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Yralp and Sub2p are components of the TREX com-
plex, which couples transcription elongation with
nuclear export of mRNAs. Here, we report a genetic
interaction between Yralp and a conserved protein
Sac3p, which previously was found to interact with
Sub2p. In vivo, Sac3p forms a stable complex with
Thplp, which was reported to function in transcrip-
tion elongation. In addition, Sac3p binds to the
mRNA exporter Mex67p—Mtr2p and requires the
nucleoporin Nuplp to dock at the nuclear side of
the nuclear pore complex (NPC). Significantly, muta-
tions in Sac3p or Thplp lead to strong mRNA export
defects. Taken together, our data suggest that the
novel Sac3p-Thplp complex functions by docking
the mRNP to specific nucleoporins at the nuclear
entrance of the NPC.
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Introduction

In eukaryotes, mRNAs need to be exported from the
nucleus before they are translated in the cytoplasm.
Transport of mRNAs occurs through nuclear pore
complexes (NPCs), large macromolecular assemblies of
~60 MDa in yeast, which consist of ~30 different
nucleoporins (Rout and Aitchison, 2001; Vasu and
Forbes, 2001). The NPCs are made up of several distinct
structural elements. These are the spoke complex, which
spans the double nuclear membrane and forms the central
gated channel, the cytoplasmic filaments, which are
attached to the cytoplasmic ring, and the nuclear basket,
which is attached to the nucleoplasmic ring of the NPC
(Stoffler et al., 1999). While most nucleoporins occur on
both sides, some are present on only one side of the NPC.
Among the asymmetrically distributed nucleoporins are
Nuplp, Nup60p and Nup2p, which are nuclear basket
components (Rout et al., 2000; Solsbacher et al., 2000;
Denning et al., 2001; Dilworth et al., 2001). These latter
nucleoporins could provide docking or release sites for
transport complexes to or from the NPCs, respectively.
Nucleocytoplasmic transport of proteins and nuclear
export of rRNAs, tRNAs and SRP RNA is mediated
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predominantly by transport receptors of the importin-3
family (Weis, 2002). These shuttling receptors bind to
their cargos and transiently interact with phenylalanine—
glycine (FG) repeats of nucleoporins. The binding of the
B-family transport receptors to cargo is controlled by the
small GTPase Ran (Weis, 2002). In contrast, the mech-
anism of nuclear export of bulk mRNA differs from the
other nucleocytoplasmic transport routes as it appears not
to be directly dependent on RanGTP (Clouse et al., 2001;
Reed and Hurt, 2002). In addition, the general export
receptor for mRNAs, Mex67p-Mtr2p in yeast and
Tap—pl5 in metazoans, does not belong to the importin-3
family (Conti and Izaurralde, 2001; Reed and Hurt, 2002).
However, like their importin B-family cousins, Mex67p
and Tap can bind directly to FG repeat-containing
nucleoporins (Conti and Izaurralde, 2001; Grant et al.,
2002). Since the Mex67p—Mtr2p complex also binds to
mRNA, this mRNA exporter can move the mRNP through
the nuclear pore channel using the FG repeats of
nucleoporins as transient docking sites (Striler et al.,
2000).

Yralp, another key player of the conserved mRNA
export machinery, belongs to the conserved REF family.
REF family members are nuclear at steady state and
contain a central RNA recognition motif (RRM) and
highly conserved N- and C-termini, which constitute
binding sites for Mex67p/Tap as well as RNA (Strifer and
Hurt, 2000; Stutz et al., 2000; Rodrigues et al., 2001).
Thus, Yralp was proposed to recruit the mRNA exporter
to the mRNA (Strder and Hurt, 2000; Zenklusen et al.,
2001). This model was corroborated further by the
characterization of Aly, the metazoan homolog of Yralp.
Aly was shown to be recruited to the mRNP during
splicing and also binds directly to Tap (Zhou et al., 2000;
Rodrigues et al., 2001). Furthermore, Aly is a component
of the exon—exon junction complex (EJC) (Le Hir et al.,
2000, 2001; Lejeune et al., 2002). This complex associates
with the spliced mRNA ~20 nucleotides upstream of the
exon—exon junction in a splicing-dependent manner.
Interestingly, Aly was identified initially as a coactivator
of two transcription factors (LEF-1 and AML) (Bruhn
et al., 1997). In addition, Yralp is recruited to the mRNA
during transcription (Lei et al., 2001). Moreover, Yralp/
Aly interacts directly with the conserved protein Sub2p in
yeast (Strdfer and Hurt, 2001) and UAP56 in mammals
(Luo et al., 2001). It was suggested that Sub2p/UAP56
plays a role in recruiting Yralp/Aly to the mRNA during
splicing and thereby performs its crucial role in mRNA
export (Luo et al., 2001; StraBer and Hurt, 2001).
However, Sub2p is required for export of mRNAs derived
from intronless genes as well as for export of spliced
mRNAs (Jensen et al., 2001; StrdaBer and Hurt, 2001).

