The EMBO Journal (2007) 26, 288-300 | © 2007 European Molecular Biology Organization | All Rights Reserved 0261-4189/07

www.embojournal.org

THE

EMBO

JOURNAL

Cex1p is a novel cytoplasmic component of the
Saccharomyces cerevisiae nuclear tRNA export

machinery
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The Saccharomyces cerevisiae Yor112wp, which we named
Cexlp, was identified using a yeast tRNA three-hybrid
interaction approach and an in vivo nuclear tRNA export
assay as a cytoplasmic component of the nuclear tRNA
export machinery. Cexlp binds tRNA saturably, and
associates with the nuclear pore complex by interacting
directly with Nup116p. Cex1p co-purifies with the nuclear
tRNA export receptors Loslp and Msn5p, the eukaryotic
elongation factor eEF-1A, which delivers aminoacylated
tRNAs to the ribosome, and the RanGTPase Gsplp, but not
with Ccalp, a tRNA maturation enzyme that facilitates
translocation of non-aminoacylated tRNAs across the
nuclear pore complex. Depletion of Cexlp and eEF-1A
or Loslp significantly reduced the efficiency of nuclear
tRNA export. Cex1p interacts with Loslp but not with
eEF-1A in vitro. These findings suggest that Cexlp is a
component of the nuclear aminoacylation-dependent
tRNA export pathway in S. cerevisiae. They also suggest
that Cexlp collects aminoacyl-tRNAs from the nuclear
export receptors at the cytoplasmic side of the nuclear
pore complex, and transfers them to eEF-1A using a
channelling mechanism.

The EMBO Journal (2007) 26, 288-300. doi:10.1038/
sj.embo0j.7601493; Published online 4 January 2007

Subject Categories: membranes & transport; RNA

Keywords: channelling mechanism; nuclear tRNA
aminoacylation; nuclear tRNA export; tRNA export
components; tRNA three-hybrid

Introduction

In eukaryotes, the nuclear transcription and cytoplasmic
translation machineries are separated by the nuclear envel-
ope (NE). Large heteromeric protein structures called nuclear
pore complexes (NPC) perforate the NE and allow the passage
of macromolecules such as proteins and RNAs between the
nucleus and cytoplasm. Translocation of macromolecules
across the NPC requires components of the NPC known as
nucleoporins (Nups), as well as soluble transport proteins
known as nuclear import/export receptors. In most cases, the
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import/export receptors are members of a family of transpor-
ters called B-Karyopherins (B-Kaps). B-Kaps interact directly
with a subset of Nups during translocation across the NPC,
and their function in the import-export cycle is regulated by
the small GTPase Ran (for reviews see Gorlich and Kutay,
1999; Grosshans et al, 2000b; Rout and Aitchison, 2001;
Rodriguez et al, 2004). Thus, the NPC, Ran and the nuclear
import/export receptors work together to establish the direc-
tionality and specificity of cargo translocation across the NE,
allowing cells to control growth, gene expression and cellular
division (Kaffman and O’Shea, 1999).

Studies in mammalian cells and Saccharomyces cerevisiae
established that functional, mature tRNAs are preferentially
selected for export to the cytoplasm (Zasloff et al, 1982; Arts
et al, 1998b; Lipowsky et al, 1999). In these organisms and
other eukaryotes, tRNA genes are transcribed by RNA poly-
merase III to produce pre-tRNAs. The pre-tRNA transcripts
undergo trimming at the 5’ and 3’ ends, base modification,
addition of C, C and A to their 3’ ends, and in a small
percentage of the transcripts, removal of an intron (Hopper
and Phizicky, 2003). For intronless pre-tRNAs, this multistep
maturation process occurs in the nucleus. Maturation of
intron-containing pre-tRNAs also takes place in the nucleus.
However, for removal of the intron, the pre-tRNAs are
exported to the cytoplasm and then imported back to the
nucleus, most likely for further maturation (Shaheen and
Hopper, 2005; Takano et al, 2005). Mature tRNAs are then
subjected to a quality assurance step to ensure that they are
functional before export to the cytoplasm.

Studies conducted in Xenopus laevis and S. cerevisiae led
to the suggestion that aminoacylation is used to select func-
tional tRNAs for export to the cytoplasm (Lund and Dahlberg,
1998; Sarkar et al, 1999; Grosshans et al, 2000a; Azad et al,
2001). This proof-reading step appears to occur in the
nucleolus (Steiner-Mosonyi and Mangroo, 2004). However,
nuclear tRNA aminoacylation is not the only mechanism
used to inspect the functionality of tRNA, as this step is not
absolutely required for tRNA export in both X. laevis and
S. cerevisiae (Arts et al, 1998b; Lipowsky et al, 1999; Azad
et al, 2001). Consequently, nuclear tRNA export is thought to
occur by two pathways referred to as aminoacylation-depen-
dent and aminoacylation-independent pathways. Recent
evidence, however, suggests that the nuclear aminoacyla-
tion-dependent pathway has the primary responsibility for
exporting tRNAs from the nucleus in S. cerevisiae (Steiner-
Mosonyi and Mangroo, 2004).

Utp8p is a nucleolar tRNA-binding protein that plays
a critical role in nuclear tRNA export in S. cerevisiae
(Steiner-Mosonyi et al, 2003). It is required for nuclear
export of both aminoacylated and non-aminoacylated
tRNAs derived from intron-containing and intronless pre-
tRNAs, and was proposed to act at a step between tRNA
maturation/aminoacylation and translocation of the tRNA
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across the NPC. Utp8p most likely directs tRNAs that have
been deemed functional to the nuclear tRNA export receptors
in S. cerevisiae. Whether such a protein is required in
mammalian cells is not known.

Los1p and Msn5p are the nuclear export receptors respon-
sible for translocating tRNAs across the NPC in S. cerevisiae
(Hellmuth et al, 1998; Takano et al, 2005). This step in
mammalian cells is facilitated by exportin-t and exportin-5,
the orthologues of Loslp and Msn5p, respectively (Arts et al,
1998a; Kutay et al, 1998; Bohnsack et al, 2002; Calado et al,
2002). These proteins are B-Kaps and bind the tRNA
cargo directly in an RanGTP-dependent manner. Loslp,
Msn5p and exportin-5 are thought to be receptors of
the nuclear aminoacylation-dependent export pathway
(Grosshans et al, 2000a; Bohnsack et al, 2002; Calado et al,
2002; Steiner-Mosonyi and Mangroo, 2004). However, Los1p
may also facilitate nuclear export of non-aminoacylated
tRNAs, as exportin-t has been shown to transport a non-
aminoacylated tRNA to the cytoplasm (Arts et al, 1998b). The
ATP (CTP):nucleotidyltransferase (Ccalp), an essential en-
zyme that prepares tRNAs for aminoacylation in the nucleus,
cytoplasm and mitochondrion by adding the nucleotides C,
C and A to the 3’ ends of tRNAs, has also been implicated
in nuclear export of some tRNAs in S. cerevisiae (Feng
and Hopper, 2002). Ccalp is thought to function as a tRNA
export receptor or an adaptor in a nuclear aminoacylation-
independent pathway that permits export of tRNAs arising
from intronless pre-tRNAs (Feng and Hopper, 2002).
Furthermore, evidence reported suggests that another
unidentified nuclear aminoacylation-independent pathway
facilitates the nuclear export of tRNAs derived from
intron-containing pre-tRNAs (Steiner-Mosonyi et al, 2003).

