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Cellular adaptation to environmental stress conditions requires rapid and specific changes in gene expres-
sion. During heat shock, most polyadenylated mRNAs are retained in the nucleus, whereas the export of heat
shock-induced mRNAs is allowed. Although essential mRNA export factors are known, the precise mechanism
for regulating transport is not fully understood. Here we find that during heat shock in Saccharomyces
cerevisiae, the mRNA-binding protein Nab2 is phosphorylated on threonine 178 and serine 180 by the mitogen-
activated protein (MAP) kinase Slt2/Mpk1. Slt2 is required for nuclear poly(A�) mRNA accumulation upon
heat shock, and thermotolerance is decreased in a nup42 nab2-T178A/S180A mutant. Coincident with phos-
phorylation, Nab2 and Yra1 colocalize in nuclear foci with Mlp1, a protein involved in mRNA retention. Nab2
nuclear focus formation and Nab2 phosphorylation are independent, suggesting that heat shock induces
multiple cellular alterations that impinge upon transport efficiency. Under normal conditions, we find that the
mRNA export receptor Mex67 and Nab2 directly interact. However, upon heat shock stress, Mex67 does not
localize to the Mlp1 nuclear foci, and its association with Nab2 complexes is reduced. These results reveal a
novel mechanism by which the MAP kinase Slt2 and Mlp1 control mRNA export factors during heat shock
stress.

In eukaryotes, intracellular signaling events are essential for
transmitting information from the external environment to
gene expression networks (reviewed in reference 7). This com-
munication is particularly important for allowing rapid cellular
adaption and survival during stress conditions. It is well estab-
lished that environmental stress results in an evolutionarily
conserved global alteration of the nuclear mRNA export path-
way (6, 15, 30, 35). In response to heat shock, transcripts from
genes encoding heat shock proteins (hsp) are exported,
whereas most non-hsp poly(A�) mRNAs are retained and
accumulate in the nucleus (53, 54). Together with the coinci-
dent increased transcription of heat shock genes, the retention
of non-hsp mRNAs results in a coordinated mechanism for the
rapid production of the heat shock proteins essential for sur-
vival and stress recovery (6). How signal transduction pathways
modulate the mRNA export mechanism is not fully defined.

For mRNA export under normal growth conditions, the
transcription and mRNA export (TREX) complex is critical
for coupling mRNA biogenesis with messenger ribonucleopro-

tein particle (mRNP) packaging to allow formation of an ex-
port-competent mRNP (1, 61, 62). The TREX complex in-
cludes the essential mRNA-binding protein Yra1 and the
export receptor Mex67-Mtr2 in Saccharomyces cerevisiae
(TAP/NXF1-p15/NXT1 in vertebrates) (22, 56, 59). Recruit-
ment of Mex67-Mtr2 appears to be the penultimate step, which
stimulates release of the mature mRNP from chromatin-asso-
ciated biogenesis factors and the transition to early mRNA
export steps (31, 48). Association of Mex67-Mtr2 with the
mRNP is key for export and directly mediates subsequent
targeting to nuclear pore complexes (NPCs) in the nuclear
envelope and NPC translocation via interactions between
Mex67-Mtr2 and NPC proteins (nucleoporins [Nups]) (re-
viewed in reference 34) (68). Thus, defining the mechanisms
that control interactions between mRNA-binding proteins and
Mex67-Mtr2 will likely reveal important regulatory steps.

Several essential mRNA-binding proteins have been impli-
cated in the mRNA export mechanism (32). In the budding
yeast S. cerevisiae, this includes Npl3, Yra1, and Nab2 (21, 37,
60). These factors couple mRNA biogenesis steps, such as
transcriptional elongation, pre-mRNA splicing, and 3�-end for-
mation with assembly of an export-competent mRNP (4, 8, 14,
36, 84). Other key S. cerevisiae components involved in early
mRNA export are Mlp1 and Mlp2 (18, 74). The Mlp proteins
associate with the NPC and promote docking of mRNPs to the
nuclear envelope. Studies have shown that the poly(A�)-bind-
ing protein Nab2 interacts directly with Mlp1, with loss of the
Nab2-Mlp1 interaction enhancing the growth and mRNA ex-
port defects of mex67 mutants (13, 18). This suggests that a
Nab2-Mlp1 step is central to efficient mRNA export. Impor-
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tantly, the Mlp proteins also function in a nuclear quality
control mechanism that acts to retain unspliced or aberrantly
processed mRNAs in the nucleus (16, 47, 74). Although the
precise role for the Mlp proteins in quality control is unknown,
genetic and biochemical evidence suggests that Nab2 and Yra1
are linked to this process.

Many of the factors required for normal, non-hsp mRNA
export are also essential for hsp export; specifically, Mex67, the
DEAD-box protein Dbp5, and the Dbp5 activator Gle1 (3, 25,
44, 50, 54, 56, 58, 72, 73, 78). Altering the functions of these
proteins results in the impaired export of all mRNAs, consis-
tent with their general roles in the mRNA export process. In
contrast, hsp mRNA export is independent of some factors
required for normal mRNA export, including the mRNA-bind-
ing proteins Yra1 and Npl3 (35, 51). Furthermore, hsp mRNAs
show a requirement for the NPC protein Nup42, whereas this
factor is dispensable for efficient mRNA export under normal
growth conditions (50, 53, 54, 64, 73). Given that several stud-
ies have found that specific mRNA-binding proteins associated
with transcripts whose protein products are functionally linked,
regulating the mRNP composition for transcripts might be a
mechanism for controlling mRNA export (12, 20, 23, 24).
However, it is not clear how mRNP composition is affected
during heat shock or whether other molecular signals differ-
entiate between hsp and non-hsp mRNAs during mRNA ex-
port.