Interestingly, Yralp and Sub2p are members of the
TREX (transcription and mRNA export) complex, which
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also contains the THO complex members Tho2p, Hprlp,
Mftlp and Thp2p (StriBer et al., 2002). Deletion of any of
the members of the THO complex leads to inhibition of
transcription elongation and impairment of mRNA export
(Aguilera, 2001; StrdBer et al., 2002). Conversely, it has
been shown that mutation of components of the mRNA
export machinery such as SUB2, YRAI, MEX67 and MTR?2
leads to defective transcription (Jimeno et al., 2002). Since
Hprlp and Tho2p are recruited to activated genes during
gene expression, it was suggested that the TREX complex
couples transcription elongation with the export of the
mRNA (StraBer et al., 2002).

Here, we report the identification of two further genes
isolated in a synthetic lethal screen with the yral-ARRM
allele, SAC3 and NUP60. Both components together with
another nuclear basket nucleoporin Nuplp function in
mRNA export at the nucleoplasmic side of the NPC.
Importantly, in vivo, Sac3p forms a complex with Thplp,
which is also required for mRNA export. Moreover, Sac3p
directly binds to the mRNA exporter Mex67p—-Mtr2p.
Thus, the Sac3p-Thplp complex is involved in mRNA
export with a distinct role at the nuclear site of the NPC.

Results

YRA1 interacts genetically with SAC3, NUP60

and NUP1

Previously, we performed a synthetic lethal (sl) screen
with a yral mutant allele (yral-ARRM) to find components
of the mRNA export machinery in yeast. We identified
Sub2p, an intranuclear RNA helicase that couples splicing
with mRNA export (Luo et al., 2001; StrdBer and Hurt,
2001), and the TREX complex, which couples transcrip-
tion elongation with export of mRNA (Striaer er al.,
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2002). Here, we characterize two further sl mutants
isolated in this screen, which are complemented by
SAC3 (Figure 1A) and NUP60 (Figure 1B), respectively.

In order to confirm these genetic interactions, the yral-
ARRM mutant allele was combined directly with sac3A4 or
nup60A. This revealed that yral-ARRM and also yral-AN
are sl with sac3A (Figure 1C). Moreover, yral-ARRM, but
not yral-AN, is sl with nup60A (Figure 1D). Interestingly,
yral-ARRM is also sl with nuplA and nup2A mutant
alleles (Table I). Notably, Nup60p, Nuplp and Nup2p are
asymmetrically located nucleoporins, all attached to the
nuclear basket of the NPC (see Introduction). In contrast,
yral-ARRM 1is not sl with mutant alleles of NUPI16, a
nucleoporin crucially involved in mRNA export (Wente
and Blobel, 1993; StriBer et al., 2000) (Table I).

To assess further the genetic network around SAC3, we
tested for genetic interactions with known factors involved
in mRNA export. We found that sac3A4 is sl with mutant
alleles of MEX67, MTR2, NUP116 and GLE2, but not with
mutant alleles of SUB2, MLPI1, MLP2, NUP2, NUP60,
NUP42 and NUPI (see Table I). Previously, it was shown
that sac3A4 is sl with cdc23-1, xpol-1 and yrb2A (Jones
et al., 2000). In contrast to sac3A, nup60A is not sl with
mex67 or sub2 mutant alleles (see Table I).

Sac3p, Nup60p and Nupip are involved in

mRNA export

The genetic linkage of SAC3, NUP60 and NUPI to YRAI
pointed to a role for these components in mRNA export.
Therefore, we analyzed whether poly(A)* RNA export is
inhibited in cells disrupted for SAC3, NUP60 or NUPI.
For SAC3, we tested two different sac3 knock-out strains,
which vary slightly in their growth at different tempera-
tures (see Supplementary table I, available at The EMBO
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Fig. 1. Genetic interaction of YRAI with SAC3 and NUPG60. (A and B) Identification of SAC3 and NUP60 in the sl screen with yral-ARRM. Strains
sl 522 (A) and sl 205 (B) were transformed with plasmids harboring YRAI, yral-ARRM, SAC3 or NUP60. They were grown for 5 days on
Sfluoro-orotic acid (FOA)-containing plates. Colony formation indicates complementation of the sl phenotype. (C and D) Genetic relationships
between YRAI and SAC3 or YRAI and NUP60. The indicated double-disrupted strains harboring plasmid-borne YRAI (pURA3-YRAI) were
transformed with the indicated plasmid-borne gene constructs. Growth was analyzed on FOA-containing plates. No growth indicates synthetic

lethality.
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Journal Online). As shown in Figure 2A, sac34 cells grow
slowly at 23 and 30°C, but are less affected at 37°C.
Importantly, sac3A strains strongly accumulate poly(A)*
RNA in the nucleus at all the tested temperatures (23
and 37°C; Figure 2B). This mRNA export defect is
specific, since no nuclear accumulation of tRNA, SRP
RNA or ribosomal 60S and 40S subunits was observed in
sac3A cells, and nuclear import of nuclear localization
sequence (NLS)-reporter constructs was also normal
(Supplementary figure 1).