The genetic and biochemical studies reported indicate that
nuclear tRNA export in S. cerevisiae involves multiple re-
dundant pathways. The details of these pathways, however,
are poorly understood, and only some of the proteins that
facilitate nuclear tRNA export are known. We described
previously the use of a yeast tRNA three-hybrid approach
and an in vivo nuclear tRNA export assay based on amber
suppression to identify proteins that play a role in nuclear
tRNA export in S. cerevisiae (Steiner-Mosonyi et al, 2003).
This combined strategy resulted in the identification of
Utp8p, several known tRNA-binding proteins (Steiner-
Mosonyi et al, 2003) and an uncharacterized 85-kDa cyto-
plasmic protein (encoded by YORII2W), which we named
Cexlp. We report that Cex1p, which is similar to a protein
found in higher eukaryotes including humans, is a cytoplas-
mic component of the nuclear aminoacylation-dependent
export pathway. The data suggest that Cex1p collects ami-
noacyl-tRNAs from the nuclear export receptors at the cyto-
plasmic side of the NPC, and delivers them to eEF-1A in the
cytoplasm using a channelling mechanism. Cex1p, therefore,
provides a link between the nuclear aminoacylation-depen-
dent export pathway and the protein synthesis apparatus.
This may, in part, be necessary to maintain the high transla-
tion rate needed to allow cells to reach the critical size
required to trigger cell division. Finally, this study under-
scores the importance of specific hypothesis-driven, directed
proteomic experiments, as several genome-scale protein-
protein interaction studies in S. cerevisiae did not identify
the proteins that we have found to interact with Cex1p (Gavin
et al, 2006; Krogan et al, 2006).
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Results

Cex1p interacts genetically with Arc1p

We have previously used a yeast tRNA three-hybrid selection
method to identify the genes of proteins that interact with
tRNA, and a phenotypic in vivo nuclear tRNA export assay
based on suppression of amber codons in metabolic reporter
genes to test whether the identified proteins participate in
nuclear tRNA export in S. cerevisiae (Steiner-Mosonyi et al,
2003). This strategy resulted in the identification of Utp8p, a
nucleolar tRNA-binding protein that plays an essential intra-
nuclear role in nuclear tRNA export (Steiner-Mosonyi et al,
2003). The gene YORI112W encoding an 85-kDa protein of
unknown function was also identified by the tRNA three-
hybrid selection screen and the in vivo nuclear tRNA export
assay (Supplementary Figure S1). The function of the
Yor112w protein is not essential (Giaever et al, 2002), and it
was localized to the cytoplasm by yeast protein localization
studies (Huh et al, 2003). PSI-BLAST indicated that Yor112wp
is structurally homologous to an uncharacterized ORF in
higher eukaryotes, including the human SCYL1/NTKL,
Caenorahbditis elegans W07G4.3 and Arabidopsis thaliana
At2g40730. These proteins have a characteristic protein
kinase-like domain at their N-termini. This domain in
Yorll12wp is found between amino acids 1 and 280.
However, Yorl12wp and the orthologues lack characteristic
catalytic residues, suggesting that they may not be protein
kinases. This is consistent with the finding that SCYL1/NTKL
does not possess kinase activity (Kato et al, 2002). Yorl12wp
and its orthologues also contain a HEAT repeat domain,
which is commonly involved in protein-protein interactions.
Yorll12wp was named Cex1p for cytoplasmic export protein,
as findings described below indicate that it has a cytoplasmic
role in nuclear tRNA export.

The cytoplasmic Arclp influences the efficiency of nuclear
tRNA export by gathering certain species of non-amino-
acylated tRNA exiting the nucleus, and delivering them to
their cognate aminoacyl-tRNA synthetases (Simos et al,
1996). However, the function of Arclp is not essential,
suggesting that there is at least one S. cerevisiae protein
with function similar to Arclp (Simos et al, 1996). The
cytoplasmic location of Cexlp suggests that it could be
functionally equivalent to Arclp. To investigate this possibi-
lity, a haploid cex! arcl strain harboring pCEN-URA-GALI1-
CEX1 was prepared by tetrad dissection of a heterozygous
diploid strain with the pCEN-URA-GAL1-CEX1 plasmid. The
cex1 arcl strain expressing Cex1p showed no growth defect at
30°C (Figure 1A, upper left-hand panel). Glucose repression
of Cex1p expression significantly reduced the growth of cex1
arcl (upper right-hand panel), but had no effect on the
growth of the arcl and cex1 strains (Figure 1A, lower panels).
The use of 5-fluoroorotic acid (5-FOA) to select for cells
lacking pCEN-URA-GAL1-CEX1 and harboring pUN100-
ARC1 (Figure 1B, upper left-hand panel) or pUN100 (upper
right-hand panel) indicated that Arclp provided in trans
rescued the growth defect of the cexI arcl strain. Growth of
the arcl and cex1 strains (lower panels) was not affected by
the loss of pCEN-URA-GAL1-CEX1. In contrast, Loslp pro-
vided in trans could not rescue the growth defect of the cex!
arcl strain (Figure 1C). The data suggest that the function of
Cexlp is distinct from that of Loslp, and that it could be a
functional homologue of Arclp.
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Figure 1 Disruption of the CEXI and ARCI genes reduced cell
growth, which could be rescued by Arclp but not by Loslp. The
cex1 arcl, arcl and cex1 strains containing pCEN-URA-GAL1-CEX1
were streaked on CSD-Ura medium and incubated at 30°C. The
growth of the cexI arcl strain harboring the pCEN-URA-GAL1-CEX1
plasmid on CS medium containing galactose was also monitored
(A). The cexl arcl pCEN-URA-GAL1-CEX1 strain containing
pUN100 without or with the ARCI gene, and the arcl pCEN-URA-
GAL1-CEX1 and cexI pCEN-URA-GAL1-CEX1 strains containing
pUN100 were streaked on CSD medium lacking Leu and containing
0.1% 5-FOA and incubated at 30°C (B). The cex1 arcl pCEN-URA-
GALI1-CEX1 strain containing pYX242 without or with the LOSI
gene was streaked on CSD medium lacking Leu and containing
0.1% 5-FOA and incubated at 30°C (C).

Depletion of Cex1p and Los1p significantly reduced the
efficiency of nuclear tRNA export

Previous studies have shown that disruption of both LOSI
and ARCI was lethal (Simos et al, 1996). To investigate
further whether Cexlp is functionally equivalent to Arclp,
the effect of disruption of CEX1 and LOSI on cell growth was
assessed. A cexI losl haploid strain harboring pCEN-URA-
GAL1-CEX1 was obtained by tetrad dissection of a hetero-
zygous diploid strain with pCEN-URA-GAL1-CEX1. Growth of
cex] los] strain was not affected when the pCEN-URA-GALI-
CEX1 plasmid was eliminated by counter-selection using
5-FOA (data not shown). Furthermore, growth of the cexI
los1 strain harboring pYX242 was comparable to the cexI and
los] strains with pYX242 on YPD and CSD-Leu medium at 24,
30 and 37°C (Figure 2). This finding suggests that Cex1p may
not be performing the same function as Arclp. This is
consistent with the observation that overexpression of
Cexl1p is unable to complement a losl arcl strain (data not
shown).

