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In eukaryotes, mRNAs are transcribed in the nucleus and exported to the cytoplasm for transla-
tion to occur. Messenger RNAs complexed with proteins referred to as ribonucleoparticles are
recognized for nuclear export in part by association with Mex67, a key Saccharomyces cerevisiae
mRNA export factor and homolog of human TAP/NXF1. Mex67, along with its cofactor Mtr2, is
thought to promote ribonucleoparticle translocation by interacting directly with components of
the nuclear pore complex (NPC). Herein, we show that the nuclear pore-associated protein Sac3
functions in mRNA export. Using a mutant allele of MTR2 as a starting point, we have identified
a mutation in SAC3 in a screen for synthetic lethal interactors. Loss of function of SAC3 causes a
strong nuclear accumulation of mRNA and synthetic lethality with a number of mRNA export
mutants. Furthermore, Sac3 can be coimmunoprecipitated with Mex67, Mtr2, and other factors
involved in mRNA export. Immunoelectron microscopy analysis shows that Sac3 localizes exclu-
sively to cytoplasmic fibrils of the NPC. Finally, Mex67 accumulates at the nuclear rim when SAC3
is mutated, suggesting that Sac3 functions in Mex67 translocation through the NPC.

INTRODUCTION

Nuclear export of mRNA in eukaryotes is an obligatory
feature of normal gene expression. This process can be di-
vided into two basic steps: formation of the export compe-
tent ribonucleoparticle (RNP) and translocation of the RNP
through the nuclear pore complex (NPC). Beginning at tran-
scription, mRNAs are bound and packaged by RNA binding
proteins to form RNPs (reviewed in Lei and Silver, 2002).
Once properly formed, the RNP is actively exported across
the nuclear envelope via large aqueous channels formed by
the proteinaceous NPC.

Structural integrity of the RNP is an important factor in
obtaining export competence. Central to this process is the
heterogeneous nuclear (hn)RNP protein Npl3, which is a
highly abundant poly (A)� RNA binding protein in Saccha-

romyces cerevisiae (Wilson et al., 1994). Npl3 shuttles between
the nucleus and cytoplasm and is required for nuclear ex-
port of mRNA (Flach et al., 1994; Singleton et al., 1995; Lee et
al., 1996). The nuclear export of Npl3 is closely tied to that of
mRNA, making its localization a useful reporter for mRNA
export (Krebber et al., 1999).

The overall structure of the NPC is a central framework
with eightfold symmetry embedded in the membrane of the
nuclear envelope. In addition, the NPC includes a nuclear-
oriented basket of filaments flanked by nuclear and terminal
rings as well as fibrils extending into the cytoplasm (re-
viewed in Stoffler et al., 1999). The NPC is composed of
proteins called nucleoporins, many of which are character-
ized by stretches of FG (Phe-Gly) dipeptide repeats. These
FG repeats are thought to serve as binding sites for soluble
transport receptors during translocation (Iovine et al., 1995;
Radu et al., 1995).

Translocation of RNPs through the NPC is thought to be
mediated by the mRNA export factor Mex67 in S. cerevisiae
or TAP/NXF1 in humans. Together as a heterodimer with
its counterpart yeast Mtr2 or metazoan p15, Mex67/TAP is
essential for the export of all mRNAs tested in S. cerevisiae
and Drosophila (Hurt et al., 2000; Herold et al., 2001). Mex67/
TAP is thought to be recruited to RNPs via interaction with
the conserved mRNA export factor yeast Yra1 or human
Aly/REF (Strä�er and Hurt, 2000; Stutz et al., 2000; Zenk-
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lusen et al., 2001). Once bound, Mex67/TAP may promote
translocation through the NPC through serial interactions
with the FG repeats of nucleoporins (Bachi et al., 2000;
Strä�er et al., 2000; Strawn et al., 2001).

Mtr2 is required for proper nuclear pore targeting of
Mex67. Mutation of MTR2 causes mislocalization of Mex67
from the nuclear rim to the cytoplasm, and Mtr2 itself inter-
acts with the nucleoporin Nup85 (Santos-Rosa et al., 1998).
However, there is disagreement as to whether Mtr2 pro-
motes Mex67 interaction with nucleoporins (Strä�er et al.,
2000; Strawn et al., 2001). In higher eukaryotes, the TAP
cofactor p15 seems to be important for NPC targeting of
TAP (Fribourg et al., 2001; Levesque et al., 2001; Wiegand et
al., 2002). The function of these mRNA export receptor het-
erodimers is conserved because MEX67/MTR2 can be re-
placed by introduction of both TAP and p15 in S. cerevisiae,
although Mtr2 and p15 share no sequence homology (Kata-
hira et al., 1999). Additionally, Mtr2 has been implicated in
the export of the large ribosomal subunit (Stage-Zimmer-
mann et al., 2000; Ba�ler et al., 2001). Moreover, Ba�ler et al.
(2001) described a mutant allele of MTR2 that displays a
defect in ribosome but not mRNA export, suggesting that
the functions of Mtr2 in both processes are distinct and
separable.

An additional requirement for mRNA export is the integ-
rity of the NPC. Three nucleoporin subcomplexes seem to be
specifically required for mRNA export, the Nup84-Nup85-
Nup120-Nup145-Seh1-secs13 complex, the Nsp1-Nup82-
Nup159 complex, and the Nup116-Gle2 complex (Wente
and Blobel, 1993; Murphy et al., 1996; Siniossoglou et al.,
1996; Teixeira et al., 1997; Bailer et al., 1998; Belgareh et al.,
1998; Hurwitz et al., 1998). These nucleoporins may provide
docking sites for Mex67 during RNP translocation. In fact,
Nup116 can be coimmunoprecipitated with Mex67 from cell
lysates (Strawn et al., 2001), and Mex67 is able to bind to
fragments containing the FG repeats of Nsp1, Nup116,
Nup159, and Rip1 in vitro (Strä�er et al., 2000; Strawn et al.,
2001). These interactions are likely to be important for
Mex67-mediated RNP translocation through the NPC.