Since overexpression of SAC3 is known to be toxic for
the cell (Jones et al., 2000), we studied whether it impairs
mRNA export. After 3.5 h induction in galactose medium,
GALI::SAC3 cells showed a significant nuclear accumu-
lation of poly(A)* RNA (see below; Figure 4). Thus, both
overexpression and deletion of SAC3 inhibit mRNA
export, which suggests that Sac3p is a novel factor of the
mRNA export machinery (see Discussion).

Next, we tested whether Nuplp and Nup60p play a role
in mRNA export. Previously, the nuplA deletion strain
was shown to be defective in mRNA export (Bogerd et al.,
1994; Schlaich and Hurt, 1995), which was confirmed in
this study (Figure 2B). Moreover, the nup60 null mutant is
impaired in poly(A)* RNA export (Figure 2B). Notably,
the sl mutants mapping in NUP60 (see above) exhibit
nuclear accumulation of poly(A)* RNA, which was
abolished by transformation with the intact NUP60 gene
(data not shown). The export defect observed in the nuplA
and nup60A strains is specific for mRNA, since no
significant nuclear accumulation of tRNA or ribosomal
60S and 40S subunits was observed in these cells
(Supplementary figure 2). In contrast to NUPI and
NUP60, the NUP2 disruption strain did not exhibit nuclear
accumulation of poly(A)* RNA (Figure 2B). The mex67-5
temperature-sensitive mutant served as positive control,
which strongly accumulates poly(A)* RNA in the nucleus
upon shift to 37°C (Figure 2B). We conclude that Nuplp
and Nup60p are required for nuclear mRNA export, which
could explain their genetic relationship to the mRNA
export factor Yralp.

Sac3p has a nuclear pore targeting activity in its
C-terminal domain

Interestingly, Sac3p was shown to associate with nuclear
pores and nucleoporins such as Nsplp (Jones et al., 2000).
We therefore wondered whether association of Sac3p with
the nuclear pore is crucial for mRNA export. To find out
which part of Sac3p binds to nuclear pores, we expressed

The Sac3p-Thp1p complex is involved in mRNA export

different Sac3p domains in yeast. Notably, an ~400 amino
acid sequence in the middle part of Sac3p (amino acids
193-572) is strongly conserved, whereas the flanking N-
(amino acids 1-192) and C-terminal domains (amino acids
573-1301) are variable (Figure 3A; see also Jones et al.,
2000). Accordingly, Sac3p was subdivided into an N-, M-
and C-domain. The different green fluorescent protein
(GFP)-tagged Sac3p domains were expressed in sac3A
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wild-type. @& . . ’ 04 . % '-'i":-

B 23°C || 37°C
poly(A)* RNA

- B
- NS B
- A
- KGR
- G
-

Fig. 2. mRNA export is defective in SAC3, NUP1 and NUP60 mutants.
(A) SAC3 deletion causes slow cell growth. Wild-type and sac34 cells
were spotted in 10! dilutions onto YPD plates and growth was ana-
lyzed after 3 days at the indicated temperatures. (B) Deletion of SAC3,
NUPI or NUP60 causes an mRNA export defect. Wild-type, sac3A4,
nuplA, nup60A, nup2A and mex67-5 cells were grown at the indicated
temperatures and localization of poly(A)* RNA was assessed by
oligo(dT) in situ hybridization. DNA was stained with 4’,6-diamidino-
2-phenylindole (DAPI).

polym]‘ RNA

Table I. Genetic interactions between YRAI, SAC3, NUP1, NUP60 and THPI alleles

Allele sl With
yral-ARRM + sac3A4, nupl A, nup60A, nup2 A, thpl A
- nupll16A
sac3A + yral-AN, mex67-5, mtr2-9, nupl16A4, gle2A
- sub2-85, mipl A, mip2 A, nupl A, nup60A, nup2 A, nup42A, thpl A
nuplA + nup60A4
- sub2-85, thpl A
nup60A - mex67-5, sub2-85, thplA
thplA yral-AN, mex67-5
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Fig. 3. The C-domain of Sac3p contains a nuclear pore-targeting
sequence. (A) Schematic of the Sac3p protein indicating the N-, M-
and C-domain and their amino acid boundaries. (B) The C-domain of
Sac3p mediates nuclear pore targeting. Fluorescence microscopy of
full-length Sac3p and its different domains, all tagged with GFP and
expressed in sac34 cells. (C) Individual Sac3p domains cannot rescue
the growth defect of sac34 cells. Strain sac3A was transformed with
the indicated plasmid constructs and cells were spotted in 10~! dilutions
on selective plates and incubated for 3 days at 30°C. (D) Individual
Sac3p domains cannot rescue the mRNA export defect of sac3A4 cells.
Localization of poly(A)* RNA was analyzed by oligo(dT) in situ hybri-
dization. DNA was stained with DAPIL