The stress induced by heat shock is known to trigger a
cascade of intracellular signaling events, including stimulation
of the mitogen-activated protein kinase (MAPK) pathways (7).
S. cerevisiae has five distinct MAP kinase pathways, each of
which can be activated by specific extracellular stimuli. The
Bck1-Slt2/Mpk1 pathway is specifically initiated by certain
forms of cellular stress, including cell wall stress and heat shock
(42, 69, 71). When cells undergo heat shock, Pkc1 initiates the
kinase cascade by phosphorylating the MAPK kinase kinase
(MAPKKK) (Bck1), which then phosphorylates two redundant
MAPKKs (Mkk1 and Mkk2) for phosphorylation of the
MAPK (Slt2/Mpk1) (38). Activated Slt2 phosphorylates both
transcriptional activators and repressors, altering the gene ex-
pression pattern to allow cell survival (10, 27, 49). Interestingly,
the vertebrate ortholog of the Mlp proteins, designated Tpr1,
is a target of a MAP kinase pathway in vertebrate cells (76).
Thus, there is a potential connection between these signaling
pathways and mRNA export during heat shock.

In this study, we demonstrate that the essential poly(A�)
mRNA-binding protein Nab2 is a target for heat shock-depen-
dent phosphorylation by the MAP kinase Slt2. Unlike wild-
type cells, slt2 null (�) mutant cells fail to accumulate poly(A�)
RNA in the nucleus during heat shock. Further, Nab2 and
Mlp1 form intranuclear foci upon heat shock, whereas Mex67
retains a normal cellular distribution. On the basis of a direct
physical interaction between Nab2 and Mex67-Mtr2 and their
differential association in complexes from heat-shocked cells,
we propose a model whereby Slt2 and Mlp1 promote nuclear
retention of non-hsp mRNPs by uncoupling the mRNA export
receptor, Mex67, from specific mRNA-binding proteins during
heat shock. This mechanism allows selectivity for hsp mRNP
export during stress and facilitates thermotolerance and rapid
recovery.

MATERIALS AND METHODS

S. cerevisiae strains, plasmids, and growth. S. cerevisiae strains and plasmids
used in this study are listed in Table S2 and Table S3 in the supplemental
material, respectively. Unless indicated otherwise, yeast cells were grown at 23°C
in rich growth medium (YPD) containing 1% yeast extract, 2% Bacto peptone,
and 2% glucose. For assaying thermotolerance and recovery from heat shock, the
cells were grown at 23°C to log phase and then shifted to 52°C in a shaking water
bath. At each time point, aliquots of 5 � 106 cells were taken and resuspended
for serial dilution and spotting for plate growth at 23°C for 2 or 3 days. Site-
directed mutagenesis of NAB2 was performed using pAC636 (NAB2) (19) and
CP436 (glutathione S-transferase [GST]-tagged Nab2 [GST-Nab2]) (2) as tem-
plates. To construct T178A/S180A mutants, PCR was performed with oligonu-
cleotides 5�-ATGCAGACAGATGCTCCTGCAGCTCCAGCCCCCATATCA
GCCTTTTCCGG-3� and 5�-CCGGAAAAGGCTGATATGGGGGCTGGAGC
TGCAGGAGCATCTGTCTGCAT-3�, and to construct T178E/S180E mutants,
oligonucleotides 5�-ATGCAGACAGATGCTCCTGCAGAGCCAGAGCCCA
TATCAGCCTTTTCCGG-3� and 5�-CCGGAAAAGGCTGATATGGGCTCT
GGCTCTGCAGGAGCATCTGTCTGCAT-3� were used. The resulting plas-
mids were sequenced to confirm mutations.

Immunoblot analysis of Nab2 phosphorylation. Cultures were grown to log
phase in YPD at 30°C and shifted to 42°C for 1 h or to YPD containing 10%
ethanol or 0.4 M sodium chloride. Crude cell lysates were prepared by a protocol
adapted from reference (80a). The cells (30 mg) were harvested, washed once
with water, and lysed in 160 �l of 1.85 M sodium hydroxide and 7.4% �-mer-
captoethanol on ice for 10 min. Protein was precipitated on ice for 10 min by the
addition of an equal volume of 50% trichloroacetic acid. The samples were
centrifuged for 2 min at 15,000 relative centrifugal force, and the pellets were
washed with 500 �l Tris base and resuspended in SDS sample buffer. The
samples were separated by SDS-PAGE and transferred to nitrocellulose. The
blots were probed with affinity-purified rabbit anti-Nab2 antibody (1:100,000)
(63), followed by horseradish peroxidase (HRP)-conjugated anti-rabbit second-
ary antibody. For phosphatase sensitivity assays, TAP-tagged Nab2 (Nab2-TAP)
was immunoprecipitated from cells grown to early log phase in YPD, using
IgG-coated Sepharose beads. The beads were washed, resuspended in 1� �
phosphatase buffer, and treated with either 100 U of � phosphatase, or 100 U of
� phosphatase and phosphatase inhibitor cocktail (Calbiochem) for 30 min at
30°C.