On the cytoplasmic face of the NPC exists a putative
complex of proteins that is proposed to serve as the terminal
docking site for RNPs. This complex consists of Nup159/
Rat7, Gle1, Rip1, and Dbp5/Rat8. Nup159 localizes exclu-
sively to the cytoplasmic fibrils of the NPC, whereas Gle1,
Rip1, and Dbp5 display a wider spatial distribution, includ-
ing the cytoplasmic fibrils (Kraemer et al., 1995; Schmitt et al.,
1999; Strahm et al., 1999). Dbp5 is an RNA helicase that has
been postulated to remodel the RNP as it is transported or to
promote release of RNA binding proteins from the mRNA in
the final steps of mRNA export (Snay-Hodge et al., 1998;
Tseng et al., 1998). It has been suggested that a function of
these nucleoporins is to position Dbp5 at the NPC (Hodge et
al., 1999; Strahm et al., 1999). Alternately, these proteins may
act as docking sites for RNPs as they translocate through the
NPC.

The NPC-associated protein Sac3 has been implicated pre-
viously in nuclear transport. SAC3 was originally identified
in a screen for suppressors of actin mutations (Novick et al.,
1989) and has been subsequently shown to be required for
normal mitotic progression and spindle morphology (Bauer
and Kölling, 1996b). Localizing to the NPC, Sac3 associates
physically with the nucleoporin Nsp1 (Jones et al., 2000).

Finally, Sac3 has been ascribed a role in nuclear transport
that may be related to its function in the cell cycle (Jones et
al., 2000).

In this study, we have characterized the role of Sac3 in
mRNA export. Mutation of SAC3 causes synthetic lethality
with mutation of MEX67, MTR2, and several genes that
encode cytoplasmic fibril-associated mRNA export factors.
In addition, Sac3 is associated physically with Mex67, Mtr2,
and other factors involved in mRNA export. By immuno-
electron microscopy, Sac3 localizes exclusively to the cyto-
plasmic fibrils of the NPC. Finally, Mex67 accumulates at the
nuclear rim in sac3� mutants, suggesting that Sac3 functions
in the terminal step of Mex67 translocation through the
NPC.

MATERIALS AND METHODS

Indirect Immunofluorescence and In Situ
Hybridization
These procedures were performed as described previously (Krebber
et al., 1999). �-Nsp1 (gift of M. Stewart; MRC LMB, Cambridge,
United Kingdom) was used at a 1:1000 dilution and detected with
Texas Red-conjugated donkey �-rabbit (1.5 mg/ml; Jackson Immu-
noresearch Laboratories, West Grove, PA) at a 1:1000 dilution. For
sac3�139 and �sac3-rg, in situ hybridization was performed with a
Cy3-labeled oligo dT50 probe at 50 nM, and all steps between probe
hybridization and the first 2� SSC wash were eliminated.

Synthetic Lethal Screen
mtr2-142 cells (PSY1720) carrying a plasmid encoding pJT10-MTR2-
URA3-ADE8 (pPS1852) were subjected to ethyl methanesulfonate
mutagenesis to a rate of 50% killing. We screened 15,000 colonies by
the colony sectoring assay for loss of sectoring (Elledge and Davis,
1988). Candidates were selected that meet the criteria for synthetic
lethality as described previously (Henry and Silver, 1996) and back-
crossed to parental mtr2-142 cells (PSY1719) three times. Linkage to
SAC3 was determined by crossing this strain to ACY276, which is
marked with HIS3 at the SAC3 locus. A spore from this cross was
further outcrossed into the S288C background by crossing twice to
FY23. The resulting strain was marked with the HIS3MX6 marker
downstream of sac3�139 by a method described previously (Long-
tine et al., 1998) to create PSY2555.

Immunoprecipitation
Cells (50 ml) were grown in YPD at 25–30°C to �2 � 107 cells/ml.
All subsequent steps were performed at 4°C. Pellets were lysed in
50–100 �l of ice-cold PBSMT (2.5 mM MgCl2, 3 mM KCl, 0.5%
Triton X-100 in phosphate-buffered saline) plus protease inhibitors
(1 mM phenylmethylsulfonyl fluoride and 2 ng/ml each of pepsta-
tin A, leupeptin, aprotinin, antipain, benzamidine, and chymosta-
tin) by using glass beads in a FastPrep bead beater (6.5 m/s; Savant
Instruments, Holbrook, NY). After lysis, an additional 1 ml of
PBSMT was added, and lysates were clarified by centrifugation at
14,000 rpm for 10 min. Protein A-Sepharose (40 �l) was washed
three times in PBSMT and added to 1 mg of lysate in a total of 1 ml
of PBSMT. Then 1.5 �l of affinity-purified rabbit polyclonal �-green
fluorescent protein (GFP) (0.9 mg/ml) was added and incubated
overnight with agitation. Beads were washed three times with 750
�l of PBSMT and once with 750 �l of Tris-EDTA, pH 8.0. Sample
buffer (20 �l) was added to samples and boiled for 5 min. Immu-
noprecipitates (IPs) and total lysate were resolved by 7% SDS-PAGE
and transferred to nitrocellulose in 10 mM CAPS (3-[cyclohexy-
lamino]-1 propane sulfonic acid), pH 11, 1% methanol. Blots were
probed with �-GFP at 1:10,000 and �-myc (9E10, 200 �g/ml; Santa
Cruz Biotechnology, Santa Cruz, CA) at 1:1000.
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Immunoelectron Microscopy
Spheroplasted, Triton X-100 extracted ECFP-Sac3 cells were incu-
bated with �-GFP antibody directly conjugated to 8-nm colloidal
gold and processed for preembedding labeling as described previ-
ously (Fahrenkrog et al., 1998).

RESULTS

Sac3 Functions in mRNA Export
In an effort to identify genes involved in mRNA export in S.
cerevisiae, we performed a screen for mutants that disrupt
the export of the hnRNP protein Npl3 (Lei et al., 2001). This
screen relies on a mutant form of Npl3, Npl3-27, that is
slowed for nuclear import and localizes at steady state
throughout the nucleus and cytoplasm of cells as deter-
mined by indirect immunofluorescence (Figure 1A, a–c)
(Krebber et al., 1999). We found that mutation of the mRNA
export factor MTR2 causes nuclear accumulation of Npl3-27
(Figure 1A, d–f). In addition, this mutant is temperature
sensitive for growth (our unpublished data). The lesion in
MTR2 maps to a single nucleotide mutation changing
Gly142 to Asp, and this mutant is thus designated mtr2-142.