cells and their localization was determined by fluorescence
microscopy (Figure 3B). Only the Sac3p C-domain
localizes to the nuclear pores, whereas Sac3p-N,
Sac3p-M and Sac3p-N + M are localized to the
nucleoplasm and cytoplasm (Figure 3B). Importantly, all
tested Sac3p domains were unable to complement either
the slow growth phenotype of the sac3A4 strain (Figure 3C)
or the mRNA export defect (Figure 3D). Thus, an intact
Sac3p protein is required for efficient mRNA export in
yeast.

To assess which domains of Sac3p, when overex-
pressed, are responsible for the dominant-negative pheno-
type and mRNA export defect, we overproduced the
various domains in yeast cells. This analysis showed that
overexpression of the Sac3p C-domain is toxic to the cells
(Figure 4A) and causes a strong mRNA export defect
(Figure 4B). Overexpression of the N + M-domain causes
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Fig. 4. Overexpression of Sac3p or its C-domain causes a dominant-
negative phenotype and an mRNA export defect. (A) Overexpression
of full-length Sac3p or the C-domain is toxic. Wild-type cells trans-
formed with the indicated plasmid-borne constructs were spotted in
107! dilutions on a plate containing galactose (inductive for the
GALI promoter). Growth was analyzed after 3 days at 30°C.
(B) Overexpression of Sac3p, its C-domain or its N + M-domain causes
an mRNA export defect. Poly(A)* RNA localization was determined
by in situ hybridization after 3.5 h induction of Sac3p expression in
galactose-containing medium. Cells were also stained for DNA.
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a milder growth impairment and a less strong mRNA
export inhibition (Figure 4A and B).

The C-domain of Sac3p can be replaced

by Nup60p

To find out whether the crucial function of the C-domain is
to target the N + M-domain of Sac3p to the nuclear pores,
we fused Sac3p-N + M to three different nucleoporins: (i)
Nup60p, which is located asymmetrically at the nuclear
basket (see Introduction); (ii) Nup42p, which is located
asymmetrically at the cytoplasmic face of the NPC
(Strahm et al., 1999); and (iii) Nsp1p (only the C-domain),
which is found in the central channel of NPC (Fahrenkrog
et al., 1998). The derived fusion proteins were also tagged
with GFP to follow their in vivo location. All three
nucleoporins were able to target Sac3p-N + M to the
nuclear pores (Figure 5A, right panel). However, only
Nup60p, but not Nup42p or Nsplp, was able to comple-
ment the growth defect (Figure 5A, left panel) and mRNA
export inhibition caused by deletion of the C-domain of
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Fig. 5. Nucleoporin Nup60p attached to Sac3p-N + M rescues the
mRNA export defect. (A) Complementation of the growth defect of
sac3A cells by Sac3p-N + M fused to Nup60p. GFP-tagged
Sac3p-N + M was fused to Nup60p, Nup42p or the C-terminal domain
of Nsplp. sac3A cells expressing the indicated plasmid-borne con-
structs were grown in 10~ dilutions on selective plates for 4 days at
30°C (left panel), tested for mRNA export defects by in situ hybridiza-
tion (middle panel) or analyzed by fluorescence microscopy for
subcellular protein location (right panel). (B) Nuclear pore location of
Sac3p requires Nuplp. GFP-Sac3p or GFP-Nup49 (control) were
expressed in wild-type or nuplA cells and inspected with the
fluorescence microscope.

Sac3p (Figure 5A, middle panel). We conclude that Sac3p
has to be targeted to the nucleoplasmic side of the NPC to
perform its function in mRNA export.

To determine whether Nup1p or Nup60p are involved in
docking Sac3p to the nuclear pores in vivo, we analyzed
the location of Sac3p—GFP in nuplA or nup60A cells.
Strikingly, GFP-Sac3p is no longer associated with the
nuclear pore in nuplA cells (Figure 5B), whereas its
nuclear envelope association is not significantly altered in
nup60A cells (data not shown). In contrast, a bona fide
nucleoporin, Nup49p, is still associated with the nuclear
envelope in nup 1A cells (Figure 5B). We conclude that the
nuclear basket protein Nuplp plays a crucial role in
localizing Sac3p to the NPC.

