayed when rpf1-1
cells were shifted to 37°C. These results confirm the obser-
vation from RPF1 depletion experiments (61) that Rpf1 is
required for early stages of large ribosomal subunit rRNA
maturation.

Because mutations in rRNA processing factors can poten-
tially cause an export defect of ribosomal subunits, we ad-
dressed the question of whether rpf1-1 cells are defective in the
export of large ribosomal subunits. To this end, we analyzed a
GFP fusion protein to Rpl11b (L11), a constituent of the large
ribosomal subunit. The L11-GFP reporter protein is incorpo-
rated into 60S subunits and was previously used to detect
export defects in various mutants (57). We genomically inte-
grated the GFP coding sequence to generate the L11-GFP
fusion protein, which was subsequently localized in wild-type
or rpf1-1 cells (Fig. 6C). Large ribosomal subunits were effi-
ciently exported to the cytoplasm in RPF1 cells. In contrast,
rpf1-1 mutants strongly accumulated 60S subunits inside the
nucleus even at the permissive temperature of 25°C, which
shows that Rpf1 is required for the export of large ribosomal
subunits.

RPF1 overexpression abolishes the 60S subunit export de-
fect of kap120 mutants. It was previously reported that KAP120
and NMD5 deletion mutants are defective in the export of 60S
subunits (57). We confirmed these results with strains carrying
a chromosomal allele of L11-GFP. Figure 7A shows that L11-
GFP was cytoplasmic in wild-type cells and kap114 mutants,
whereas it accumulated in the nuclei of kap120 and nmd5
mutants. Defective export could either be due to a direct effect,
i.e., Kap120 and Nmd5 would be ribosomal export factors, or
could be caused by an indirect effect. We tested the hypothesis
that the export defect associated with KAP120 deletion mu-
tants is caused by a diminished import of large ribosomal
subunit maturation factors like Rpf1. In this case, excess
amounts of Rpf1 would attenuate or prevent the kap120 mu-
tant phenotype. Overexpression of RPF1 was achieved by
transforming strains with a multicopy (2�m) plasmid carry-
ing the RPF1 gene. This resulted in roughly 24-fold higher
levels of Rpf1 as shown by immunoblot analysis (Fig. 7B).
KAP120 deletion mutants transformed with an empty 2�m
vector or with an unrelated 2�m plasmid (YEp-YRB1) still
accumulated L11-GFP in the nucleus. In contrast, cells car-
rying the 2�m RPF1 plasmid showed a mostly even distri-
bution of L11-GFP throughout the cell and a much less
nuclear GFP signal (Fig. 7A). This effect of RPF1 overex-
pression was not detected in the NMD5 deletion mutant (not

FIG. 6. Rpf1 is required for the export of large ribosomal subunits.
(A) The rpf1-1 mutant is temperature sensitive for growth at 37°C.
RPF1 wild-type cells, rpf1-1 mutants, and diploid cells generated by
crossing the wild type with rpf1-1 cells were spotted onto plates con-
taining rich yeast-peptone-dextrose media and incubated for 2 days at
25°C, 30°C, or 37°C. (B) The Rpf1-1 protein is stable at 37°C. Loga-
rithmically grown RPF1 cells and rpf1-1 cells were cultured in liquid
yeast-peptone-dextrose media at 25°C or cultured at 25°C and then
shifted to 37°C for 2 h. The cells were analyzed by SDS-PAGE and
Western blotting with affinity-purified Rpf1-specific antibodies. Mo-
lecular mass markers are in kDa. (C) rpf1-1 mutants are defective in
export of large ribosomal subunits. RPF1 cells and rpf1-1 mutants
containing a chromosomal integration of L11-GFP were grown in
liquid media at 25°C and analyzed by immunofluorescence microscopy.
The samples were probed with GFP-specific antibodies and with FITC-
conjugated secondary antibodies and stained with the DNA dye DAPI.
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shown). We conclude that the large ribosomal subunit ex-
port defect of kap120 mutants is specifically abolished by
RPF1 overexpression. This indicates that Kap120 is not a
ribosomal export factor.

DISCUSSION

A number of properties characterize Kap120 as a nuclear
transport receptor. By sequence homology, it belongs to the
importin � superfamily. We showed by two-hybrid analysis that
Kap120 interacts with Ran in vivo. Kap120 cofractionates with
nucleoporins (3, 49) and is located in the nucleoplasm, at the
nuclear envelope, and in the cytoplasm. This is a typical local-
ization for importin �-like proteins, which shuttle between the
nucleus and the cytoplasm. Furthermore, a Kap120 deletion
mutant lacking the amino-terminal Ran binding domain leads
to a dominant-negative phenotype. Amino-terminal trunca-
tions of the yeast transport receptors Yrb4/Kap123 and Los1 as
well as of mammalian importin � were shown previously to
block bidirectional transport processes through the NPC (21,
31, 52).