Previous studies have shown that disruption of LOSI and
MSNS did not affect cell growth (Takano et al, 2005). Loss of
the function of both Los1p and Msn5p, however, reduced the
efficiency of nuclear tRNA export (Takano et al, 2005).
Consequently, FISH was used to ascertain whether tRNAs
accumulate in the nucleus of the cex1 losI strain by monitor-
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Figure 2 Disruption of the CEXI and LOSI genes did not affect cell
growth. The cexI, losl and cexI losl strains containing pYX242
were serially diluted and spotted on YPD or CSD medium lacking
Leu and incubated at 24, 30 and 37°C.

ing the cellular location of tRNA™" (Figure 3). The U18 small
nucleolar RNA (U18 snoRNA) was used as a nuclear marker.
In the wild-type and cexI strains, tRNA®" was found mainly
in the cytoplasm. However, nuclear retention of tRNA™"
could be observed in approximately 5% of the cexI cells.
Disruption of the LOSI gene has been shown to cause nuclear
accumulation of several tRNAs, including tRNA®" (Grosshans
et al, 2000a; Feng and Hopper, 2002), and we also detect
nuclear accumulation of tRNA™" in the los] strain. This was
observed in about 22 % of the losI cells, which is comparable
to values reported earlier (Grosshans et al, 2000a). Moreover,
retention of tRNA™" was detected in the nucleus of about
48% of the cexI losl cells. These findings suggest that the
function of Cex1p has an impact on the efficiency of nuclear
tRNA export. As Loslp is a receptor of the aminoacylation-
dependent nuclear tRNA export pathway (Steiner-Mosonyi
and Mangroo, 2004), this suggests that Cexlp plays a role
in this pathway. This suggestion is consistent with data
presented below.

Cex1p binds tRNA directly and saturably in vitro

To understand how Cex1p affects nuclear tRNA export, sub-
strate-induced intrinsic fluorescence quenching of tryptophan
residues was used to ascertain whether Cex1p can interact
with tRNA. Cexlp containing an N-terminal (His), tag was
overproduced in Escherichia coli and purified by a combina-
tion of affinity and ion-exchange chromatography. The purity
of Cexlp is shown in Figure 4A. The interaction analysis
showed that recombinant Cex1p binds mature yeast tRNA
directly and saturably (Figure 4B), indicating that it has a
tRNA-binding site. Cexlp also interacts with a 90-bp DNA
oligonucleotide, but to a lower extent compared with that
observed for tRNA binding (Figure 4B). Moreover, saturable
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Figure 3 Depletion of both Cex1p and Losl1p significantly reduced the efficiency of nuclear tRNA export. The location of the U18 snoRNA and
the mature form of tRNA™" in each strain was detected by FISH. Cells showing nuclear retention of tRNA™", as determined by U18 snoRNA
localization, are indicated by arrows. The number of cells showing nuclear retention of tRNA™" was expressed as a percentage of total cells. For
each strain, a total of 200 cells were inspected for nuclear accumulation of tRNA™",
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Figure 4 Cexlp binds tRNA directly and saturably. Substrate-

induced intrinsic fluorescence quenching of Trp residues was

used to determine whether purified Cexlp (A) interacts with
tRNA or DNA (B).

binding to the oligonucleotide could not be achieved using
the same concentrations employed for tRNA binding. Non-
saturable binding was also observed when 5S rRNA was used
(data not shown). Eadie-Hofstee and Hanes-Woolf analyses
of the data indicate that the affinity of Cexlp for tRNA, the
DNA oligonucleotide and 5S rRNA is 2, 98 and 100uM,
respectively. This suggests that Cexlp has an RNA-binding
site that is specific for tRNA. However, Cex1p is able to bind
nucleic acid nonspecifically in vitro. The nonspecific binding
property of Cex1p is not unusual, as it is well established that
bona fide prokaryotic and eukaryotic tRNA-binding proteins,
including Utp8p and Arclp, interact nonspecifically with non-
cognate RNAs in vitro (Gite and RajBhandary, 1997; Wang
and Schimmel, 1999; Steiner-Mosonyi et al, 2003). Thus, the
data strongly suggest that in vivo tRNA is the substrate
for Cex1p.

Cex1p associates with the nuclear pore complex by
interacting directly with Nup116p

Yorl12wp/Cex1p was found to interact with Nupll6p by a
large-scale two-hybrid interaction study (Ito et al, 2001).
However, Yorll2wp was reported to be cytoplasmic based
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on direct fluorescence microscopy (Huh et al, 2003).
Furthermore, our localization studies using a Cex1-GFP
fusion protein verified that Cex1lp is a cytoplasmic protein
(data not shown). Therefore, to test whether Cex1p associates
with the NPC, immunofluorescence confocal scanning micro-
scopy was used to assess whether Cexlp containing a
C-terminal Myc epitope colocalizes with the nucleoporin
Nupl16p or Nup2p in cex! cells (Figure 5). Overlay analysis
indicates that Cexlp colocalizes with Nupll6p (A) and
Nup2p (B). The data show that, the majority of Cexlp is
located in the cytoplasm, whereas a small amount of the
protein associates with the NPC (Figure 5A and B).

To further test whether the association of Cex1p with the
NPC is authentic, colocalization of Cex1-Myc with Nup2p
was investigated in nupl16 and nupl20, which exhibit clus-
tered NPC (Aitchison et al, 1995). Clustering of the NPC in
nupl20 does not affect nuclear import processes, but blocks
nuclear export processes including nuclear tRNA export
(Aitchison et al, 1995; Sarkar and Hopper, 1998).
Immunofluorescence shows that Nup2p is clustered in the
nuclear envelope of nup120 (Figure 5C), but not in nuplié6,
at the permissive temperature (Figure 5D) or in cexI cells
(Figure 5B). As in cex1 cells (Figure 5A and B), Cexlp is
distributed throughout nup120 and nupl16 cells (Figure 5C
and D). Overlay analyses indicate that Cex1p colocalizes with
Nup2p in the clustered NPC of nup120 (Figure 5C). However,
Cexlp no longer colocalizes with Nup2p in nupll6
(Figure 5D). These findings strongly suggest that Cexlp
associates with the NPC by interacting with Nup116p.