Sac3p, Nup1p and Nup60p interact with the
Mex67p-Mtr2p complex in vitro

Our data suggested that Sac3p targeting to the nuclear face
of the NPC is crucial for mRNA export. However, it
remained open how Sac3p participates in this process.
Interestingly, mammalian homologs of Sac3p [MCM3AP
and germinal center-associated nuclear protein (GANP);
Kuwahara et al., 2001; Takei et al., 2001] exhibit several

The Sac3p-Thp1p complex is involved in mRNA export
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Fig. 6. In vitro binding of Sac3p, Nup60p and Nuplp to
Mex67p—-Mtr2p. (A) The Sac3p N-domains of several Sac3p homologs
contain degenerate FG repeats. Peptide sequences from the Sac3p
N-domains of human, S.cerevisiae and C.albicans, which exhibit
degenerate FG motifs (bold and underlined) are depicted.
(B) Recombinant GST fusion proteins (indicated by open circles) of
Nupl16-GLFG (positive control), the Sac3p N + M- and C-domains,
Nup60p and Nuplp, or GST alone were immobilized on glutathione
beads and incubated with an E.coli lysate (+) containing recombinant
Mex67p (closed circle) and Mtr2p (open square). As negative control,
the same GST fusion proteins were incubated with an E.coli lysate
lacking recombinantly expressed proteins (-). Proteins bound to the
beads were eluted with SDS buffer and analyzed by SDS-PAGE and
Coomassie staining (upper panel). The presence of Mex67p and Mtr2p
was confirmed by western blot using antibodies specific for Mex67p
and Mtr2p, respectively (lower panel).

degenerate FG, FS, FP and FSF peptide motifs in their
N-terminal domains, which typically are found in FG
repeat nucleoporins (Figure 6A). The N-domains of
Saccharomyces cerevisiae and Candida albicans Sac3p
might also contain a few of these types of degenerate
FG, FS, (F,ILL)XF motifs. However, these repeats are very
degenerate and thus it is not clear whether they serve as
FG motifs in vivo (Figure 6A). This prompted us to
test in vitro whether Sac3p binds to the conserved
mRNA exporter Mex67p—Mtr2p, which is known to
associate with FG repeat nucleoporins (StridBer et al.,
2000). These studies revealed that Mex67p—-Mtr2p binds
efficiently to GST-Sac3p-N + M, but only marginally to
GST-Sac3p-C (Figure 6B). GST-Nupl16 GLFG repeats
served as positive, and GST alone as negative control
(Figure 6B). Thus, Sac3p can associate directly with the
Mex67p-Mtr2p mRNA exporter.

Finally, we wanted to test whether Nup60p and Nuplp,
which also contain degenerate FG repeat sequences (Davis
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and Fink, 1990; Denning et al., 2001), can associate with
Mex67p-Mtr2p and could thus provide additional docking
sites for the mRNA exporter at the nuclear basket. When
recombinant GST-Nup60p or GST-Nup1p were tested for
binding to Mex67p—Mtr2p in vitro, both directly bound to
the Mex67p—Mtr2p heterodimer (Figure 6B).

In vivo Sac3p is associated with Sub2p and Nup1p
and forms a complex with Thpip

Previously, we reported that Sac3p co-purifies, although
substoichiometrically, with Sub2p purified by tandem
affinity purification (TAP) (StrdBer er al., 2002). In this
same preparation, Sub2p purified the components of the
TREX complex, i.e. Tho2p, Hprlp, Mftlp, Thp2p, Tex1p
and Yralp. We wanted to confirm this finding and in
addition test whether Sac3p can be found in association
with other proteins relevant to this study. We therefore
purified TAP-tagged Sub2p, Nuplp and Nup60p from
yeast cells that express hemagglutinin (HA)-tagged Sac3p.
Interestingly, in addition to the Sub2p-TAP, we find Sac3p
in the Nuplp-TAP preparation (Figure 7A). In contrast,
we could not detect Sac3p-HA in the Nup60p-TAP or
Nup82p-TAP (further negative control) preparations
(Figure 7A). These findings correlate well with the
observed in vivo location of GFP-Sac3p in nuplA and
nup60A cells (see above).

To identify proteins that stably associate with Sac3p
in vivo, we also TAP tagged Sac3p. However, full-length
Sac3p-TAP could be purified only very inefficiently (data
not shown). To circumvent this problem, we tagged the
different domains of Sac3p. The protein A-tagged Sac3p
N + M-domain was significantly enriched during affinity
purification (Figure 7B). In contrast, protein A-tagged
Sac3p-C, perhaps due to its toxic character (see above),
was recovered inefficiently (data not shown). The bands
co-purifying with protein A-Sac3p-N + M were visualized
by SDS-PAGE and Coomassie staining and identified by
mass spectrometry (MS). A prominent co-purifying band
at ~47 kDa corresponds to Thplp (Figure 7B), a protein
that previously was shown to be involved in transcription
elongation and transcription-dependent recombination
(Gallardo and Aguilera, 2001). Moreover, we identified
Mex67p by MS in the purified Sac3p-N + M preparation
(Figure 7B), consistent with the in vifro binding studies
(see above). To determine whether Thplp is associated
specifically with Sac3p, we purified TAP-tagged Thplp
(Figure 7C). Thplp was enriched efficiently after the
second purification step together with several other
proteins. The most prominent co-purifying bands are a
doublet at ~160 kDa, which was identified to be Sac3p (the
lower band is most probably a C-terminal degradation
product of Sac3p). Another conspicuous, although weak
band at ~400 kDa is Tralp, a component of the SAGA
transcriptional activator-histone acetyltransferase com-
plex and the NuA4 histone acetyltransferase complex
(Grant et al., 1998; see Discussion).