Nab2-TAP purifications and mass spectrometry. S. cerevisiae cells expressing
Nab2-TAP were grown in YPD at 23°C to an optical density at 600 nm (OD600)
of 0.75. Samples for analysis of 23°C growth were directly harvested by centrif-
ugation, washed twice in 4°C H2O, and once in resuspension buffer (20 mM
HEPES [pH 7.4], 1.2% polyvinylpyrrolidone, 1 mM dithiothreitol [DTT], 1 mM
phenylmethylsulfonyl fluoride [PMSF], 4 �g/ml pepstatin A). Samples for anal-
ysis of 42°C growth were obtained by shifting a 23°C culture rapidly to heat shock
conditions by the addition of YPD at 65°C to the 23°C culture at a ratio of 1:1
and allowing the culture to grow at 42°C for 1 h before harvesting. Isolated cell
pellets were injected into liquid nitrogen, and frozen cells were lysed in the solid
phase by milling, using a planetary ball mill (by the method of Oeffinger et al.
[46]). Frozen cell lysate was thawed and resuspended in extraction buffer (20 mM
HEPES [pH 7.4], 110 mM potassium acetate, 100 mM NaCl, 2 mM MgCl-2, 0.5%
Triton X-100, 0.1% Tween 20, 1 mM PMSF, 4 �g/ml pepstatin A, 0.06 �l/ml
antifoam B emulsion [Sigma]) and centrifuged at 900 � g for 2 min. The
supernatant was incubated with rabbit IgG-coated Dynabeads (Invitrogen) for 30
min at 4°C. The beads were collected magnetically, washed 3 times in extraction
buffer and 1 time in final wash buffer (100 mM ammonium acetate [pH 7.5], 0.2
mM MgCl2, 0.05% Tween 20). The beads were then washed 3 times rapidly and
1 time for 5 min in final wash buffer lacking Tween 20. Protein was eluted by two
washes with 500 �l of 0.5 M NH4-OH and 5 mM EDTA, with shaking at room
temperature. Elutions were pooled and lyophilized.

Multidimensional protein identification technology (MudPIT) mass spectrom-
etry and phosphorylation site analysis were performed essentially by the method
of MacCoss et al. (40). Briefly, purified protein complexes were digested in
parallel with trypsin, elastase, and subtilysin. Peptides from these digestions were
acidified and loaded via pressure injection platform (New Objective, Woburn,
MA) onto a split-phase MudPIT column (internal diameter of 100 �m) (42a, 77,
80) consisting of a �4-cm Aqua C18 reverse-phase column and �4-cm Luna SCX
(Phenomonex) fritted into an M520 filter union (IDEX, Oak Harbor, WA).
After loading, this column was placed in-line with an 18-cm Jupiter (3-�m,
300-A) self-packed analytical column (internal diameter of 100 �m). Peptides
were resolved using an Eksigent 1D� high-performance liquid chromatographic
(HPLC) system through a 16-h MudPIT separation with eight 5-�l salt pulses (0
mM, 50 mM, 75 mM, 100 mM, 150 mM, 300 mM, 500 mM, and 1 M ammonium
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acetate) followed by an organic gradient to resolve each eluted set of peptides.
Tandem mass spectra were collected in a data-dependent manner using an LTQ
mass spectrometer equipped with a nanoelectrospray source. Spectra were
searched with SEQUEST (82) considering possible phosphate modifications to
serine, threonine, and tyrosine against an S. cerevisiae protein database contain-
ing a reversed-sequence decoy database. The results from these searches were
filtered to a 5% peptide false discovery rate, collated, and accounted to a given
analysis (23°C versus 42°C) using IDPicker (39). Spectra corresponding to po-
tential sites of phosphorylation were confirmed by manual evaluation.

In vitro kinase assays. Yeast strains expressing TAP-tagged kinases were
grown at 23°C to early log phase in YPD. The cells were harvested by centrifu-
gation, washed once, and resuspended in 300 �l in 1� TBT buffer (20 mM
HEPES [pH 7.4], 110 mM potassium acetate [KOAc], 100 mM NaCl, 0.5%
Triton X-100, 0.1% Tween 20, 0.18 mg/ml PMSF, 4 �g/ml pepstatin A, 0.06%
antifoam B [Sigma]). The cells were lysed with 0.5-mm glass beads. The super-
natant was isolated by centrifugation and incubated with IgG (Sigma)-coated
magnetic beads (Invitrogen) for 30 min at 4°C. The beads were washed three
times in TBT buffer and once in kinase buffer (20 mM HEPES [pH 7.5], 20 mM
�-glycerol phosphate, 10 mM MgCl2, 10 mM p-nitrophenylphosphate [PNPP],
100 �M Na3VO4, 2 mM DTT, 20 �M ATP). The beads were resuspended in 40
�l kinase buffer containing 1 �g of recombinant Nab2 and 0.5 �l of [	-32P]ATP.
The samples were incubated for 30 min at 30°C. The recombinant wild-type
Nab2, nab2-T178A/S180A, and nab2-T178E/S180E proteins were purified as
described below. Supernatants were removed, and the beads were resuspended
in 1� SDS loading buffer. After the samples were heated at 100°C for 5 min, they
were separated by SDS-PAGE, and the gel was exposed to autoradiography film.

Microscopy. All images were acquired using a microscope (BX50; Olympus)
with a UPlanF1 100� oil immersion objective (Olympus) with a numerical
aperture (NA) of 1.30 and a camera (CoolSNAP HQ; Photometrics). Within
each experiment, all images were collected and scaled identically. The images
were collected using Image-Pro Express 6.0 (Media Cybernetics) and processed
with Adobe Photoshop 9.0. For in situ hybridization, yeast cells were grown in
YPD to early log phase at 23°C, and aliquots were shifted to 42°C for 45 min. The
cells were fixed for 10 min and processed as previously described (28, 79). The
digoxigenin-dUTP-labeled oligo[d(T)] probe was detected with fluorescein-la-
beled antidigoxigenin Fab fragments (1:50; Roche). DNA was stained with 0.1
�g/ml 4�,6�-diamidino-2-phenylindole (DAPI), and the samples were mounted
for imaging in 90% glycerol and 1 mg/ml p-phenylenediamine (Sigma-Aldrich),
pH 8.0.

Assay for heat shock protein production. Yeast cells were grown to early log
phase in synthetic complete medium lacking methionine (SC
Met) at 23°C,
isolated by centrifugation, and resuspended in 1 ml SC
Met. For heat shock, 250
�l of 59°C SC
Met was added to 250 �l cell suspension and placed at 42°C for
15 min. For controls, 250 �l of 23°C SC
Met was added to 250 �l cell suspension
and maintained at 23°C for 15 min. The cells were radiolabeled by the addition
of 50 �Ci of [35S]methionine to each sample, and the cells were incubated an
additional 15 min before harvesting by centrifugation at 4°C. The cells were
washed two times with 4°C SC
Met and lysed in 50 �l SDS loading buffer at
100°C for 5 min. Samples were separated by SDS-PAGE, and the resulting gel
was dried and exposed to autoradiography film.