We further characterized the mtr2-142 mutation in isola-
tion from npl3-27 to determine its effects on nuclear export.
MTR2 has been implicated in the export of mRNA as a
cofactor for the export receptor Mex67 (Santos-Rosa et al.,
1998). We examined the localization of mRNA in mtr2-142
cells by in situ hybridization with an oligo dT50 probe. In
cells grown at permissive growth temperature, poly (A)�
RNA localizes throughout the nucleus and cytoplasm simi-

lar to wild-type (Figure 1B, a–c) but accumulates in the
nuclei of cells shifted to the nonpermissive temperature for
10 min (Figure 1B, d–f). In addition, we examined the local-
ization of Mex67-GFP in mtr2-142 cells. At permissive
growth temperature, Mex67-GFP localizes to the nuclear rim
as in wild type (Figure 1C, a and b). However, in cells shifted
to the nonpermissive growth temperature for 15 min,
Mex67-GFP mislocalizes to the cytoplasm in a punctate pat-
tern (Figure 1C, c and d). On longer shifts to 37°C, mtr2-142
cells undergo considerable lysis (our unpublished data). The
extent of Mex67 mislocalization in the mtr2-142 mutant is
apparently less severe than previously published mutant
alleles of mtr2 (Santos-Rosa et al., 1998). Furthermore, mtr2-
142 is unable to support growth in combination with the
mex67-5 mutation, indicating a synthetic lethal relationship
(our unpublished data). Therefore, mtr2-142 results in a
rapid accumulation of mRNA in the nucleus and mislocal-
ization of Mex67 to the cytoplasm.

Because Mtr2 also functions in the nuclear export of large
ribosomal subunits, we examined the localization of large
ribosomal subunits in mtr2-142. The mtr2-33 mutant causes
nuclear accumulation of the large ribosomal subunit but not
of mRNA, suggesting that Mtr2 functions in discrete export
pathways (Ba�ler et al., 2001). Export of the large ribosomal
subunit can be monitored by localization of the 60S export
adapter Nmd3 (Ho et al., 2000) or a large ribosomal protein
such as Rpl11b (Hurt et al., 1999; Stage-Zimmermann et al.,
2000). In wild-type cells, Nmd3-GFP and Rpl11b-GFP local-
ize throughout the nucleus and cytoplasm (Figure 1D, a and
b and e and f), whereas both Nmd3-GFP and Rpl11b are

Figure 1. Characterization of the
mtr2-142 mutant. (A) mtr2-142
causes nuclear accumulation of
Npl3-27. Localization of Npl3-27 in
npl3-27 (PSY1031, a–c) and npl3-27
mtr2-142 (PSY1717, d–f) cells. Cells
were shifted to 37°C for 30 min. In-
direct immunofluorescence with
polyclonal antibodies to Npl3 (left),
DAPI (middle), and Nomarski im-
ages (right) are shown. (B) mtr2-142
cells display an mRNA export de-
fect. Localization of poly (A)� RNA
in mtr2-142 cells (PSY1719) grown at
25°C (a–c) or shifted to 37°C for 10
min (d–f). In situ hybridization with
an oligo (dT)50 probe (left), DAPI
(middle), and Nomarski images
(right) are shown. (C) mtr2-142 cells
mislocalize Mex67 to the cytoplasm.
Localization of Mex67-GFP in mtr2-
142 cells (PSY2857) grown at 25°C (a
and b) or shifted to 37°C for 15 min
(c and d). GFP fluorescence (left) and
Nomarski images (right) are shown.
(D) mtr2-142 cells display a large ri-
bosome export defect. Localization
of Nmd3-GFP in wild-type (FY23, a
and b) and mtr2-142 cells (PSY1719, c
and d). Localization of Rpl11b-GFP
in wild-type (e and f) and mtr2-142
cells (g and h). Cells were grown at
25°C.
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concentrated in the nucleus in nearly one 100% of mtr2-142
cells. These defects are apparent at the permissive growth
temperature, indicating a strong inhibition of 60S export.

To determine what export factors interact genetically with
Mtr2, we performed a synthetic lethal screen by the colony
sectoring assay by using the mtr2-142 mutant (our unpub-
lished data). We obtained three mutants that are likely to be
complete loss of function mutations in MTR2. A fourth
mutant was determined to harbor a mutation in SAC3,
which encodes a nuclear pore-associated protein (Jones et al.,
2000). Mapping of the genetic lesion by gap repair and
sequencing revealed a mutation of a single nucleotide to
cause a nonsense mutation of Trp139 to Stop thus truncating
Sac3 from its wild-type length of 1301 aa. This mutant is
hereby referred to as sac3�139.

Given its interaction with mtr2-142, we examined
sac3�139 cells for a defect in mRNA export. sac3�139 cells
have a decreased rate of growth at all temperatures tested
(our unpublished data). In wild-type cells, poly (A)� RNA
localizes throughout the nucleus and cytoplasm as moni-
tored by in situ hybridization (Figure 2A, a–c). In sac3�139
cells, mRNA accumulates in the nucleus (Figure 2A, d–f).
Similarly, the deletion mutant �sac3-rg obtained from the
Saccharomyces Gene Deletion Project (Winzeler et al., 1999)
displays a nuclear accumulation of mRNA (Figure 2A, j–l).
In the corresponding wild-type strain for �sac3-rg mutant,
poly (A)� RNA localizes throughout the nucleus and cyto-
plasm (Figure 2A, g–i). The mRNA export defect of sac3�139
cells can be rescued by introduction of a wild-type SAC3
plasmid (our unpublished data). Furthermore, heterozygous
sac3�139 diploid cells display a wild-type localization of
mRNA, whereas diploids homozygous for sac3�139 accu-
mulate mRNA in the nucleus (our unpublished data). There-
fore, sac3�139 is a recessive loss of function mutation.