Thp1p localizes to nuclear pores and is needed for
efficient mRNA export

To find out whether Thplp is associated with nuclear pores
in living cells, we GFP tagged Thplp by chromosomal
integration at the C-terminus. When these cells were
inspected with the fluorescence microscope, Thplp, like
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Fig. 7. Sac3p interacts in vivo with Sub2p, Nuplp, Mex67p, and
Thplp. (A) Sub2p, Nuplp, Nup60p and Nup82p, all tagged with TAP,
were purified from a strain expressing HA-tagged Sac3p (Sac3p-HA).
TEV eluates were analyzed by SDS-PAGE and visualized by
Coomassie staining (20 pl of eluates; top panel) or analyzed by western
blotting using anti-HA antibodies (5 pl of Sub2p eluate and 20 pl of
Nuplp, Nup60p and Nup82p eluates; lower panel). The open circles
indicate the TAP-tagged bait proteins. (B) Affinity purification of
protein A-tagged Sac3p-N + M reveals Thplp as the major co-purifying
protein. The TEV eluate was analyzed by SDS-PAGE and Coomassie
staining. The indicated bands were identified by mass spectrometry. A
protein molecular weight standard is also shown. Other bands identified
by mass spectrometry are most likely contaminants (indicated by aster-
isks from top to bottom: heat shock Ssalp, Hsp70p, Hsp70p, Rpldp,
RplSp ribosomal protein). (C) Affinity purification of TAP-tagged
Thplp reveals association with Sac3p. TAP-purified Thplp was ana-
lyzed by SDS-PAGE and Coomassie staining, and the indicated bands,
including a weak band at ~400 kDa (Tralp), were identified by MS.
Other bands identified by MS most probably are contaminants [indi-
cated by asterisks from top to bottom: major coat L-A protein, Pablp,
eEF-1, E.coli matrix protein (contaminant from calmodulin beads),
Rpslp ribosomal protein]. A protein molecular weight standard is also
shown.

Sac3p, exhibits a nuclear envelope location (Figure 8A).
Interestingly, Thp1p—GFP is no longer associated with the
nuclear envelope in sac3A cells (Figure 8A). This shows
that Sac3p is needed for association of Thplp with the
nuclear pores. In addition, we examined the localization of
Thplp—GFP in nuplA and nup60A cells. Similarly to
Sac3p, Thplp significantly detaches from the nuclear
envelope in nuplA cells, but not in nup60A cells
(Figure 8A). Thus, Nuplp provides a binding site for the
Sac3p-Thplp complex at the nuclear pores.
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Fig. 8. Thplp is located at the nuclear envelope and required for
mRNA export. (A) GFP-tagged Thplp exhibits a nuclear envelope
staining, which is lost in sac34 and nuplA cells. Cells were analyzed
by fluorescence microscopy and by Nomarski optics. (B) Deletion of
THPI causes growth inhibition and inhibition of mRNA export. Serial
dilutions of thplA and wild-type cells were spotted onto YPD plates
and grown for 4 days at the indicated temperatures (upper panel).
Poly(A)* RNA accumulates in the nucleus of thplA cells at 23 and
37°C (lower panel). (C) SSA]7 mRNA accumulates in the nucleus of
sac3A and thpl A cells. Cells were shifted to 42°C for 30 min to induce
the expression of the SSA genes, and localization of the SSA! transcript
was assessed in comparison to mex67-5 cells by in situ hybridization
with a fluorescently labeled probe specific for SSA7 mRNA.

Finally, nuclear export of mRNA was analyzed in cells
lacking Thplp. The thpl-null mutant is viable but exhibits
a slow growth at 23 and 30°C and is temperature-sensitive
for growth at 37°C (Figure 8B). Similarly to sac3A4 cells,
thplA cells exhibit a strong nuclear accumulation of
poly(A)* RNA at the tested temperatures (Figure 8B; 23
and 37°C). To confirm that the nuclear signal for poly(A)*
RNA corresponds to mRNA, we performed in situ
hybridization with a fluorescently labeled probe specific
for SSAI mRNA. SSAI encodes the heat shock protein
Hsp70. Transcription of this gene is strongly induced upon
shift of the cells to 42°C. Whereas in wild-type cells the
SSAI mRNA is exported efficiently to the cytoplasm, it
accumulates in the nucleus of sac34 as well as thpl A cells
(Figure 8C). Since Thplp is conserved in evolution, we
conclude that we identified another factor of the conserved
mRNA export machinery.