Poly(A�) tail length determination. The cells were grown in YPD at 23°C until
early log phase and shifted to 42°C for 1 h. Total RNA was end labeled with
32P-labeled pCp and T4 RNA ligase. To digest non-poly(A�) RNA, the labeled
RNA was treated simultaneously with RNases A and T1 and then ethanol
precipitated. Resuspended RNA was resolved by denaturing urea-acrylamide gel
electrophoresis and imaged using a phosphorimager.

In vitro binding assays. Soluble binding assays were performed using recom-
binant purified Mex67-Mtr2 heterodimer, recombinant purified Dbp5, recombi-
nant purified untagged Nab2 versions, and GST-Nab2 from bacterial lysate. The
Dbp5 protein was purified as previously described (3, 70). For the Mex67-Mtr2
purification, the coding regions for MEX67 and MTR2 were subcloned into a
single pET-Duet1 (Novagen) plasmid such that Mtr2 would be N terminally
tagged with six-histidine (6�His-Mtr2) and Mex67 was untagged. This allowed
coexpression of both proteins from a single vector. The heterodimer was ex-
pressed in Escherichia coli Rosetta/DE3 by induction with isopropyl-�-D-thio-
galactopyranoside (IPTG). Cells were harvested and lysed by sonication under
native conditions (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole [pH 8.0],
including RNase, DNase, 1 mM PMSF, 1� protease inhibitor tablet [ETDA-
free; Roche]). Protein was purified using nickel-nitrilotriacetic acid (Ni-NTA)
resin per the manufacturer’s recommendations (Qiagen) and eluted with 250
mM imidazole. Purified Mex67-Mtr2 was dialyzed into buffer B (20 mM HEPES
[pH 7.5], 150 mM NaCl, 20% [wt/vol] glycerol).

For the soluble binding assays with wild-type GST-Nab2 and glutathione resin,

bacterial cells harboring Nab2-pGEX2TK were induced for expression of GST-
Nab2 with IPTG. The cells were harvested, and total cell lysate was incubated
with glutathione resin, washed, and subsequently incubated with the indicated
Mex67-Mtr2 or Dbp5 proteins for 10 min at room temperature. The resin was
then washed, and bound proteins were eluted with 20 mM glutathione. Input
protein (10%) and 50% of bound protein were resolved by gel electrophoresis,
and proteins were visualized by Coomassie blue staining.

For soluble binding assays with untagged recombinant Nab2 proteins, previ-
ously published methods were used to purify the proteins (70). Briefly, GST-
Nab2, GST-nab2-T178A/S180A, and GST-nab2-T178E/S180E were purified
from bacterial lysates with glutathione Sepharose fast flow resin by following the
manufacturer’s protocol (GE Healthcare, Piscataway, NJ). GST tag removal was
performed by thrombin protease cleavage and separation by affinity chromatog-
raphy. Purified 6�His-Mtr2/Mex67 was incubated with Ni2� agarose beads at
4°C for 1 h in MHL buffer (50 mM sodium phosphate [pH 7.4], 150 mM NaCl2,
10 mM imidazole, 10% glycerol) in batches. Resin was washed in MHL buffer,
resuspended in MHL buffer, and split evenly in nine tubes. To each tube, 0.5 �g,
0.25 �g, and 0.1 �g of purified wild-type Nab2, nab2-T178A/S180A, or nab2-
T178E/S180E protein was added, and incubated for 1 h at 4°C. Resin was washed
three times in MHL buffer, and samples were collected in SDS sample buffer.
Mex67 levels were detected by Coomassie blue-stained SDS-PAGE, and Nab2
levels were detected by immunoblotting.

RESULTS

Nab2 is phosphorylated under heat shock stress. The role of
the essential mRNA-binding protein Nab2 in hsp mRNA ex-
port has not been examined; yet, Nab2 is emerging as a key
factor involved in coupling mRNA processing and export
events (33, 52, 75). Our previous work defined Nab2 as essen-
tial for bulk mRNA export and a physiological target for re-
lease from mRNPs during NPC translocation (70). Therefore,
we examined whether Nab2 was altered during cell stress in S.
cerevisiae cells. To this end, we focused on identifying Nab2
posttranslational modifications that were dependent upon spe-
cific cellular stresses. Briefly, wild-type NAB2 and chromo-
somally tagged NAB2-TAP strains were grown to early loga-
rithmic phase at 30°C in rich media and then exposed to
multiple distinct stress conditions for 1 h. These conditions
included an osmolarity shift (to 0.4 M NaCl), addition of eth-
anol (to 10%), and heat shock (at 42°C). Upon completion of
the stress condition shifts, whole-cell lysates were prepared,
resolved by gel electrophoresis, and analyzed by immunoblot-
ting with anti-Nab2 antibodies. Neither the osmolarity nor
ethanol shifts resulted in detectable changes in Nab2 electro-
phoretic mobility (Fig. 1A, lanes 3, 4, 7, and 8). In contrast,
when the cells were shifted to 42°C, a second, slower-migrating
Nab2 band was observed for both untagged Nab2 (Fig. 1A,
lane 2) and TAP-tagged Nab2 (Fig. 1A, lane 6).