To investigate whether Cexlp associates with Nupll6p
in vivo, a tandem affinity purification (TAP) strategy
(Rigaut et al, 1999; Puig et al, 2001) was used to determine
whether Cex1p co-purifies with Nup116p. TAP was also used
to test whether Cexlp co-purifies with other Nups such as
Nup2p and Nup57p. For this analysis, total cell extract
was prepared from CEXI-TAP, NUP116-TAP, NUP2-TAP or
NUP57-TAP and subjected to TAP using IgG-Sepharose and
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Figure 5 Cexlp associates with the NPC. The location of the Cex1-Myc fusion protein and Nupl16p (A) or Nup2p (B) in cexI harboring
pRS416-ADH1-CEX1-MYC was determined by immunofluorescence confocal microscopy using a mouse monoclonal anti-Myc antibody and
rabbit polyclonal anti-Nup2p and anti-Nup116p. Colocalization of Cex1p with Nup116p or Nup2p (arrow) was determined by overlay analysis
of the images. The location of Cex1-Myc and Nup2p in nup120 (C) and nupl16 (D) with pRS416-ADH1-CEX1-MYC was determined as above
and overlay analyses of the images were performed to ascertain whether Cex1p colocalizes with Nup2p.

calmodulin-Sepharose. The proteins in the final eluate were
separated by SDS-PAGE and transferred to membranes. The
blots were stained with Sypro-Ruby to detect the co-purifying
proteins (Figure 6A), or subjected to Western blot analyses to
detect Cex1p or Nupll6p (Figure 6B). Nupll6p was found to
co-purify with Cex1-TAP (Figure 6B, top panel). Conversely,
Cex1p co-purifies with Nup116-TAP (Figure 6B, lower panel,
top row). However, Cex1p did not co-purify with Nup2-TAP
(Figure 6B, lower panel, middle row) or Nup57-TAP
(Figure 6B, lower panel, bottom row), suggesting that
Cex1p co-purified specifically with Nup116p.

In vitro binding was used to ascertain whether Cexlp
interacts directly with Nupll6p. GST-Nupll6p bound to
glutathione resin was incubated with a two-fold molar excess
of Cexlp (lane 3). As a control, Cexlp was incubated with
bound GST (lane 4). After washing the matrix, Nup1l16p was
released from the GST tag by cleavage with the TEV protease.
The eluate and purified GST-Nup116p and Cex1p were sub-
jected to SDS-PAGE, followed by Coomassie blue staining
(Figure 6C, third row), or Western blot analysis to detect
Nupll6p (Figure 6C, top row) and Cex1p (Figure 6C, second
row). Unbound Cex1p in the wash eluate (Figure 6C, fourth
row) was detected by Coomassie blue staining of an SDS-
PAGE gel. Nupll6p was released from the resin owing to
cleavage of the TEV site found between GST and Nupll6p
in the fusion protein (Figure 6C, compare lanes 2 and 3).
Western blot analysis and Coomassie blue staining showed
that Cexlp interacts with Nupll6p (Figure 6C, second and
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third rows, lane 3). In contrast, Cex1p could not be detected
in the eluate from the bound GST control (Figure 6C, second
and third rows, lane 4). These findings show that Cexlp
interacts directly with Nup116p.

To determine whether the interaction between Cex1p and
Nupll6p in vitro is specific, we tested whether Cex1p could
interact with NupS57p (Figure 6D). Bound GST-Nup57p was
incubated with a two-fold molar excess of Cex1p. The resin
was washed and boiled in SDS-PAGE buffer to release GST-
Nup57p. The eluate and purified GST-Nup57p and Cexlp
were subjected to SDS-PAGE, followed by Western blot
analysis using anti-GST to detect Nup57p (Figure 6D, top
row) and anti-Cexlp to detect Cexlp (Figure 6D, second
row). The interaction was also monitored by staining an
SDS-PAGE gel with Coomassie blue (Figure 6D, third row).
Unbound Cexlp in the wash eluate was detected by
Coomassie blue staining of an SDS-PAGE gel (Figure 6D,
bottom row). Both Coomassie blue staining and Western blot
analysis showed that Cexlp did not interact with Nup57p
(Figure 6D, second and third row, lane 3). A very small
amount of Cexlp could be detected in the eluate obtained
from the sample containing bound GST (Figure 6D, second
and third rows, lane 4). Collectively, the data indicate that
Cex1p associates with the NPC by interacting directly and
specifically with Nup116p. The data also suggest that Cex1p
may be playing a direct role in nuclear tRNA export by
facilitating a step after the tRNA-export receptor complex
has reached the cytoplasmic side of the NPC.
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Figure 6 Cex1p associates with the NPC by interacting directly and specifically with Nup116p. Total cell extract was prepared from the CEX1-
TAP, NUP116-TAP, NUP2-TAP or NUPS57-TAP strain and subjected to TAP. The proteins in the total cell lysate (lane 1) and the final TAP eluate
(lane 2) were on separated a 4-12% Novex gel and transferred to nitrocellulose membrane. The blot was stained with Sypro-Ruby to detect co-
purifying proteins (A), or probed with anti-Cex1p or anti-Nupll6p (B). To investigate whether Cex1p interacts with Nupll6p directly, GST-
Nup116p (200 pg, 1.72 nmol) (lanes 2 and 3) or GST was bound to glutathione resin (lane 4) (C) and incubated with a two-fold molar excess of
Cex1p (291 ng, 3.44nmol). After the resin was washed, Nup116p was released from GST using TEV. Coomassie blue staining of an SDS-PAGE
gel (third row) or Western blot analysis was used to detect Nup116p (first row) and Cex1p (second row) in an aliquot of the eluate. Purified
Cex1p (lane 1) and GST-Nupl16p (lane 2) were used as size markers. The unbound Cex1p in an aliquot of the wash eluate was detected by
Coomassie blue staining of an SDS-PAGE gel (fourth row). The specificity of the interaction between Cexlp and Nupll6p was tested by
investigating whether Cex1p interacts with Nup57p (D). The analysis was conducted as described above except the amount of GST-Nup57p
(200 pg, 3.44 nmol) and Cex1p (590 pg, 6.88 nmol) was increased by two-fold. Bound GST-Nup57p was released by boiling the resin in the SDS-
PAGE buffer, and an aliquot was subjected to SDS-PAGE. Coomassie blue staining (third row) or Western blot analysis was used to detect
Nup57p (first row) and Cex1p (second row). Purified Cex1p (lane 1) and GST-Nup57p (lane 2) were used as size markers. Unbound Cex1p in
an aliquot of the wash eluate was detected by Coomassie blue staining of an SDS-PAGE gel (fourth row).

Cex1p may collect tRNA from the nuclear tRNA export
receptors of the aminoacylation-dependent export
pathway at the NPC

To gain insight into the role of Cexlp at the NPC, TAP was
used to determine whether Cex1p co-purifies with the export
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receptors Loslp and Msn5p of the nuclear aminoacylation-
dependent pathway and Ccalp of the aminoacylation-inde-
pendent pathway (Figure 7). Co-purification of Cexlp with
Cselp, which is an unrelated nuclear export receptor respon-
sible for protein export, was also investigated (Kunzler and
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Figure 7 Cexlp co-purifies with Loslp, Msn5p and Gsplp but not with Cselp or Ccalp by TAP. TAP was performed using total cell extract
prepared from CEX1-TAP, LOS1-TAP, MSNS-TAP, CSE1-TAP, GSP1-TAP and CCAI-TAP. Total cell extract (lane 1) and the final eluate (lane2) were
subjected to SDS-PAGE and the separated proteins were transferred to nitrocellulose membranes. The membranes were stained with Sypro-
Ruby to detect the co-purifying proteins (A), or used for Western blot analysis (B) to detect Cex1p, Loslp or Gsplp.