Purified Kap120 binds directly to the GTP-bound form of
Ran in pull-down assays. This indicates that Kap120 belongs to
the importins, which associate with Ran without the need for
additional factors, whereas the binding of exportins to Ran
requires the presence of their cognate cargo. We cannot ex-
clude the possibility that Kap120 has a function as both an
importin and an exportin, as was observed for yeast Msn5 (64)
and mammalian importin 13 (36). Nevertheless, Rpf1 behaves
like a typical import cargo. First, it directly binds to Kap120
and is subsequently released from Kap120 by Ran-GTP in
vitro. Second, the nuclear import is inhibited in the absence of
Kap120 in vivo.

These two criteria, Ran-dependent binding and an in vivo
function in import of Rpf1, characterize Kap114 and Nmd5 as
importins for Rpf1 as well. Remarkably, the inhibition of nu-
clear uptake is not detected until KAP120, KAP114, and NMD5
are deleted from the genome altogether. In the strains with
single and double knockouts of the importins encoded by
KAP120, KAP114, and NMD5, we observed no or only a slight
cytoplasmic accumulation. Rpf1 completely mislocalizes to the
cytoplasm solely in triple-knockout cells. This indicates the
presence of at least three independent import pathways for
Rpf1. Because the KAP120 KAP114 NMD5 deletion strain is
still viable, yet another parallel import path has to exist which
mediates import of the essential protein Rpf1. Because we
observed a weak binding of Rpf1 to Kap95, import is likely to
be performed also by Kap95, the essential yeast homologue of
importin �. Since importin � does not stimulate the binding of
Kap95, Rpf1 possesses no classical NLS typically consisting of
one or two short clusters of basic amino acid residues. The
nature of the Rpf1 nuclear targeting signal remains to be
investigated. It is also not clear so far whether the different
importins recognize the same motif within Rpf1. Nmd5 medi-
ates the import of the mitogen-activated protein kinase Hog1
(12) as well as of the transcription factors TFIIS (2) and Crz1
(44). Kap114 was reported to perform the nuclear import of
the TATA-binding protein Tbp1 (41) and of the core histones
H2A and H2B (18, 38). With Rpf1 as an additional transport
substrate, Nmd5 and Kap114 belong, in addition to Pse1 and
Yrb4/Kap123, to those importins that recognize a wide range
of cargos.

In this study, we describe Rpf1 as the first import cargo for
Kap120. Importin 11, the mammalian ortholog of Kap120
(24% sequence identity), constitutes, like Kap120, a nuclear

FIG. 7. RPF1 overexpression in kap120 mutants relieves the export
defect of large ribosomal subunits. (A) Wild-type cells, deletion mu-
tants for NMD5 or KAP114, and KAP120-deletion mutants trans-
formed with a multicopy plasmid (2�m) or with a 2�mRPF1 plasmid
were grown in liquid media at 25°C. The cells, which all contain a
chromosomal L11-GFP allele, were examined by immunofluorescence
microscopy. The samples were probed with anti-GFP antibodies and
with FITC-conjugated secondary antibodies, and the DNA was stained
with DAPI. (B) The cells shown in the lower two sections of panel A
were grown in liquid media and analyzed by SDS-PAGE and Western
blotting with affinity-purified Rpf1-specific antibodies.
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import receptor. Importin 11 is involved in nuclear import of
the ubiquitin-conjugating enzyme UbcM2 (42) and the ribo-
somal protein L12 (43). Interestingly, like Rpf1, the two mam-
malian import substrates UbcM2 and L12 were also identified
in two-hybrid screens with the importin as the bait. Rpf1 is
highly conserved through evolution and shares a sequence
identity of up to 50% with other eukaryotic homologues. It
remains to be seen whether importin 11 also mediates the
import of mammalian Rpf1. An interaction of Kap120 with
Ubc4 and Ubc5, the yeast counterparts of UbcM2 (34), was not
detectable by two-hybrid analysis (our unpublished observa-
tion). Further cargos for Kap120 besides Rpf1 are still to be
discovered.