Because mtr2-142 cells display several defects in nuclear
export, we examined sac3�139 cells for various nuclear ex-
port phenotypes. In wild-type cells expressing Rpl11b-GFP,
the reporter localizes throughout the nucleus and cytoplasm
(Figure 2B, a–b). Examination of cells after a temperature
shift to 37°C to reduce the pool of ribosomes and shift back
to 25°C to resume synthesis is a highly sensitive assay for
large ribosome export (Hurt et al., 1999; Stage-Zimmermann
et al., 2000). On a shift to 37°C and shift back to 25°C, the
localization of Rpl11b-GFP is unchanged in wild-type cells
(Figure 2B, c and d). In sac3�139 cells grown at 25°C, Rpl11b-
GFP localizes throughout cells similar to wild type (Figure
2B, e and f). On a shift to high temperature and shift back,
�10% of cells display a mild nuclear accumulation of the
reporter (Figure 2B, g and h). This slight effect is milder than
that of bona fide 60S export mutants as well as some mRNA
export mutants (Stage-Zimmermann et al., 2000). Further-
more, the localization of Nmd3-GFP is unaffected in
sac3�139 mutants (our unpublished data). The export of
small ribosomal subunits is also unaffected (our unpub-
lished data) (Moy and Silver, 1999). Finally, the ability to
export an artificial reporter containing the simian virus 40
nuclear localization sequence (NLS) and the protein kinase
inhibitor (PKI) nuclear export sequence (NES) fused to two
GFP moieties was examined in sac3�139 cells. The NLS-
NES-GFP reporter localizes throughout the nucleus and cy-
toplasm in wild-type cells (Figure 2C, a and b). In sac3�139
cells grown at 25°C, the NLS-NES-GFP reporter localizes

Figure 2. Sac3 functions primarily in mRNA export. A. sac3�

mutant cells display an mRNA export defect. Localization of poly
(A)� RNA in wild-type (FY23, a–c), sac3�139 cells (PSY2555, d–f),
wild-type (PSY1930, g–i), and �sac3-rg cells (PSY2844, j–l) grown at
30°C. In situ hybridization with an oligo (dT)50 probe (left), DAPI
(middle), and Nomarski images (right) are shown. (B) sac3�139 cells
do not display a large ribosome export defect. Localization of
Rpl11b-GFP in wild-type (FY23, a–d) and sac3�139 cells (PSY2555,
e–h) grown at 25°C (a, b, e, and f) or shifted to 37°C for 1 h and back
to 25°C for 1 h (c, d, g, and h). (C) sac3�139 cells do not have an
NES-protein export defect. Localization of NLS-NES-GFP in wild-
type (FY23) and sac3�139 cells (PSY2555) grown at 25°C.
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throughout the nucleus and cytoplasm in most cells (Figure
2C, c and d) although in �15% of cells, a slight nuclear
accumulation is seen (Figure 2C, e and f). When sac3�139
cells are grown at 30°C or shifted to 37°C for 2 h, �30% of
cells show a slight nuclear accumulation of the NLS-NES-
GFP reporter, and the same results were obtained with the
�sac3-rg strain (our unpublished data). Intense nuclear ac-
cumulation of the NLS-NES-GFP reporter in the NES-pro-
tein export receptor mutant xpo1-1 is seen in �100% of cells
when shifted to 37°C for 15 min similar to previously re-

ported results (our unpublished data) (Stade et al., 1997).
Therefore, failure to export mRNA is the principal defect of
sac3�139 cells.

Sac3 Interacts with mRNA Export Factors
To further test the hypothesis that Sac3 is involved in mRNA
export, we tested for synthetic lethality of sac3�139 and
various nuclear export factor mutants. This form of genetic
interaction can indicate that two genes function in the same
pathway or in parallel pathways. The results of these exper-
iments are summarized in Table 1. We found that sac3�139
is not synthetically lethal with deletion of the NES export
factor �yrb2 or factors localized to the nuclear basket, �mlp1
and �mlp2. Furthermore, we found that sac3�139 displays
synthetic lethality with a number of mRNA export factor
mutants such as mex67-5, rat8-2/dbp5, rat7-1/nup159, and re-
sults in synthetic sickness with nup82-�108. Interestingly, all
of these factors localize predominantly to the cytoplasmic
fibrils of the NPC, although Mex67 and Mtr2 localize to both
the nuclear and cytoplasmic faces of the pore (Kraemer et al.,
1995; Hurwitz et al., 1998; Santos-Rosa et al., 1998; Strahm et
al., 1999). Two mRNA export factor mutants that sac3�139 is
not synthetically lethal with are �nup116-5 and gle1-L356A.
These results show that SAC3 interacts genetically with spe-
cific mRNA export factor genes.

To assess whether Sac3 associates physically with mRNA
export factors, we tested whether Sac3 could be coimmuno-
precipitated from cell lysates with several export factors.
Lysates were prepared from three different strains bearing a
myc epitope-tagged Sac3, an EYFP-tagged Mtr2, or both
tagged proteins. Western blotting with �-GFP to detect

Table 1. Mutations tested for synthetic lethality with sac3�139

Synthetic
lethal with
sac3�139 Strain Strain reference

Yes mtr2-142 This study
mex67-5 Segref et al., 1997
rat8-2 (dbp5) Snay-Hodge et al., 1998
rat7-1 (nup159) Gorsch et al., 1995
nup82-�108a Hurwitz and Blobel, 1995

No �mlp1/mlp1-�1 Kölling et al., 1993; Strambio-
de-Castillia et al., 1999

�mlp2 Strambio-de-Castillia et al., 1999
�yrb2 Taura et al., 1998
�nup116-5 Damelin and Silver, 2003;

Wente et al., 1992
gle1-L356A Murphy and Wente, 1996

a This mutation resulted in a synthetic sick phenotype.

Table 2. S. cerevisiae strains used in this study

Strain Genotype Source

FY23 MATa ura3-52 leu2�1 trp1�63 Winston et al., 1995
ACY159 MAT� �sac3�HIS3 ura3-52 leu2�1 his3�200 lys2 Jones et al., 2000
ACY276 MATa SAC3�SAC3-GFP-HIS3 ura3-52 leu2�1 his3�200 trp1�63 This study
Dat4-2 MATa rat2-1 ura3-52 leu2�1 trp1�63 Heath et al., 1995
MEX67-GFP MATa �mex67�HIS3 ura3 leu2 his3 trp1 ade2 �pUN100 Mex67-GFP LEU2� Santos-Rosa et al., 1998
PSY1031 MAT� np13-27 ura3-52 leu2-3,112 his3 lys1-1 trp1-1 ade2-1 ade8 can1-100 Krebber et al., 1999
PSY1717 MATa np13-27 mtr2-142 ura3-52 leu2-3,112 his3 lys1-1 ade2-1 ade8 can1-100 This study
PSY1719 MATa mtr2-142 ura3-52 leu2-3,112 his3 lys1-1 ade2-1 ade8 can1-100 This study
PSY1720 MAT� mtr2-142 ura3-52 leu2-3,112 his3 lys1-1 ade2-1 ade8 can1-100 This study
PSY1832 MATa NUP116�NUP116-EYFP-URA3 ura3-52 leu2�1 trp1�63 Damelin and Silver,