Hurt, 1998). The final eluates were separated by SDS-PAGE
and transferred to membranes. The blots were stained with
Sypro-Ruby to detect the co-purifying proteins (Figure 7A), or
subjected to Western blot analysis to detect Cex1p or Loslp
(Figure 7B). The analyses show that Cex1p co-purifies with
Los1-TAP (Figure 7B, top panel, first row, lane 2) and Loslp
co-purifies with Cex1-TAP (lower panel, top row, lane 2).
Furthermore, Cex1p co-purifies with Msn5-TAP (top panel,
second row, lane 2) but not with Ccal-TAP (top panel, fourth
row, lane 2) or Csel-TAP (top panel, third row, lane 2). These
findings suggest that Cexlp associates specifically with
receptors of the nuclear tRNA aminoacylation-dependent
export pathway. In addition, the RanGTPase Gsplp co-
purified with Cex1-TAP (Figure 7B, lower panel, bottom
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row, lane 2). As tRNA is translocated across the NPC in a
complex with the export receptor and Gsplp, these results
suggest that Cex1p may associate with the export receptor-
tRNA-Gsplp complex in vivo. Interestingly, the S. cerevisiae
genome-scale protein-protein interaction studies reported did
not detect an association between Cexlp, Loslp, Msn5p,
Nupll6p and Gsplp (Gavin et al, 2006; Krogan et al, 2006).

In vitro binding was used to determine whether Cexlp
interacts directly with the nuclear tRNA export receptors.
This analysis was conducted with Loslp (Figure 8), as its
function in nuclear tRNA export is better characterized than
that of Msn5p. GST-Loslp bound to glutathione resin was
incubated with (lane 4) or without tRNA (26 uM) (Figure 8A,
lanes 3 and 5). Substrate-induced intrinsic fluorescence
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quenching of trytophan residues indicated that under the
binding conditions used, the GST-Los1 fusion protein binds
tRNA (data not shown); the apparent affinity of Loslp for
tRNA is approximately 20 pM. The resin was washed and a
two-fold molar excess of Cexlp was incubated with bound
GST-Los1p loaded with tRNA (lane 4) or free of tRNA (lane
5). Buffer was also added to bound GST-Los1p free of tRNA
(lane 3). As a control, Cex1p was incubated with bound GST
(lane 6). Loslp was released from bound GST by cleavage
with TEV. The eluate and purified GST-Los1p and Cex1p were
subjected to SDS-PAGE, followed by Coomassie blue staining
(Figure 8B, top row) or Western blot analysis to detect Los1p
(Figure 8A, top row) and Cexlp (Figure 8A, bottom row).
Unbound Cexlp in the wash eluate was detected by
Coomassie blue staining of an SDS-PAGE gel (Figure 8B,
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bottom row). Loslp is released from the resin owing to
cleavage of the TEV site found between GST and Loslp in
the GST-Los! fusion protein (Figure 8A and B, compare lane 2
with lanes 3-5). Both Western blot analysis and Coomassie
blue staining show that Cex1p interacts with Loslp loaded
with tRNA (Figure 8A and B, lanes 4 and 3, respectively) or
free of tRNA (Figure 8A and B, lanes 5 and 4, respectively).
Furthermore, Cexlp could not be detected in the eluate
obtained from the sample containing bound GST (Figure 8A
and B, lanes 6 and 5, respectively). The ratio of the intensities
of Cexlp to Loslp, determined by densitometric analysis,
indicates that Los1p loaded with tRNA or free of tRNA bound
approximately the same amount of Cexlp (compare lanes 3
and 4 of Figure 8B, top row). Qualitative analysis of the
Coomassie blue-stained proteins in the blot indicates that the
interaction between Cex1p and Los1p in the presence (lane 3)
or absence of tRNA (lane 4) is nearly stoichiometric
(Figure 8B, top row).

The specificity of the interaction between Cex1p and Los1p
was investigated by testing whether Cexlp interacts with
Kap104p, which is a B-Kap involved in nuclear protein import
(Figure 8C). Bound GST-Kap104p or GST was incubated with
a two-fold molar excess of Cex1p. The resin was washed and
boiled in SDS-PAGE buffer to release GST-Kapl04p. The
eluate and purified GST-Kap104p and Cexlp were subjected
to SDS-PAGE followed by Coomassie blue staining
(Figure 8C, third row) or Western blot analysis to detect
Kap104p (Figure 8C, top row) and Cexlp (Figure 8C, second
row). The amount of Cex1p in the wash eluate was monitored
by Coomassie blue staining of an SDS-PAGE gel (Figure 8D,
bottom row). By comparison to Los1lp (Figure 8A and B), an
extremely small amount of Cex1p was found to interact with
Kap104p by Western blot analysis (Figure 8C, second row,
lane 3) and Coomassie blue staining (Figure 8C, third row,
lane 3). Cex1p could not be detected in the eluate from the
bound GST control (Figure 8C, lane 4). The data suggest that
Cex1p is interacting specifically with Los1p. Collectively, the
data obtained suggest that in vivo Cexlp interacts directly

Figure 8 Cexlp interacts directly and specifically with Loslp in a
tRNA-independent manner in vitro. GST-Los1p (200 pg, 1.57 nmol)
was bound to glutathione resin with (lane 4) or without tRNA (lanes
3 and 5), and incubated with buffer with (lanes 4 and 5) or without
(lane 3) a two-fold molar excess of Cexlp (266 ug, 3.14nmol).
Cexlp was also incubated with bound GST (lane 6). The resin
was washed and Loslp was released from bound GST using TEV.
Western blot analysis was used to detect Loslp (A, top row) and
Cex1p (A, bottom row) in an aliquot of the eluate. Purified Cex1p
(lane 1) and GST-Loslp (Lane 2) were used as size markers.
Coomassie blue staining of an SDS-PAGE gel was also used to
monitor the extent of protein binding to Loslp with (lane 3) or
without tRNA (lane 4) and GST (lane 5) (B, top row). Unbound
Cex1p in an aliquot of the wash eluate was detected by Coomassie
blue staining of an SDS-PAGE gel (B, bottom row). The specificity
of the interaction of Cex1p with Loslp was tested by investigating
whether Cexlp interacts with KaplO4p (C). The analysis was
performed as above except 1.92nmol (200pg) of GST-Kapl04p
and 3.84nmol (327 ug) of Cexlp were used. The resin was boiled
in SDS-PAGE sample buffer to release GST-Kap104p. Coomassie
blue staining of an SDS-PAGE gel (third row) or Western blot
analysis was used to detect Kap104p (top row) and Cexlp (second
row) in an aliquot of the eluate. Purified Cex1p (lane 1) and GST-
Kap104p (lane 2) were used as size markers. Unbound Cex1p in an
aliquot of the wash eluate was detected by Coomassie blue staining
of an SDS-PAGE gel (bottom panel).
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with the nuclear tRNA export receptors at the cytoplasmic
side of the NPC to collect tRNA.