It was reported for a number of import pathways that an
essential cargo is transported by a nonessential importin (1, 41,
59, 64). It must be postulated that all of these cargos are also
imported on alternative routes. Thus, the nuclear import of
Rpf1 by several parallel transport pathways is not unusual.
Other examples for the import of one cargo by different im-
portins are ribosomal proteins (50, 52), the core proteins of the
signal recognition particle (19), and the histones (18, 37, 38). It
seems to be a general phenomenon that one importin is the
main receptor for a given cargo but other importins function-
ally overlap to support nuclear import. On the one hand, this
redundancy offers the possibility of complex regulation pro-
cesses of nucleocytoplasmic transport; on the other hand, it
explains why only two out of ten importins are essential in
yeast.

Rpf1 was identified as a component of the 66S preribosomal
particle (20). In agreement with its function in ribosome bio-
genesis, we found that Rpf1 resides predominantly in the nu-
cleolus. The Rpf1 localization depends on a functional Ran
gradient, as demonstrated by the cytoplasmic mislocalization
of Rpf1 in a yeast strain mutated for the Ran-specific nucleo-
tide exchange factor. This observation is in accordance with the
Ran-dependent interaction of Rpf1 with Kap120, Kap114, and
Nmd5. A function of Rpf1 in the synthesis of large ribosomal
subunit rRNA and in processing of the 27S precursor was
previously shown by gene depletion experiments (61). We gen-
erated a temperature-sensitive mutant, rpf1-1, in which the
formation of mature 25S rRNA from the 27S precursor is
strongly delayed at the restrictive temperature. This supports
the idea that Rpf1 is required for early steps of large ribosomal
subunit RNA maturation. Rpf1 possesses a 	70-like helix-turn-
helix RNA binding motif at the C terminus (residues 254 to
270). This motif is essential for the function of Rpf1 in RNA
processing and is well conserved among the members of the
Imp4 superfamily, which are all involved in ribosome biogen-
esis (61). None of the rpf1-1 point mutations is located within
the 	70-like motif. Therefore, the binding to RNA is presum-
ably unaffected. Since the expression level and the localization
of Rpf1-1 are also unchanged, it seems likely that the function
in rRNA maturation itself is impaired. The processing defect
apparently causes an accumulation of large ribosomal subunits
in the nucleus and leads to a severe inhibition of export of large
subunits. This export defect was specific, because the rpf1-1
mutations had no effect on the localization of small ribosomal
subunits (our unpublished result), which is in agreement with
an unchanged efficiency of 20S precursor rRNA processing
(see Fig. S1 in the supplemental material).

The nuclear import of ribosomal proteins is performed at
least partially by the yeast importins Yrb4/Kap123 and Pse1
(50, 52), but other importins are most likely also involved (24).
Moreover, several dozens of ribosomal assembly factors (28,
60) are expected to be imported into the nucleus separately by
various importins. The accumulation of ribosomal subunits
within the nucleus can be caused by an inhibition of ribosomal
protein import, defective import of ribosome maturation fac-
tors, impaired ribosome assembly, or a failure in export. Nu-
clear accumulation of 60S subunits was detected in kap120
mutants (Fig. 7) (57). Which stage of ribosome biogenesis is
affected in these mutants? Remarkably, the 35S pre-rRNA
processing is delayed in kap120 mutants (57). Therefore,
kap120 mutants and rpf1 mutants display similar phenotypes.
Our results show that the nuclear accumulation of large ribo-
somal subunits in kap120 mutants is considerably released by
RPF1 overexpression. Thus, Kap120 is dispensable for the ri-
bosomal protein import step and the subunit export step. This
strongly suggests that Kap120 is important for ribosome as-
sembly. Interestingly, the kap120 mutant is affected in rRNA
processing, and yet the nuclear import defect of Rpf1 is only
obvious when, besides Kap120, Kap114 and Nmd5 also are
deleted. This suggests that either the nuclear level of Rpf1 is
highly critical for ribosomal maturation or that Rpf1 is not the
primary factor that contributes to the maturation defect. One
scenario is that a diminished import of Rpf1 in kap120 mutants
causes a defect in large ribosomal subunit maturation, which in
turn leads to an export block. Increasing amounts of Rpf1 are
expected to compensate for compromised nuclear import. It is
also possible that Kap120 is itself mechanistically involved in
27S rRNA processing and that RPF1 overexpression over-
comes the absence of KAP120. Another explanation is that
Rpf1 recruits export factors to the maturing large subunit and
that RPF1 overexpression enhances the export velocity. The
latter explanation is rather unlikely, because the nuclear accu-
mulation of 60S subunits in the NMD5-null strain was not
affected by RPF1 overexpression. Therefore, Nmd5 is likely to
promote the import of another factor required for ribosome
biogenesis. Moreover, since RPF1 overexpression did not re-
duce the 27S rRNA processing defect associated with the
KAP120 deletion (our unpublished observation), we expect
that yet another processing factor is imported by Kap120.
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