We speculated that the slower-migrating Nab2 isoform re-
sulted from phosphorylation. To test this hypothesis, endoge-
nous Nab2-TAP was isolated by affinity purification from cell
lysates following heat shock, and phosphatase sensitivity was
analyzed. Nab2-TAP was incubated with buffer alone (Fig. 1B,
lane 1), � phosphatase (Fig. 1B, lane 2), or � phosphatase and
a phosphatase inhibitor cocktail (Fig. 1B, lane 3). The samples
were then resolved by gel electrophoresis, and the presence of
the slower-migrating Nab2 band was visualized by immuno-
blotting as described above. Strikingly, after incubation with �
phosphatase, Nab2 in the heat-shocked isolate was present
only as a single, faster-migrating band. Importantly, collapse of
the Nab2 doublet was blocked by phosphatase inhibitors.
These results demonstrate that Nab2 is phosphorylated specif-
ically in response to heat shock stress.
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The Bck1/Slt2 pathway is required for heat shock-induced
Nab2 phosphorylation. To identify the kinase responsible
for Nab2 phosphorylation, we performed a screen using null
(�) strains from the S. cerevisiae null collection. Based on
the Protein Kinase Resource (http://www0.nih.go.jp/mirror
/Kinases/pkr/pk_class/kinases_sc.html) and Saccharomyces Ge-
nome Database (http://www.yenstgenome.org/) annotations,
87 null mutants for the genes encoding nonessential protein
kinases were selected and tested (see Table S1 in the supple-
mental material). Each strain was grown in rich medium at
23°C and then shifted to 42°C for 1 h. Whole-cell lysates were
prepared, and immunoblotting for endogenous Nab2 was con-
ducted. Strikingly, only two of the tested mutants showed no
Nab2 doublet formation after growth at 42°C, bck1� and slt2�
mutants (Fig. 2A, lanes 4 and 6). Both Bck1 (the MAPKKK)
and Slt2 (the MAPK) are components of the MAP kinase cell
wall integrity pathway that is activated in response to heat
shock and other cellular stresses (7). Consistent with the re-
dundant functions of Mkk1 and Mkk2 (MAPKKs), the Nab2
doublet was still observed in the respective mkk1� and mkk2�
single mutants (data not shown). Examples of other kinase null
mutants that showed maintained Nab2 doublet formation are
shown in Fig. 2A (lanes 7 to 10). Taken together, these data
implicate Slt2, the downstream kinase in the Bck1 pathway, as
the in vivo kinase targeting Nab2 during heat shock stress.

Slt2 directly phosphorylates Nab2 in vitro. To determine
whether Nab2 is a direct target of Slt2, in vitro kinase assays
were conducted using purified, bacterially expressed recombi-
nant Nab2 and selected kinases from S. cerevisiae. Briefly, Slt2,
Mkk1, Bck1, and Ypk1 were isolated from yeast cell lysates by
TAP tag affinity isolation and subsequently incubated with
purified recombinant Nab2 and [	-32P]ATP for 30 min at 30°C.
Following separation by gel electrophoresis, Nab2 phosphory-
lation was visualized by autoradiography. As shown in Fig. 2C
(lane 1), the Slt2-TAP incubation resulted in Nab2 phosphor-

ylation. However, the Mkk1-TAP, Bck1-TAP, and Ypk1-TAP
did not promote 32P incorporation (Fig. 2C, lanes 3, 4, and 5).
This result confirms that Slt2 directly phosphorylates Nab2.

Nab2 is dually phosphorylated in vivo on threonine 178 and
serine 180. As diagrammed in Fig. 2B, Nab2 is composed of
distinct domains that promote protein-protein interactions or
RNA-binding activity in vivo (summarized in reference 41): the
C-terminal region contains seven zinc finger motifs that facil-
itate RNA binding, the N-terminal region associates with Mlp1
to promote NPC docking, the central RGG motif is recognized
by the karyopherin Kap104 for nuclear import, and the func-
tion of a central QQQP span is not known. To understand the
functional significance of Slt2-dependent modification, we de-
termined the heat shock-induced in vivo phosphorylation sites
on Nab2 using mass spectrometry (liquid chromatography cou-
pled to mass spectrometry [LC-MS]). Briefly, Nab2-TAP pro-
tein was isolated from heat-shocked yeast cells. The purified
protein was digested with proteases, and the resulting peptides
were analyzed by LC-MS. Two sites of phosphorylation were
detected by analyzing the resulting peptide fragments. These
sites were threonine (T) 178 and serine (S) 180, both of which
were identified on a single peptide spanning residues 170 to
185 (Fig. 2B). While this peptide has four possible sites of
phosphorylation (T171, T178, S180, and S183), T178 and S180
were identified as the correct sites due to the presence of ions
harboring the other potential sites (b4 [Q-T-D-A] and b6 [Q-
T-D-A-P-A] for T171 and y3 [F-A-S] for S183) but that did not
have the mass shift indicative of phosphorylation. Strikingly,
the T178 and S180 residues lie in a region outside the func-
tionally mapped domains of Nab2, suggesting that this region
might be important for previously unrecognized molecular in-
teractions in the mRNA export pathway.

Both of the phosphorylated residues were in sequence re-
gions that matched published predictions for MAP kinase con-
sensus sites (as determined by the search algorithms available
at the Scansite website [http://scansite.mit.edu]). Thus, we
speculated that Slt2 catalyzes the modification of the T178 and
S180 sites in vivo. We used site-directed mutagenesis to con-
struct a nonphosphorylatable Nab2 isoform (nab2-T178A/
S180A). Recombinant nab2-T178A/S180A was expressed and
purified from bacteria and subjected to in vitro kinase assays
using isolated Slt2-TAP from yeast and [	-32P]ATP (Fig. 2C).
In contrast to wild-type Nab2 (Fig. 2C, lane 2), no 32P was
incorporated into the nab2-T178A/S180A protein. This change
in phosphorylation status was not due to differences in protein
levels (Fig. 2D). We conclude that Nab2 is phosphorylated at
T178 and S180 by Slt2.