Cex1p may deliver aminoacylated tRNAs to the
translation machinery

Cex1p may also be required to deliver aminoacyl-tRNAs to
eEF-1A, which is necessary for efficient export of tRNAs from
the nucleus to the cytoplasm by Loslp (Grosshans et al,
2000a). To investigate this possibility, the effect of depletion
of Cex1p and eEF-1A on cell growth was assessed. The cex1
strain with a disruption in one of the two eEF-1A genes was
prepared from a heterozygous diploid strain harboring pCEN-
URA-GAL-CEX1 by tetrad dissection. The cexI tef2 strain
harboring pYX242 with or without the TEF2 gene grew at
30°C at a rate comparable to cex1 and tef2 with pYX242 when
the plasmid containing the CEXI gene was eliminated by
counter-selection using 5-FOA (data not shown). The cex1
tef2 strain containing pYX242 grew at a comparable rate to
the tef2 and cex! strains containing pYX242 on CSD or rich
medium at 30°C (Figure 9A, bottom panel). In contrast, the
cex1 tef2 strain grew slower than the tef2 and cexI strains on
CSD medium at 24°C (Figure 9A, top right panel). However,
this growth was significantly slower on rich medium at 24°C
(Figure 9A, top left panel). A losI tef2 strain was also reported
to grow significantly slower than each parental strain on rich
medium at 24°C (Grosshans et al, 2000a).

FISH was used to ascertain whether nuclear tRNA export
was also affected in the cex! tef2 strain (Figure 9B). Nuclear
retention of tRNA®" was observed in approximately 7% of
the cex1 cells, whereas 15% of the tef2 cells showed nuclear
accumulation of tRNAT". Studies reported previously also
found that a similar percentage of tef2 cells show nuclear
retention of tRNA™" (Grosshans et al, 2000a). A higher
percentage (36%) of the cexI tef2 cells exhibited nuclear
retention of tRNAD", Taken together, these results suggest that
the growth defect of the cexl tef2 strain was most likely
caused by a reduction in the efficiency of nuclear tRNA
export.

TAP was used to investigate whether Cexlp co-purifies
with eEF-1A (Tef2-TAP). Proteins that co-purified with Tef2-
TAP were separated by SDS-PAGE and transferred to mem-
branes. The bolt was stained with Sypro-Ruby to detect the
proteins (Figure 9C) or subjected to Western blot analysis to
detect Cex1p or eEF-1A (Figure 9D). Cex1p was found to co-
purify with Tef2-TAP (Figure 9D, top row, lane 2), and eEF-1A
co-purified with Cex1-TAP (Figure 9D, bottom row, lane 2).
These findings also support the suggestion that Cexlp is an
extranuclear component of the nuclear aminoacylation-
dependent export pathway, as eEF-1A delivers aminoacyl-
tRNAs to ribosomes. However, in vitro, Cex1p did not interact
with eEF-1A-GTP in the presence or absence of tRNA (data
not shown).

Discussion

We show that Cexlp is a novel component of the nuclear
tRNA export apparatus of S. cerevisiae. Cex1p, encoded by the
YOR112W gene, was originally identified using a yeast tRNA
three-hybrid interaction approach and an in vivo nuclear
tRNA export assay (Figure S1) to identify proteins associated
with the nuclear tRNA export process in S. cerevisiae (Steiner-
Mosonyi et al, 2003). Here we have shown that Cexlp is
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Figure 9 Disruption of the CEX1 and TEF2 genes affected cell
growth and the efficiency of nuclear tRNA export and TAP resulted
in the co-isolation of Cex1p and eEF-1A. The cexI, tef2 and cex! tef2
strains containing pYX242 were serially diluted and spotted on YPD
(left panels) or CSD medium lacking Leu (right panels) and in-
cubated at 24 and 30°C (A). The location of the U18 snoRNA and
the mature form of tRNA®" in the cex1, tef2 and cex] tef2 strains
was detected by FISH. Cells showing nuclear retention of tRNA™"
are indicated by arrows as determined by U18 snoRNA localization.
The number of cells showing nuclear retention of tRNA®" was
expressed as a percentage of total cells. For each strain, a total of
200 cells were inspected for nuclear accumulation of tRNA" (B).
TAP was performed using total cell extract prepared from TEF2-TAP
and CEXI-TAP. The proteins in total cell lysate (lane 1) and the final
eluate (lane 2) were separated by SDS-PAGE and transferred to
nitrocellulose membrane. The membrane was stained with Sypro-
Ruby to detect the proteins (C) or used for Western blot analysis to
detect Cex1p (D, top row) or eEF-1A (D, bottom row).

located primarily in the cytoplasm (Figure 5A) and has a
tRNA-binding site (Figure 4). Furthermore, Cexlp interacts
genetically with Arclp, a cytoplasmic component that influ-
ences the efficiency of the nuclear aminoacylation-indepen-
dent export pathway (Figure 1A and B). However, disruption
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of the Cexlp and Loslp genes had no effect on cell growth
(Figure 2), whereas previous studies have shown that com-
bining the arcl and losI alleles resulted in synthetic lethality
(Simos et al, 1996). Overexpression of Cexlp could not
restore growth of the losI arcl strain (data not shown).
Similarly, overproduction of Loslp did not alleviate the
growth defect of the cexl arcl strain (Figure 1C). These
data suggest that the function of Cex1p is distinct from that
of Arclp, but may play an equivalent role in the nuclear
aminoacylation-dependent export pathway, which is the
principal route used to export tRNA from the nucleus in S.
cerevisiae (Steiner-Mosonyi and Mangroo, 2004).

Disruption of the Los1p and eEF-1A genes has been shown
to reduce both cell growth and the efficiency of nuclear tRNA
export (Grosshans et al, 2000a). Furthermore, tRNAs that
have been shown to be exported by Loslp are found in the
aminoacylated form in the nucleus of a los] strain (Steiner-
Mosonyi and Mangroo, 2004). These observations suggest
that Loslp is responsible for exporting aminoacyl-tRNAs.
Msn5p is also a nuclear tRNA export receptor of the nuclear
aminoacylation-dependent pathway based on the findings
that depletion of both Msn5p and Loslp reduced the effi-
ciency of nuclear export of tRNA, and the Msn5p orthologue
exportin-5 associates with aminoacyl-tRNAs in mammalian
cells (Bohnsack et al, 2002; Calado et al, 2002; Takano et al,
2005). This is consistent with data showing that the major
tRNA species of 19 families are in the aminoacylated form in
the nucleus of wild-type S. cerevisiae cells at steady state
(Steiner-Mosonyi and Mangroo, 2004). Although the loss of
function of Cexlp and Loslp did not affect cell growth, the
efficiency of nuclear tRNA export was reduced significantly
(Figures 2 and 3). In addition, disruption of Cex1p and eEF-
1A genes was found to impair cell growth and the efficiency
of nuclear tRNA export (Figure 9A and B). Taken together, the
data are consistent with the supposition that Cex1p plays a
role in the nuclear aminoacylation-dependent tRNA export
pathway. This is further supported by the finding that TAP
resulted in the co-purification of Cexlp, Loslp, Msn5p and
eEF-1A but not Ccalp (Figures 7 and 9D), which plays a role
in facilitating translocation of non-aminoacylated tRNAs
across the NPC in S. cerevisiae (Feng and Hopper, 2002), or
Cselp, a nuclear export receptor, that does not play a role in
nuclear tRNA export (Kunzler and Hurt, 1998). Although the
biochemical and genetic characterizations strongly suggest
that Cexlp functions in the nuclear aminoacylation-depen-
dent export pathway, the data however do not rule out the
possibility that Cexlp may also participate in the amino-
acylation-independent export pathway.