The Sac3p-Thp1p complex is involved in mRNA export

Discussion

The conserved mRNA export machinery consists of an
mRNA exporter (Mex67p—Mtr2p in yeast; Tap—pl5 in
metazoans) and several components that act ‘upstream’ to
couple the intranuclear steps in mRNA formation with
nuclear export (Reed and Hurt, 2002). However, it is not
known how the mRNA export machinery docks to the
nuclear face of the NPC before entrance into the pore
channel. Here, we identified several new factors, which
participate in this process. Two of these factors, Nup60p
and Nuplp, are nucleoporins of the nuclear basket. The
other two components, Sac3p and Thplp, may associate
with the export machinery in the nucleoplasm before they
mediate docking to the nuclear face of the NPC.

Initially, Sac3p was identified as a suppressor of an actin
mutation, actl-1 (Novick et al., 1989), and subsequently
was shown to be involved in cell cycle progression (Bauer
and Kolling, 1996). Later on, Sac3p was found to be
localized at the nuclear pores with a role in nuclear protein
export of a nuclear export sequence (NES)-containing
reporter construct (Jones et al., 2000). Our data suggest
that Sac3p performs a crucial and specific role in nuclear
export of mRNAs. Evidence for such a function is that
(i) Sac3p is genetically linked to key components of
the conserved mRNA export machinery; (ii) deletion or
overexpression of Sac3p leads to strong mRNA export
defects; and (iii) Sac3p interacts directly with the mRNA
exporter Mex67p—Mtr2p. Thus, Sac3p is a novel
component of the mRNA export machinery in yeast.
Whether higher eukaryotic Sac3p homologs also function
in mRNA export remains to be determined.

How Sac3p functions exactly in mRNA export is not
known. Notably, the murine Sac3p homolog contains
degenerate FG repeats in its N-domain (see Figure 6A),
which could allow for direct binding to the mRNA
exporter (Mex67p—Mtr2p or Tap—pl5). Even though the
presence of FG repeats in the N-terminal domains of the
S.cerevisiae and C.albicans Sac3p protein is not as
evident, S.cerevisiae Sac3p does indeed bind to the
Mex67p-Mtr2p heterodimer. It was shown recently that
Tap, via its M- and C-domains, can bind to the
phenylalanine-rich cores of FG nucleoporins via hydro-
phobic surface patches analogous to those of NTF2 and
importin—f§ (Conti and Izaurralde, 2001; Grant et al.,
2002). Through its ability to interact with the nucleoporins
Nuplp and Nup60p, Sac3p could mediate recruitment of
the mRNA export machinery to the nuclear side of the
NPC. However, Sac3p appears not to be a bona fide
nucleoporin and its association with the nuclear pores may
be transient. Notably, a fraction of Sac3p was found to
co-purify with Sub2p, an intranuclear coupling protein,
which is linked to Yralp and Mex67p. In mammalian
cells, the Sac3p ortholog GANP was reported to be an
intranuclear protein (Kuwahara et al., 2001). Moreover,
another human Sac3p splice variant (MCM3AP) contains
a HAT motif that acetylates MCM3, a subunit of the MCM
complex (Takei et al., 2001). MCM proteins not only
function in DNA replication (Tye, 1999), but were also
shown to bind to the C-terminal domain of RNA
polymerase II (Pol II) and function in transcription
(Yankulov et al., 1999). In contrast, yeast Sac3p does
not have a HAT motif in its C-domain but instead acquired
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Fig. 9. Model of the function of the Sac3p—Thplp complex in mRNA export. Already at the transcriptional level the Sac3p-Thplp complex might be
recruited to the intranuclear mRNP. Via its C-terminal domain, Sac3p docks the mRNP to the nuclear side of the NPC. At this point, the
Mex67p-Mtr2p containing mRNP might leave the Sac3p-Thplp complex and interact with different FG repeat nucleoporins on its way to the

cytoplasm.

an NPC-targeting sequence (Takei et al., 2001). This could
explain why the Sac3p-Thplp complex is associated with
Tralp, a factor present in different complexes with histone
acetyltransferase activity (Grant et al., 1998). Taken
together, the data suggest that Sac3p functionally overlaps
with Yralp to couple intranuclear mRNA biogenesis with
export through the nuclear pores. For this function, Sac3p
cooperates with Thplp that previously was shown to
function in Pol II-dependent transcription elongation and
transcription-dependent DNA recombination (Gallardo
and Aguilera, 2001). Interestingly, mutations in
components of the TREX complex, as well as in the
Mex67p-Mtr2p mRNA exporter also confer a transcrip-
tion elongation defect and transcription-dependent hyper-
recombination (Jimeno et al., 2002). Thus, the entire gene
expression pathway, from transcription to mRNA export,
is tightly coupled and intertwined. It is noteworthy that
Thplp exhibits homology to Rpn3p (a component of the
19S regulatory particle of the proteasome that also
functions in Pol II transcription elongation; Gonzalez
et al., 2002) (Supplementary figure 3). This homology is
restricted to a sequence that is also found in other proteins
and known as the PINT domain.