To verify that Nab2 T178 and S180 sites are phosphorylated
in vivo during heat shock, yeast strains expressing nonphos-
phorylatable (T178A/S180A) or phosphomimetic (T178E/
S180E) Nab2 isoforms were constructed. Briefly, yeast LEU2/
CEN plasmids harboring nab2-T187A/S180A or nab2-T178E/
S180E mutant alleles were transformed into a nab2� yeast
strain maintained by a wild-type NAB2/URA3/CEN plasmid.
The resulting strains were streaked on media containing
5-fluoroorotic acid, yielding viable strains with only the nab2-
T178A/S180A or nab2-T178E/S180E gene. Testing for cell
growth across a range of temperatures revealed that T178 and
S180 were not required for general cell viability (data not
shown) (see Fig. 5). Wild-type and mutant strains were grown

FIG. 1. Nab2 is phosphorylated upon heat shock. (A) Immunoblot-
ting for Nab2 (lanes 1 to 4) or Nab2-TAP (lanes 5 to 8) was conducted
with cell lysates isolated after shifting cells from growth in YPD at 30°C
to 42°C (lanes 1 and 2 and lanes 5 and 6) or shifting to growth in YPD
with 10% ethanol (EtOH) (lanes 3 and 7) or YPD with 0.4 M NaCl
(lanes 4 and 8) for 1 h. P-Nab2-TAP, phosphorylated Nab2-TAP;
P-Nab2, phosphorylated Nab2. (B) Nab2-TAP was immunoprecipi-
tated from cells in early log phase grown in YPD at 30°C and shifted
to 42°C for 1 h. Immunoprecipitates were treated with � phosphatase
(� PPase) (lane 2), � phosphatase plus phosphatase inhibitors (lane 3),
or mock treatment (
) (lane 1) for 30 min at 30°C.
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FIG. 2. Nab2 phosphorylation occurs via the MAP kinase, Slt2, on residues 178 and 180. (A) S. cerevisiae kinase null mutants were screened
by immunoblotting with anti-Nab2 antibodies for the Nab2 mobility shift. Cells were grown at 23°C (
) (lanes 1, 3, 5, 7, and 9), and shifted to 42°C
for 1 h (�) (lanes 2, 4, 6, 8, and 10). WT, wild type; pS, phosphorylated serine; pT, phosphorylated threonine. (B) Diagram of Nab2 domain
structure (41), with Nab2 LC-MS data for a peptide from residues 170 to 185 shown. Mass spectrometry was used to determine the phosphorylation
sites on Nab2-TAP isolated from heat-shocked cells. In the graph, mass spectrum intensity for the product b and y ions from the peptide are all
shown. Overall, the mass spectrum indicates that two sites are phosphorylated. T178 and S180 were identified because ions b4 (Q-T-D-A) and b6
(Q-T-D-A-P-A) have masses indicative of the absence of phosphorylation on T171, and y3 (F-A-S) is indicative of the absence of phosphorylation
on S183, leaving T178 and S180 as the only possible phosphorylation targets. (C) In vitro kinase reactions were conducted with Slt2-TAP (lanes
1 and 2), Bck1-TAP (lane 3), Mkk1-TAP (lane 4), and Ypk1-TAP (lane 5) purified from S. cerevisiae on IgG-coated magnetic beads and with
wild-type recombinant Nab2 (lane 1 and lanes 3 to 5) or nab2-T178A/S180A (lane 2), with [	-32P]ATP for 30 min at 30°C. Reaction products were
separated by SDS-PAGE and exposed to autoradiography film. The positions (in kilodaltons) of molecular mass markers (MM) are indicated to
the left of the gel. (D) Coomassie blue-stained SDS-polyacrylamide gel of Nab2 protein used in vitro kinase reactions in panel C. (E) Immuno-
blotting for Nab2 was performed on lysates made from cells grown at either 23°C (
) (lanes 1, 3, and 5) or shifted to 42°C for 1 h (�) (lanes 2,
4, and 6) in nab2� strains containing plasmids expressing either wild-type NAB2 (lanes 1 and 2), nab2-T178A/S180A (lanes 3 and 4), or
nab2-T178E/S180E (lanes 5 and 6).
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at 23°C and shifted to 42°C, and whole-cell lysates were gen-
erated and tested by immunoblotting with anti-Nab2 antibod-
ies. Unlike wild-type Nab2, the nab2-T178A/S180A protein did
not show a shift in migration following growth at 42°C. This
finding further supports the conclusion that T178 and S180 are
in vivo phosphorylation sites targeted during heat shock (Fig.
2E, lanes 3 and 4). In addition, the phosphomimetic nab2-
T178E/S180E protein exhibited reduced gel migration at both
23°C and 42°C (Fig. 2E, lanes 5 and 6), most likely reflecting
the overall change in the Nab2 protein isoelectric charge.
Taken together, these studies demonstrate that Nab2 is phos-
phorylated during heat shock at T178 and S180 by the MAP
kinase Slt2.

Poly(A�) mRNA does not accumulate in the nucleus upon
heat shock in slt2� cells. When S. cerevisiae cells undergo
heat shock, most poly(A�) mRNA is retained in the nucleus,
while hsp mRNAs are exported to the cytoplasm. Since heat
shock-dependent posttranslational modification of an essential
mRNA export factor might provide a means for differential
mRNA transport, we hypothesized that Slt2 plays a critical role
in this process. To test this idea, in situ hybridization experi-
ments were conducted to localize poly(A�) mRNA in wild-
type and slt2� cells at both the permissive temperature and
after heat shock at 42°C. Strikingly, whereas wild-type cells
showed strong nuclear accumulation of poly(A�) RNA indic-
ative of normal heat shock-induced retention of non-hsp
mRNA, slt2� cells did not show nuclear accumulation of
poly(A�) mRNA (Fig. 3A). In fact, the poly(A�) mRNA lo-
calization in the slt2� cells was diffuse and found throughout
the cell, which is consistent with a lack of nuclear poly(A�)
mRNA retention. As nab2 mutants have polyadenylation de-
fects (33), we conducted control experiments to analyze total
poly(A�) tail length in slt2� cells. No defects were detected
(see Fig. S1 in the supplemental material). This indicates that
the loss of Slt2 does not lead to altered polyadenylation, which
could have indirectly impacted poly(A�) localization. Thus,
the lack of nuclear poly(A�) mRNA accumulation during heat
shock in slt2� cells reflects a change in non-hsp mRNA reten-
tion.