Colocalization studies showed that, although the majority
of Cexlp is in the cytoplasm, a small percentage of the
protein associates with the NPC (Figure SA-C). This associa-
tion is dependent on the presence of Nupll6p (Figure 5D).
Nup116p is located on the nucleoplasmic, but more so, on the
cytoplasmic side of the NPC. Disruption of the NUPI16 gene
was shown to cause a defect in nuclear tRNA export (Sarkar
and Hopper, 1998). Cexlp was found to interact with
Nupll6p in vivo by a two-hybrid interaction study (Ito
et al, 2001) and by our TAP analyses (Figure 6B). Moreover,
Cex1p and Nupl16p interact directly and specifically in vitro
(Figure 6C and D). These results combined with the finding
that Cex1p associates with both Loslp and MsnSp but not
with Cselp (Figure 7B) in vivo suggest that Cex1p locates at
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the NPC by interacting with Nup116p, and facilitates a step
after the nuclear export receptor-tRNA complex has reached
the cytoplasmic side of the NPC. Although the role of Cex1p
in nuclear tRNA export is not fully characterized at this stage,
the observation that Cex1p interacts directly with tRNA and
Los1p in vitro (Figures 4 and 8) strongly suggests that in vivo
it interacts with the export receptors at the cytoplasmic side
of the NPC to pick up aminoacyl-tRNAs. However, further
studies are required to understand fully how Cex1p interfaces
with the nuclear tRNA export receptor such as Loslp at the
NPC to retrieve the aminoacylated tRNAs.

The GTPase Ran/Gsplp plays an essential role in both
nuclear import and export processes facilitated by p-Kaps. For
nuclear export, interaction of the export receptor with the
GTP-bound form of Ran/Gsplp facilitates binding of the
cargo to the receptor. The resulting ternary complex moves
across the NPC and, once in the cytoplasm, the GTPase
activity of Ran/Gsplp is activated by the RanGTPase-activat-
ing protein RanGAP/Rnalp. Hydrolysis of GTP to GDP by
Ran/Gsplp facilitates dissociation of the receptor-cargo-
Ran/Gsplp complex (Gorlich and Kutay, 1999; Rodriguez
et al, 2004). Loslp has been shown to co-purify with
Gsplp-GTP and to interact with Gsp1p-GTP in a tRNA-depen-
dent manner in vitro (Hellmuth et al, 1998). This finding led
to the suggestion that loading of Loslp with tRNA is depen-
dent on Gsplp-GTP in vivo. This is also the case for exportin-t
and exportin-5 (Arts et al, 1998a; Kutay et al, 1998; Bohnsack
et al, 2002; Calado et al, 2002). Moreover, in vitro and in vivo
studies in S. cerevisiae and X. laevis suggest that unloading of
the tRNA cargo from Los1p and exportin-t after translocation
across the NPC requires GTP hydrolysis by Gsplp/Ran (Arts
et al, 1998a; Hellmuth et al, 1998; Kutay et al, 1998; Sarkar
and Hopper, 1998). Cex1p was found to co-purify with Los1p
and Gsplp by TAP (Figure 7B). This combined with the
observation that Cex1p binds Loslp directly and specifically
in vitro (Figure 8) suggests that in vivo Cex1p interacts with
Loslp before activation of the GTPase activity of Gsplp. A
model consistent with the finding that in vitro Cexlp inter-
action with Los1p is not dependent on tRNA (Figure 8A and
B, compare lanes 4 and 5, and 3 and 4, respectively) suggests
that in vivo Cex1p interacts first with the export receptor and
then removes the aminoacyl-tRNA from the export receptor
once the GTPase activity of Gsplp is activated by the RanGAP
Rnalp. This interpretation is consistent with the finding that
in vitro Cex1p remained associated with Los1lp loaded with
tRNA (Figure 8). However, a thorough analysis is required
to ascertain whether Gsplp GTPase activity is required for
Cexlp to facilitate the unloading of aminoacyl-tRNAs from
the nuclear tRNA export receptors. Nevertheless, the data
taken together support the conclusion that Cex1p is directly
involved in the nuclear tRNA export process in S. cerevisiae.

Channelling is a mechanism used to spatially compart-
mentalize biochemical processes. This is achieved by directly
transferring a substrate from one component to another
within a multistep biochemical pathway. A channelling me-
chanism is used in mRNA and ribosome biogenesis and
export, tRNA maturation, delivery of cytoplasmic tRNAs to
aminoacyl-tRNA synthetases and transfer of aminoacyl-
tRNAs from aminoacyl-tRNA synthetases to ribosomes
(Stapulionis and Deutscher, 1995; Simos et al, 1996; Wolin
and Matera, 1999; Grosshans et al, 2000a; Milkereit et al,
2001; Strasser et al, 2002). Aminoacyl-tRNAs exiting the
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nucleus are also channelled to the cytoplasmic translation
machinery through eEF-1A (Grosshans et al, 2000a). This is,
in part, based on the finding that a losI tef2 strain shows a
growth defect owing to nuclear accumulation of tRNA. The
growth and nuclear tRNA export defect observed in the cex1
tef2 strain also support channelling of tRNAs exiting the
nucleus to the translation machinery (Figure 9A and B).
Moreover, the finding that Cex1p and eEF-1A co-purify with
each other suggests that after Cexlp picks up aminoacyl-
tRNAs from the export receptors, it delivers them to eEF-1A
(Figure 9D). However, no interaction was detected between
the two proteins in the presence or absence of tRNA in vitro.
A possible explanation is that eEF-1A binds the tRNA and
rapidly dissociates from Cex1p. This is unlikely to be the
case, as an association between Cexlp and eEF-1A in vivo
could be detected by TAP (Figure 9D). Furthermore, no tRNA
was isolated from eEF-1A incubated with GST-Cexlp com-
plexed with tRNA (data not shown). Therefore, a more likely
explanation for the lack of interaction between the two
proteins in vitro is that an unidentified protein is mediating
the interaction between Cex1p and eEF-1A in vivo. Although
further studies are required to test this possibility, the genetic
and biochemical evidence is consistent with Cex1p delivering
aminoacyl-tRNAs to eEF-1A.