2000
PSY2451 MATa SAC3�SAC3-13myc-kanMX6 ura3-52 leu2�1 trp1�63 This study
PSY2555 MATa sac3�139�HIS3MX6 ura3 leu2 his3 This study
PSY2691 MATa SAC3�SAC3-13myc-kanMX6 �mex67�HIS3 ura3 leu2 his3 trp1 ade2 �pUN100 Mex67-GFP

LEU2�
This study

PSY2726 MATa DBP5�NOP1pro-ECFP-DBP5-TRP1 ura3-52 leu2�1 trp1�63 This study
PSY2729 MATa MTR2�NOP1pro-EYFP-MTR2-TRP1 ura3-52 leu2�1 trp1�63 This study
PSY2747 MATa SAC3�SAC3-13myc-kanMX6 MTR2�NOP1pro-EYFP-MTR2-URA3 leu2�1 trp1�63 This study
PSY2751 MATa MLP1�MLP1-EYFP-URA3 ura3-52 leu2�1 trp1�63 This study
PSY2752 MATa MLP1�MLP1-EYFP-URA3 SAC3�SAC3-13myc-kanMX6 ura3-52 leu2�1 trp1�63 This study
PSY2755 MATa SAC3�SAC3-13myc-kanMX6 DBP5�NOP1pro-ECFP-DBP5-TRP1 ura3-52 leu2�1 trp1�63 This study
PSY2842 MATa sac3�139�HIS3MX6 �mex67�HIS3 ura3 leu2 his3 trp1 �pUN100 Mex67-GFP LEU2� This study
PSY2843 MAT� sac3�139�HIS3MX6 �mex67�HIS3 ura3 leu2 his3 trp1 �pUN100 Mex67-GFP LEU2� This study
PSY2844 MATa �sac3�kanMX4 ura3�0 leu2�0 his3�1 met15�0 Winzeler et al., 1999
PSY2856 MATa SAC3�SAC3-13myc-kanMX6 NUP116�NUP116-EYFP-URA3 ura3-52 leu2�1 trp1�63 This study
PSY2857 MAT� mtr2-142 �mex67�HIS3 ura3 leu2 his3 lys1 trp1 ade2 �pUN100 Mex67-GFP LEU2� This study
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EYFP-Mtr2 shows expression only in the EYFP-Mtr2 and the
double-tagged strains (Figure 3A, lanes 7–9). By using
�-myc antibody, Sac3-myc is detectable only in the Sac3-myc
and double-tagged strains (Figure 3A, lanes 1–3). Lysates
from each strain were immunoprecipitated with �-GFP an-
tibody against EYFP-Mtr2. Equal amounts of EYFP-Mtr2,
which migrates just below the heavy chain of the �-GFP
antibody, are immunoprecipitated from the EYFP-Mtr2 and
double-tagged strains (Figure 3A, lanes 10–12). In the dou-
ble-tagged strain but not single tagged strains, Sac3-myc is
detectable in the immunoprecipitate (Figure 3A, lanes 4–6),
indicating that Sac3 interacts physically with Mtr2. In the
same manner, we examined whether Sac3 associates physi-
cally with Mex67, which interacts stably with Mtr2 (Santos-
Rosa et al., 1998). Western blotting of lysates from Sac3-myc,
Mex67-GFP, and double-tagged strains by using �-myc and
�-GFP antibodies show even levels of expression of Sac3-
myc and Mex67-GFP, respectively, only in strains with the
appropriate epitope tag (Figure 3B, lanes 1–3, 7–9). When
lysates from Sac3-myc, Mex67-GFP, and double-tagged
strains are immunoprecipitated using �-GFP antibody,
which recognizes Mex67-GFP, Mex67-GFP is efficiently im-
munoprecipitated in the Mex67-GFP and double-tagged
strains (Figure 3B, lanes 10–12). Sac3-myc is detectable in the
immunoprecipitate of the double-tagged strain only, indi-
cating that Sac3 and Mex67 can be coimmunoprecipitated
(Figure 3B, lanes 4–6). Therefore, Sac3 interacts physically
with the mRNA export factors Mtr2 and Mex67.

We next tested whether Sac3 interacts physically with
NPC-associated proteins. It has been shown previously that

Figure 3. Sac3 associates physically with mRNA export factors
and nuclear pore associated proteins. (A) Sac3 coimmunoprecipi-
tates with Mtr2. Lysates (left) and �-GFP immunoprecipitates (right)
from Sac3-myc (PSY2451, lanes 1, 4, 7, and 10), EYFP-Mtr2
(PSY2729, lanes 2, 5, 8 and 11), and double tagged Sac3-myc EYFP-