To test whether Nab2 phosphorylation is the sole Slt2 target
responsible for poly(A�) nuclear mRNA accumulation during

heat shock, poly(A�) mRNA localization in the nab2-T178A/
S180A mutant cells was analyzed by in situ hybridization. The
nab2-T178A/S180A mutant cells still showed nuclear accumu-
lation of poly(A�) mRNA at 42°C (Fig. 3B), indicating that
Nab2 phosphorylation is not sufficient to mediate non-hsp
mRNA retention during heat shock. Consistent with this re-
sult, the nab2-T178E/S180E mutant showed no growth defect
and did not result in nuclear poly(A�) accumulation under
non-heat shock conditions (data not shown). Taken together,
this indicates that there are additional unidentified Slt2 kinase
targets that affect the mRNA export mechanism.

Heat shock proteins are produced under stress conditions
in bck1 and slt2 mutants. In addition to inhibiting bulk non-hsp
mRNA export upon heat shock, Nab2 phosphorylation and the
Slt2 MAPK pathway could also actively facilitate the export of
hsp mRNA. To test this possibility, we shifted bck1� and slt2�
cells to 42°C for 15 min to induce heat shock stress, and the
cells were pulse-labeled with [35S]methionine to monitor heat
shock protein synthesis. After an additional 15 min at 42°C,
total cell lysates were prepared, the proteins were separated by
gel electrophoresis, and radiolabeled proteins were visualized
by autoradiography. Both wild-type and nup42� mutant cells
were included as controls. The nup42� mutant has a docu-
mented defect in hsp mRNA export and subsequent heat
shock protein production (53, 54, 73). Consistent with pub-
lished reports, heat shock proteins were efficiently synthesized
in wild-type cells but absent in nup42� cells (Fig. 4, lanes 2 and
4). Both slt2� and bck1� strains showed robust synthesis of
heat shock proteins (Fig. 4, lanes 6 and 8), similar to wild-type
cells. Thus, Slt2 is not required for synthesis of heat shock
proteins and likely plays no role in facilitating export of hsp
mRNA. Furthermore, these studies demonstrate that loss of
Slt2 does not result in global defects in transcriptional upregu-
lation during stress.

Nab2 phosphorylation is required for the recovery of a
nup42� mutant from heat shock. Our results are consistent
with a role for Slt2 in retention of non-hsp mRNAs during heat
shock. Moreover, others have reported that Slt2 is required for
cellular response to stress (42, 43, 71). To understand the
function of Nab2 phosphorylation in cell stress, we speculated
that incorporation of nab2 mutants in strains with deficient hsp

FIG. 3. Poly(A�) mRNA does not accumulate in the nucleus of heat-shocked slt2� cells. (A and B) In situ hybridization using an oligo[d(T)]
probe was performed on WT and slt2� cells (A) and wild-type and nab2-T178A/S180A cells (B) grown to early log phase in YPD at 23°C or after
shift to 42°C for 45 min. Bars � 3 �m.
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mRNA export would result in growth and thermotolerance
defects. To test this hypothesis, we asked whether nab2-T178A/
S180A and nab2-T178E/S180E mutants alone or in combina-
tion with nup42� mutant exhibited enhanced temperature sen-
sitivity under normal growth conditions (Fig. 5). To assay for
defects in heat shock recovery, the mutant cells were exposed
to extreme heat shock (52°C) (45) for 5- to 20-min time periods
and then assayed for growth recovery at 23°C by serial dilution.
Strikingly, the nup42� nab2-T178A/S180A strain showed a sub-
stantial reduction in viability after heat shock compared to the
wild-type and single mutant strains (Fig. 5). Importantly, the
nup42� nab2-T178E/S180E double mutant did not have dimin-
ished recovery from heat shock. Taken together, this indicates
that Nab2 phosphorylation is needed for optimal cellular heat
shock survival. Thus, we speculate that Nab2 phosphorylation
is linked to non-hsp RNA retention in the nucleus, and this
promotes recovery following return to normal growth condi-
tions.

Nab2, Mlp1, and Yra1 form heat shock-dependent intranu-
clear foci. Nab2 shuttles between the nucleus and cytoplasm in
a RNA polymerase II-dependent manner (11, 41). Thus, Nab2
cellular localization and/or shuttling activity might be altered
by phosphorylation and upon heat shock. To test this possibil-
ity, we analyzed Nab2 localization under normal and heat
shock conditions by live cell imaging using a mCherry-tagged
Nab2 (Nab2-mCherry) or green fluorescent protein (GFP)-
tagged Nab2 (Nab2-GFP). Strikingly, Nab2-mCherry or Nab2-
GFP accumulated in nuclear foci upon heat shock (Fig. 6A and
B, respectively, left panels). These foci were not due to the
epitope tag, as Nab2 foci were also observed by indirect im-
munofluorescence microscopy with anti-Nab2 antibodies (data
not shown). Because of the documented Nab2-Mlp1 interac-

FIG. 4. Production of heat shock proteins is not affected in slt2� or
bck1� cells. Wild-type (WT) (lanes 1 and 2), nup42� (lanes 3 and 4),
bck1� (lanes 5 and 6), and slt2� (lanes 7 and 8) cells were grown at
23°C, shifted to 42°C for 15 min, and labeled with [35S]methionine for
an additional 15 min. Cell lysates were separated by SDS-PAGE, and
proteins were visualized by autoradiography. The positions of proteins
induced upon heat shock (Hsp104, Hsp82, and Hsp70 proteins, respec-
tively) are indicated by asterisks to the right of the gel. The positions
(in kilodaltons) of molecular mass markers (MM) are indicated to the
left of the gel.