We have shown that Cexl1p is a cytoplasmic component of
the nuclear aminoacylation-dependent tRNA export pathway
in S. cerevisiae. The function of Cexlp is conserved, as
a similar protein is found in higher eukaryotes, including
humans. The biochemical and genetic characterizations sug-
gest that Cex1p picks up aminoacyl-tRNAs from the nuclear
export receptors at the cytoplasmic side of the NPC and
delivers them to eEF-1A using a channelling mechanism.
The data also suggest that Cex1p interacts directly with the
export receptors at the NPC and then removes the tRNA from

Table I List of strains

the export receptor, most likely after GTP hydrolysis by
Gsplp. Cexlp then dissociates from the export receptor and
delivers the tRNA to eEF-1A, presumably in the cytoplasm.
Transfer of the aminoacyl-tRNA from Cexlp to eEF-1A
appears to be mediated by an unidentified protein, as no
interaction was detected between the two proteins in the
presence or absence of tRNA. Cexlp, therefore, provides a
link between the nuclear aminoacylation-dependent tRNA
export pathway and the protein translation apparatus.

Materials and methods

Strains and plasmids

The S. cerevisiae strains used in this study are listed in Table I.
Plasmid construction, and overexpression and purification of the
fusion proteins are provided as Supplementary data.

Cex1p-tRNA interaction

Substrate-induced intrinsic fluorescence quenching was used to
determine whether Cexlp binds tRNA. The reaction mixtures,
containing 20 mM HEPES, pH 7.4 buffer containing 100 mM NacCl,
0.25 uM Cex1p, and varying amounts of total yeast tRNA (Sigma),
or a single-stranded 90-mer DNA oligonucleotide (1, 2, 4, 6.25, 8,
12.5 and 16 uM), were incubated for 1h at 4°C. Control reactions
lacking Cex1p were prepared as above. Tryptophan fluorescence
was measured using a Photon Technology International spectro-
flourimeter with excitation and emission slits set to 4nm, and
excitation and emission wavelengths of 295 and 334 nm, respec-
tively. The fluorescence intensity of each control containing only
tRNA was subtracted from that of the appropriate reaction and
expressed as a percent reduction in the fluorescence intensity
obtained with Cex1p alone.

Tandem affinity purification and Western blot analysis

TAP strains were grown in 21 of YPD medium to an Agoo of 2.0 at
30°C. The cells were harvested by centrifugation, resuspended in
50ml NP-40 buffer (15mM Na,HPO,, pH 7.2 buffer containing
10mM NaH,PO4, 2% N P-40 (v/v), 150mM NaCl, 2mM EDTA,
50 mM NaF, 0.1 mM Na3;VO, and protease inhibitors) and lysed at

Strain Genotype Source

HEY301-129 MATa, met8-1, trpl-1, his4-580, leu2-3,112, ura3-1, adel Cleary and Mangroo (2000)

los1 MATua. los1::HIS3, trpl, leu2, ade2, ura3, lysl, his3 Dr E Hurt, University of Heidelberg (Simos et al,
1996)

cexl MATa cex1::KanMX, his3, leu2, lys2, ura3 Research Genetics

tef2 MATa tef2::HIS3, ade 2-1, trp 1-1, leu 2-3, 112, Dr E Hurt, University of Heidelberg (Grosshans et al,

his 3-11, 15, ura 3-52, lys™, can 1-100, GAL + 2000a)

arcl MATa arcl::HIS3, ade2, leu2, ura3, his3, trpl Dr E Hurt, University of Heidelberg (Simos et al,
1996)

CEX1-TAP MATa CEX1::TAP-K.I. URA3, his3, leu2, metl5, ura3 Open Biosystems

LOSI-TAP MATa LOS1:: TAP-K.I. URA3, his3, leu2, metlS, ura3 Open Biosystems

TEF2-TAP MATa TEF2:: TAP-K.I. URA3, his3, leu2, metlS, ura3 Open Biosystems

cexl tef2 MATa cex]::KanMX, tef2::HIS3, his3, leu2, ura3 This study

cex1 arcl MATa. cexl::KanMX, arcl::HIS3, his3, leu2, ura3, This study
pCEN-URA-GAL1-CEX1

arcl losl MATua los1::HIS3, arcl::HIS3, ade2, leu2, ura3, his3, Dr E Hurt, University of Heidelberg (Simos et al,
trp, pHT4467-URA3-ADE3-LOS1 1996)

cex1 losl MATa cex1::KanMX, los1::HIS3, his3, leu2, ura3 This study

NUP116-TAP MATa NUPI116::TAP-K.I. URA3, ade2, arg4, leu2-3,112, Euroscarf
trp1-289, ura3-52

CCAI-TAP MATa CCA1::TAP-K.I. URA3, his3, leu2, metl15, ura3 Open Biosystems

CSEI1-TAP MATa CSE1:: TAP-K.I. URA3, his3, leu2, metl5, ura3 Open Biosystems

MSNS-TAP MATa MSNS:: TAP-K.I. URA3, his3, leu2, metl5, ura3 Open Biosystems

nupll6 MATa nupll6::KanMX, ura3, his3, leu2 This study

NUP2-TAP MATa NUP2::TAP-K.I. URA3, his3, leu2, metlS, ura3 Open Biosystems

NUPS7-TAP MATa NUPS57:: TAP-K.I. URA3, his3, leu2, metl5, ura3 Open Biosystems

nupl20 MATa ura3-52, his3-4200, trpl-1, leu2-3,112, lys2-8, Dr JD Aitchison, Institute for Systems Biology

nupl120::URA3 (Aitchison et al, 1995)
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20000 psi using the Emulsiflex-C3 High Pressure Homogenizer
(Avestin Inc.). The lysate was clarified by ultracentrifugation at
142000g for 1.25h at 4°C and subjected to tandem affinity
purification using IgG-Sepharose 6 (Amersham Biosciences) and
calmodulin-Sepharose (Stratagene), as described (Rigaut et al,
1999; Puig et al, 2001). The proteins in the final eluate were
precipitated using 25% trichloroacetic acid. The protein precipitate
was washed with ice-cold acetone containing 0.05N HCI, followed
by acetone and dried at room temperature. The protein precipitates
were solubilized in LDS sample buffer (Invitrogen) and separated
on 4-12% Novex bis-tris gels (Invitrogen). The separated proteins
were transferred electrophoretically to Protran nitrocellulose
membrane and stained with Sypro-Ruby, or probed with rabbit
anti-Cex1p, anti-Loslp, anti-Nup116p and anti-Gsplp, and mouse
anti-human eEF-1A (Upstate Cell Signalling).

In vitro protein binding assays

The GST fusion proteins Loslp, Cexlp, Nupll6p, Nup57p and
Kapl04p, as well as GST alone (Sigma), were added to 16 ul of
glutathione-Sepharose 4B (Amersham Biosciences) in the presence
or absence of a molar excess of total S. cerevisiae tRNA (26 uM)
(Sigma) and the volume was adjusted to 1.5ml with GST binding
buffer (IPP150 buffer (25mM Tris-HCI, pH 8.0, 150 mM NaCl and
0.1% NP-40 (w/v)) containing 1 mM DTT and a protease inhibitor
cocktail (complete, EDTA-free)) and incubated for 2h at 4°C. The
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