Figure 3 (cont). Mtr2 (PSY2729, lanes 2, 5, 8 and 11), and double
tagged Sac3-myc EYFP-Mtr2 (PSY2747, lanes 3, 6, 9 and 12) strains.
The asterisk denotes the heavy chain of the �-GFP antibody. Arrows
point to EYFP-Mtr2. Lanes 7–9 were exposed ten times longer than
lanes 10–12. B. Sac3 coimmunoprecipitates with Mex67. Lysates
(left) and �-GFP immunoprecipitates (right) from Sac3-myc
(PSY2451, lanes 1, 4, 7 and 10), Mex67-GFP (lanes 2, 5, 8 and 11), and
double tagged Sac3-myc Mex67-GFP (PSY2691, lanes 3, 6, 9 and 12)
strains. C. Sac3 coimmunoprecipitates with Mlp1. Lysates (left) and
�-GFP immunoprecipitates (right) from Sac3-myc (PSY2451, lanes 1,
4, 7, and 10), Mlp1-EYFP (PSY2751, lanes 2, 5, 8, and 11), and
double-tagged Sac3-myc Mlp1-EYFP (PSY2752, lanes 3, 6, 9, and 12)
strains. (D) Sac3 coimmunoprecipitates with Nup116. Lysates (left)
and �-GFP immunoprecipitates (right) from Sac3-myc (PSY2451,
lanes 1, 4, 7, and 10), Nup116-EYFP (PSY1832, lanes 2, 5, 8, and 11),
and double-tagged Sac3-myc Nup116-EYFP (PSY2856, lanes 3, 6, 9,
and 12) strains. (E) Sac3 coimmunoprecipitates with Dbp5. Lysates
(left) and �-GFP immunoprecipitates (right) from Sac3-myc
(PSY2451, lanes 1, 4, 7, and 10), ECFP-Dbp5 (PSY2726, lanes 2, 5, 8,
and 11), and double-tagged Sac3-myc ECFP-Dbp5 (PSY2755, lanes 3,
6, 9, and 12) strains. (F) Sac3 does not coimmunoprecipitate with
NLS-NES-GFP. Lysates (left) and �-GFP immunoprecipitates (right)
from a Sac3-myc strain containing empty vector (PSY2451 trans-
formed with pPS703; lanes 1, 4, 7, and 10), a wild-type strain
expressing NLS-NES-GFP (FY23 transformed with pPS1372; lanes 2,
5, 8, and 11), and a Sac3-myc strain expressing NLS-NES-GFP
(PSY2451 transformed with pPS1372; lanes 3, 6, 9, and 12). The
asterisk denotes the heavy chain of the �-GFP antibody. Arrows
point to two bands corresponding to NLS-NES-GFP. Samples were
run on an SDS-PAGE gel. Lysate (10 �g) and 1/20th of the IP (from a
total of 1 mg of lysate) were blotted with �-GFP (lanes 7–12) and 10 �g
of lysate and the remainder of the IP were blotted with �-myc (9E10,
lanes 1–6).
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Sac3 can be copurified with the nucleoporin Nsp1 from cell
lysates, indicating that Sac3 associates physically with the
NPC (Jones et al., 2000). We examined whether Sac3 could be
coimmunoprecipiatated with the yeast homologue of mam-
malian Tpr, Mlp1, which has been shown to localize to the
nuclear basket of the NPC (Strambio-de-Castillia et al., 1999;
Kosova et al., 2000). When lysates from Sac3-myc, Mlp1-
EYFP, and double-tagged strains are subjected to immuno-
precipitation with �-GFP antibody against Mlp1-EYFP,
Sac3-myc is visible in the immunoprecipitate of the double-
tagged strain only, indicating that both proteins exist in a
complex (Figure 3C). Interestingly, it has been stated as
unpublished data that Mlp2, which is redundant with Mlp1,
can be copurified with Mex67 and Mtr2 (Kosova et al., 2000).
Furthermore, overexpression of Mlp1 causes nuclear accu-
mulation of poly (A)� RNA, possibly implicating Mlp1 in
the mRNA export process (Kosova et al., 2000). We also
examined whether Sac3 can be coimmunoprecipitated with
the nucleoporin Nup116, which is essential for proper
mRNA export (Wente and Blobel, 1993). In the same man-
ner, we tested whether �-GFP immunoprecipitation against
Nup116-EYFP in Sac3-myc, Nup116-EYFP, and double-
tagged strains results in copurification of Sac3-myc. Western
blotting shows that Sac3-myc is detectable in the immuno-
precipitation from the double-tagged strain only (Figure
3D), indicating that Sac3 associates physically with Nup116.

Finally, we tested whether Sac3 could be coimmunopre-
cipitated with the RNA helicase Dbp5. Dbp5 is an mRNA
export factor that localizes to the cytoplasmic fibrils of the
NPC (Schmitt et al., 1999; Strahm et al., 1999). Sac3-myc is
detectable in the �-GFP immunoprecipitate of the double-
tagged but not single-tagged Sac3-myc or ECFP-Dbp5
strains (Figure 3E). To ensure that Sac3 does not simply
associate with the GFP moiety of GFP-tagged proteins, we
also examined whether Sac3 interacts physically with the
plasmid borne NLS-NES-GFP reporter, which continuously
shuttles between the nucleus and the cytoplasm through the

NPC. Western blotting of lysates from Sac3-myc cells trans-
formed with vector, wild-type cells expressing NLS-NES-
GFP, and Sac3-myc cells expressing NLS-NES-GFP shows
Sac3-myc expression only in Sac3-myc cells transformed
with either plasmid (Figure 3F, lanes 1–3). NLS-NES-GFP
expression is visible as a doublet in wild-type and Sac3-myc
cells transformed with NLS-NES-GFP plasmid (Figure 3F,
lanes 7–9). In cells transformed with NLS-NES-GFP, �-GFP
can immunoprecipitate NLS-NES-GFP, which migrates
closely to the heavy chain of the �-GFP antibody (Figure 3F,
lanes 10–12). Sac3-myc is not present in the immunoprecipi-
tates from any of the three strains (Figure 3F, lanes 4–6),
indicating that Sac3-myc does not associate with all GFP-
tagged proteins. In addition, we were able to detect consis-
tently ECFP-Dbp5, EYFP-Mtr2, and Mex67-GFP in �-myc
immunoprecipitations directed against Sac3-myc in the re-
verse experiment (our unpublished data). These results in-
dicate that Sac3 interacts physically with the mRNA export
factors Mtr2, Mex67, and Dbp5 as well as the NPC-associ-
ated proteins Mlp1 and Nup116.

Sac3 Localizes to Cytoplasmic Fibrils of NPC

To determine the precise localization of Sac3 within the
NPC, we performed immunoelectron microscopy by us-
ing epitope-tagged Sac3. Previously, it has been shown
that Sac3 localizes exclusively to the nuclear rim by using
a GFP-fusion (Jones et al., 2000). To localize Sac3, preem-
bedding labeling immunoelectron microscopy by using a
yeast strain expressing ECFP-Sac3 was carried out. An
�-GFP antibody conjugated directly to 8-nm colloidal
gold labeled only the cytoplasmic face of the NPC (Figure
4A). Quantitation of the gold particle distribution associ-
ated with the NPC with respect to the central plane of the
nuclear envelope revealed that 95% of the gold particles
were detected at distances from 20 – 60 nm (average dis-

Figure 4. Immunogold-localiza-
tion of Sac3 in ECFP-Sac3 cells. (A)
Triton X-100–extracted sphero-
plasts from ECFP-Sac3 cells were
preimmunolabeled with a poly-
clonal anti-GFP antibody directly
conjugated to 8-nm colloidal gold.
Shown is a view along a cross-
sectioned nuclear envelope stretch
with labeled NPCs (arrows, top),
and a gallery of selected samples
of gold-labeled NPC cross sections
(bottom). The anti-GFP antibody
labeled exclusively the cytoplas-
mic periphery of the NPC. c, cyto-
plasm; n, nucleus. Bars, 100 nm.
(B) Quantitative analysis of the
gold particles associated with the
NPC. Fifty-two gold particles
were scored.
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tance 36.9 	 10.5 nm) from the central plane (Figure 4B).
With respect to the eightfold symmetry axis of the NPC,
95% of the gold particles were distributed over a broad
range at distances from 0 to 50 nm (average distance
20.2 	 15.3 nm) from this plane. From these results, we
concluded that ECFP-Sac3 is associated exclusively with
the cytoplasmic filaments of the NPC. We obtained simi-
lar results with C-terminal myc and GFP epitope tags on
Sac3 (our unpublished data).