The association of Sac3p with the nuclear pores is
mediated by its C-terminal domain. Interestingly, only a
nucleoporin that is located at the nuclear basket (i.e.
Nup60p) could functionally replace the Sac3p C-domain.
This suggests that an asymmetric location of Sac3p at the
nuclear side of the NPC is essential for the mRNA export
function of the Sac3p-Thplp complex. However, the
mRNA export defect is not fully abolished by substituting
the Sac3p C-domain with Nup60p. This could imply that
the C-domain has an additional function apart from
localizing Sac3p to the nuclear pores. Another explanation
could be that Sac3p requires a more dynamic interaction
with nucleoporins of the nuclear basket (see above).
In vivo, the NPC-targeting activity of the C-domain is
mediated predominantly by Nup1p, since Sac3p associates
with Nuplp in vivo and Sac3p mislocalizes to the nucleus
in nuplA cells. Importantly, Nuplp, Nup2p and Nup60p
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are nucleoporins that are located asymmetrically at the
nuclear face of the NPC (Rout et al., 2000; Solsbacher
et al., 2000; Denning et al., 2001; Dilworth et al., 2001).
Previously, Nup60p in conjunction with Nup2p was
proposed to serve as a docking site for import receptors
Kap95, Kap60 and Kapl23 (Solsbacher et al., 2000;
Denning et al., 2001; Dilworth et al., 2001). Our data show
that Nuplp and Nup60p are also important for efficient
mRNA export. Since the Mex67p—Mtr2p heterodimer
interacts directly with Nuplp and Nup60p, it is possible
that these two nucleoporins, in conjunction with Sac3p,
help to recruit the mRNA exporter to the nucleoplasmic
face of the NPC. Nuplp and Nup60p perform a redundant
function, since disruption of one of these genes already
causes an mRNA export defect, and deletion of both of
these proteins is lethal. Interestingly, metazoan Nup153p
is a nuclear basket protein that is strongly implicated in
mRNA export (Ullman et al., 1999). Thus, Nup153p could
be a docking site at the nuclear basket for the conserved
mRNA export machinery in metazoans.

Our work has revealed novel interactions between the
Sac3p-Thplp complex, two nuclear basket nucleoporins,
Nuplp and Nup60p, and the conserved mRNA exporter
Mex67p-Mtr2p. Importantly, Sac3p binds via its C-
domain to the nuclear pores, and via its N-domain to
Mex67p-Mtr2p. As a consequence of these interactions,
the mRNA export machinery could be targeted to the
nuclear entrance of the pore channel. Upon binding of the
mRNA exporter to FG repeat nucleoporins of the nuclear
basket, dissociation of Sac3p from Mex67p—Mtr2p could
be triggered, thereby allowing passage of the mRNP
through the nuclear pore channel (Figure 9).

Materials and methods

Yeast strains, DNA recombinant work and

microbiological techniques

Yeast strains used in this study are listed in Supplementary table I and
plasmids in Supplementary table II. Double or triple knock-out strains
were made by crossing single knock-out strains and tetrad dissection of
derived sporulated diploids. Microbiological techniques, plasmid trans-



formation and recovery, mating, sporulation of diploids, and tetrad
analysis were done essentially as described (Santos-Rosa et al., 1998).
Chromosomal integration of GFP (TRPI marker), TAP (TRP1 marker)
and HA (HIS3 marker) as C-terminal tags was performed as described
(Gottschalk et al., 1998; Longtine et al., 1998; Gavin et al., 2002). The
sacA3 THP1-GFP strain was made by disruption of SAC3 in the THPI-
GFP strain. DNA recombinant work was performed according to
Maniatis et al. (1982). The synthetic lethal screen with the yral-ARRM
allele was performed as described previously (StrdBer and Hurt, 2001).

Miscellaneous

Affinity purification of TAP-tagged or protein A-tagged proteins was
performed as described (Gavin et al., 2002). TEV or EGTA eluates were
analyzed by SDS-PAGE and Coomassie staining, using Novex 4-12%
gradient gels (Invitrogen). MS using the tryptic digest from Coomassie-
stained bands cut out from SDS—polyacrylamide gels was performed as
described in BaBler et al. (2001). Proteins were identified using Mascot
(Matrix Science) and the MSDB protein database. In situ hybridization of
poly(A)* RNA was performed according to Santos-Rosa et al. (1998).
In situ localization of SSA1 mRNA was analyzed according to Hurt et al.
(2000), and the localization of tRNA and SRP RNA according to
Grosshans et al. (2000). Purification of GST-tagged proteins from
Escherichia coli and in vitro binding studies to FG nucleoporins were
performed as described (Stréfier et al., 2000).

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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