We also tested whether Sac3 localization is dependent on
other transport factors. Dbp5 localizes to the nuclear rim and
the cytoplasm in wild-type cells, but in xpo1-1 cells, Dbp5
accumulates in the nucleus, suggesting that Dbp5 shuttles
through the nucleus (Hodge et al., 1999). We localized ECFP-
Sac3 in xpo1-1 cells by fluorescence microscopy and found its
localization to be unaffected compared with wild type (our
unpublished data), indicating that it does not shuttle in a
XPO1/CRM1-dependent manner. Similarly, Sac3 localization
is also unaffected in the mtr2-142 mutant (our unpublished
data).

Sac3 Is Required for Proper Localization of Mex67
To determine whether Sac3 may function in the translo-
cation of Mex67 through the NPC, we examined the lo-
calization of Mex67 and Mtr2 in the sac3�139 mutant. In
wild-type cells, Mex67-GFP localizes to the nuclear rim
(Figure 5A, a and b). In sac3�139 cells, Mex67-GFP is
localized to the entire nuclear rim as in wild type; how-
ever, a single strong focus several times the intensity of
the rest of the nuclear rim is visible (Figure 5A, c and d).
Western blotting was performed to verify that Mex67-GFP
levels are similar in wild-type and sac3�139 cells (our
unpublished data). A similar and more profound defect of
Mex67-GFP mislocalization was visible in SAC3� cells
(ACY159) (our unpublished data). In contrast, Mtr2-GFP
was unaltered in sac3� cells compared with wild type,
suggesting that the defect of Mex67 localization in sac3�

cells is not a result of Mtr2 mislocalization (our unpub-
lished data). We conclude that SAC3 is required for
proper localization of Mex67.

The mislocalization of Mex67 in sac3�139 cells is not
due to pore clustering, a phenotype of some nucleoporin
mutants. To examine the distribution of nuclear pores, we
localized the nucleoporin Nsp1 in the sac3�139 mutant.
By indirect immunofluorescence, Nsp1 is visible as a
punctate signal at the nuclear rim in wild-type cells
grown at 25°C (Figure 5B, a and b). In a pore clustering
mutant rat2-1, NPCs are clustered on one side of the
nucleus (Heath et al., 1995), and Nsp1 signal concentrates
in a crescent shape adjacent to the DAPI signal (Figure 5B,
c and d). In sac3�139 cells, Nsp1 localizes to the entire
nuclear rim similar to wild type (Figure 5B, e and f),
indicating that NPCs do not cluster in sac3�139 cells. The
same results are obtained when cells are grown at 30°C or
shifted to 37°C for 3 h (our unpublished data). Further-
more, Dbp5, which clusters in a pore clustering mutant
(Snay-Hodge et al., 1998), is not mislocalized in sac3�139
cells (our unpublished data). Therefore, the mislocaliza-
tion of Mex67 in sac3�139 cells is not a result of pore
clustering.

DISCUSSION

Using a combination of genetic screens to identify genes
involved in mRNA export, we have identified the nuclear
pore-associated protein Sac3. Mutation of SAC3 causes a

Figure 5. Mex67 mislocalizes in sac3�139 cells. (A) Localization of
Mex67-GFP in wild-type (MEX67-GFP, a and b) and sac3�139 cells
(c and d, PSY2843, top and PSY2842, bottom) grown at 30°C. GFP
fluorescence (left) and Nomarski images (right) are shown. Arrows
point to intense foci at the nuclear rim. (B) Localization of Nsp1 in
wild-type (FY23, a and b), rat2-1 (Dat4-2, c and d), and sac3�139 cells
(e and f) grown at 25°C. Indirect immunofluorescence with poly-
clonal antibodies to Nsp1 (left) and 4,6-diamidino-2-phenylindole
(right) are shown.
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robust accumulation of mRNA in the nucleus but only
mildly affects other nuclear export pathways. Furthermore,
Sac3 interacts physically with several proteins involved in
mRNA export and localizes exclusively to the cytoplasmic
fibrils of the NPC. Finally, mutation of SAC3 causes mislo-
calization of Mex67 to a strong focus at the nuclear rim.
Taken together, these results show that Sac3 is involved in
mRNA export and implicate Sac3 at the step of RNP trans-
location through the NPC.

Earlier studies have implicated Sac3 in actin function and
mitotic progression. Mutations in SAC3 were found to sup-
press the temperature sensitivity of the act1-1 mutant (Nov-
ick et al., 1989). A potential explanation for the suppression
of act1-1 by sac3� mutants is that diminished export of the
defective actin transcript decreases the deleterious effects of
this actin mutation. However, this possibility is unlikely
because the suppression is allele specific (Bauer and Kölling,
1996a; Novick et al., 1989), suggesting that loss of SAC3
function does not bypass the act1-1 mutation. In addition, a
later study found that mutation of SAC3 causes aberrant
mitosis and spindle morphology (Bauer and Kölling, 1996b).
A direct role for the actin cytoskeleton has not been estab-
lished in nuclear transport, but there is speculation that
RNPs may travel along cellular microfilament tracks to
reach their destinations. In fact, it has been suggested that
Tpr and its homologues Mlp1 and 2 may form intranuclear
filaments that can serve as tracks connecting the chromatin
and the NPC on which RNPs travel (Cordes et al., 1997;
Strambio-de-Castillia et al., 1999). It is also possible that the
actin cytoskeleton may be physically attached to the cyto-
plasmic filaments of the NPC and necessary for proper
orientation of the NPC and/or the mitotic spindle. A screen
for nuclear import mutants revealed that mutation of ARP2/
ACT2, an actin-related gene, causes a defect in NPC mor-
phology (Yan et al., 1997). Currently, it is unclear as to how
the nuclear transport function of Sac3 is related to its func-
tion with respect to actin.

Previously, Sac3 was ascribed a role in nuclear transport.
Examination of Sac3 showed that it localizes to the nuclear
rim and interacts with nucleoporins (Jones et al., 2000). Spe-
cifically, Sac3 was copurified with Nsp1 from yeast lysate
and was shown to interact with Nup1 and Nup159 by yeast
two hybrid. Interestingly, Nsp1 and Nup159 together with
Nup82 form a nucleoporin subcomplex that functions pri-
marily in mRNA export (Belgareh et al., 1998). Analysis of a
SAC3 deletion (SAC3�) strain showed synthetic lethal inter-
actions with several NES-protein export mutants and a de-
fect in NES-protein export (Jones et al., 2000). We found that
the sac3�139 mutant as well an independent deletion strain
(�sac3-rg) display a strong nuclear accumulation of mRNA.
Consistent with our results, overexpression of SAC3 by us-
ing a galactose-inducible promoter causes an mRNA export
defect (Corbett, personal communication). In addition, in
sac3�139 cells no synthetic lethality with �yrb2 is observed
and only a mild NES-protein export defect is detected using
the same reporter used in the previous study. In SAC3�
cells, the NLS-NES-GFP reporter localizes exclusively to the
nucleus in �30% of cells grown at 25°C and �50% of cells
shifted to 37°C for 2 h (Corbett, personal communication).
These results contrast with the mild nuclear accumulation
visible in a low percentage of sac3�139 and �sac3-rg cells
(Figure 2C; our unpublished data). In our hands, the SAC3�

strain seemed to revert to faster growing cells at a high rate,
especially upon plasmid transformation (our unpublished
data). Therefore, we speculate that a second mutation may
be present in the SAC3� strain. Alternately, contrasting de-
grees of effects on NES-export in these sac3� mutants may be
due to differences in strain background. SAC3 as well as a
number of other genes involved in mRNA export are not
essential for viability. Deletion of any of several genes such
as NUP116, GLE2, and NUP133 causes profound defects in
mRNA export but allows growth, although at significantly
reduced rates (Wente and Blobel, 1993; Li et al., 1995; Mur-
phy et al., 1996). Apparently, cells are able to compensate for
lack of these genes because of the functional redundancy of
various export factors.

Several findings support the notion that Sac3 functions
at the translocation step of mRNA export. First, the
sac3�139 mutation results in synthetic lethality when
combined with mex67-5 and mtr2-142, both of which cause
Mex67 to mislocalize to the cytoplasm upon a shift to
nonpermissive temperature (Figure 1C; Segref et al., 1997).
The sac3�139 mutant also mislocalizes Mex67; therefore,
these combined mutations could further disrupt Mex67
localization and function and cause lethality. Addition-
ally, Sac3 can be coimmunoprecipitated with Mex67,
Mtr2, and Nup116 suggestive of interactions that may be
required for RNP translocation through the NPC. To ad-
dress whether SAC3 may affect the interaction of Mex67
with FG-repeat– containing nucleoporins, we performed
coimmunoprecipitations of Mex67 and Nup116 as de-
scribed previously (Strawn et al., 2001) in wild-type com-
pared with sac3�139 cells but found the interaction to be
unaffected (our unpublished data). Nevertheless, Mex67
interacts with multiple FG-repeat containing nucleoporins
(Strä�er et al., 2000; Strawn et al., 2001), and Sac3 could
affect any number of these or other interactions.

More specifically, Sac3 may be involved in the terminal
step of export. As determined by immunoelectron micros-
copy, Sac3 localizes exclusively to the cytoplasmic fibrils of
the NPC, suggesting that it acts at a late stage of mRNA
export. Sac3 may be a static NPC-associated protein because
Sac3 localizes exclusively to the nuclear rim and remains
properly localized in the xpo1-1 mutant (Jones et al., 2000;
our unpublished data). However, we also found that Sac3
coimmunoprecipitates with Mlp1, which localizes to the
nuclear basket by immunoelectron microscopy (Strambio-
de-Castillia et al., 1999; Kosova et al., 2000). It is possible that
either Mlp1 or Sac3 or both proteins are mobile factors
despite being preferentially localized to opposite sides of the
pore at steady state. Interestingly, Sac3 was not identified in
a large-scale analysis of NPC proteins despite that it meets
the criteria defined in this study (Rout et al., 2000). The
absence of Sac3 in this NPC purification may be a result of its
sensitivity to proteolysis during the preparation or its tran-
sient interaction with the NPC. Our genetic analysis re-
vealed specificity of interactions between sac3�139 and mu-
tations in genes encoding transport factors, perhaps
providing a better indication of Sac3 function than our co-
immunoprecipitation experiments. All of the synthetic lethal
interactors identified in our analysis correspond to mRNA
export factors that localize at least partially to the cytoplas-
mic fibrils of the NPC.
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Understanding of the release of proteins from the mRNA
remains elusive. A candidate for the mediator of this process
is the RNA helicase Dbp5, which localizes to the cytoplasmic
fibrils and the cytoplasm (Snay-Hodge et al., 1998; Tseng et
al., 1998; Strahm et al., 1999). Dbp5 can be coimmunoprecipi-
tated with Sac3 from cell lysates. Furthermore, sac3�139 is
synthetically lethal with a mutant of DBP5, rat8-2, and with
a mutant allele of NUP159, which is required for Dbp5
localization to the nuclear rim (Hodge et al., 1999; Schmitt et
al., 1999). In addition, sac3�139 combined with a mutant
allele of NUP82 results in synthetic sickness. A phenotype of
nup82-�108 cells is that Nup159 localization to the nuclear
pore is disrupted (Hurwitz et al., 1998). Each of these pro-
teins seems to be important for proper localization of other
cytoplasmic fibril-associated proteins involved in mRNA
export and may function as terminal docking sites for RNPs
during NPC translocation. Further studies should elucidate
the mechanism of this complex process.
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Katahira, J., Strä�er, K., Podtelejnikov, A., Mann, M., Jung, J.U.,
and Hurt, E. (1999). The Mex67p-mediated nuclear mRNA export
pathway is conserved from yeast to human. EMBO J. 18, 2593–
2609.
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