FIG. 5. Nab2 phosphorylation is required for efficient recovery from heat shock. The cells were grown at 23°C prior to shifting the cells to 52°C
for the times indicated (0, 5, 10, and 20 min). Samples with the same number of cells were then serially diluted and plated for growth at 23°C on
YPD for 2.5 days.

FIG. 6. Nab2 forms MLP1-dependent foci during heat shock. Cells
were grown to early log phase at 23°C and shifted to 30°C for 1 h. In
wild-type cells (left panels), Nab2-GFP shifts from total nuclear local-
ization at 30°C to nuclear foci at 42°C. (A) Nab2-mCherry (Nab2-
mCh) forms intranuclear foci at 42°C that overlap with the foci formed
by Yra1-GFP. (B) In mlp1� cells (right panels), Nab2-GFP foci do not
form at 42°C. Bars � 3 �m.
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tion and the role of Mlp1 in retention of aberrant mRNAs
during normal cellular growth, we next asked whether Mlp1,
Mlp2, and/or Nups localize to nuclear foci upon heat shock.
Whereas the nuclear basket Nup60-GFP (GFP-tagged Nup60)
and centrally localized Nup49-GFP remained associated with
the nuclear envelope (see Fig. S2 in the supplemental mate-
rial), both Mlp1 and Mlp2 formed nuclear foci upon heat
shock (Fig. 6A, right panels; see Fig. S2 in the supplemental
material). Indeed, by colocalization analysis, Nab2-mCherry
and Mlp1-GFP colocalized in intranuclear foci during heat
shock (Fig. 6A).

To determine whether Mlp1 and/or Mlp2 are required for
Nab2 focus formation, localization was analyzed in different
null mutant strains. Loss of Mlp1 clearly inhibited focus for-
mation (Fig. 6B, right panels). However, Nab2-GFP foci were
not dependent on the Mlp2, Nup60, or the Mlp1-associated
spindle assembly checkpoint protein Mad1 (9, 55) (see Fig. S3
in the supplemental material). Thus, Mlp1 is necessary for
formation of heat shock-induced Nab2 foci.

To test whether Slt2 promotes formation of Nab2 foci, a
NAB2-mCherry slt2� strain was tested. Nab2-mCherry foci
were observed in the slt2� cells after heat shock (Fig. 7A). To
determine whether focus formation is linked to Nab2 phos-
phorylation, immunoblotting for Nab2 was conducted in dif-
ferent null mutants. The Nab2 doublet was present in the
mlp1� mutant after heat shock, as well as in the nup42� mu-
tant (Fig. 7B). Lack of GFD1, which encodes another Nab2-
binding protein (66), also had no apparent effect on phosphor-
ylation. This indicates that Nab2 phosphorylation and focus

formation are independent. For controls, we tested whether
mlp1� cells had defects in either hsp mRNA export or nuclear
retention of bulk poly(A�) mRNA during heat shock. Follow-
ing a shift to heat shock conditions, the mlp1� cells showed
normal production of hsp proteins and accumulated nuclear
poly(A�) mRNA (see Fig. S4 in the supplemental material;
data not shown). Taken together, these studies demonstrate
that Slt2 and Mlp1 mediate distinct molecular interactions
during heat shock.

Nab2-Mex67 interactions are uncoupled during heat shock.
Because Slt2 is needed for nuclear accumulation of non-hsp
mRNA, we speculated that stress signaling might alter inter-
actions between Nab2 and other essential mRNA export fac-
tors during heat shock. A recent proteomic study reported
Nab2 association with members of the TREX complex, includ-
ing Yra1 and Mex67 (5). To determine whether heat shock
uncouples Nab2 from the TREX complex, first, the subcellular
localizations of Yra1-GFP and Mex67-GFP were determined.
Whereas Yra1-GFP localized to nuclear foci during heat shock
(Fig. 8A), Mex67-GFP remained associated with the nuclear
rim (Fig. 8B). Importantly, Yra1-GFP and Nab2-mCherry foci
colocalized (Fig. 8A). Second, we employed biochemical ap-
proaches to analyze changes in Nab2 complexes from normal

FIG. 7. During heat shock, Nab2 phosphorylation and intranuclear
focus formation are independent events. (A) Nab2-mCherry forms
intranuclear foci in wild-type (WT) and slt2� cells shifted to growth at
42°C for 1 h. Bar � 3 �m. (B) Immunoblotting for Nab2 in lysates from
yeast strains shows the mobility shift induced by heat shock (42°C for
1 h) in wild-type (lanes 1 and 2), nup42� (lanes 3 and 4), mlp1� (lanes
5 and 6), and gfd1� (lanes 7 and 8) cells.

FIG. 8. Nab2-Mex67 directly interact and are not colocalized dur-
ing heat shock. (A) Cells coexpressing Nab2-mCherry and Yra1-GFP
were tested for formation of heat shock-induced intranuclear foci.
Nab2-mCherry and Yra1-GFP colocalize in foci at 42°C. Bar � 3 �m.
(B) Mex67-GFP localization does not change during heat shock and
remains localized in the nuclear envelope. (C) Nab2 and Mex67-Mtr2
directly interact in vitro. Soluble binding assays with glutathione resin
were conducted with purified recombinant Mex67-Mtr2 (lanes 2 and 3)
or with Dbp5 (lanes 4 and 5) with lysate (Lys) from bacterial cells
expressing GST-Nab2 (lane 1). Samples were separated by SDS-
PAGE, and proteins were visualized by Coomassie blue staining. Input
(In) and bound (Bd) fractions are shown. GST alone as a proteolytic
product from GST-Nab2 was observed in lanes 3 and 5.
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cells (not heat shocked) and heat shock-induced cells. Nab2-
TAP protein complexes were isolated from yeast cells grown at
23°C or following a shift to growth at 42°C for 1 h. Cells were
lysed using a liquid nitrogen grinding method that preserves
native mRNP interactions (5, 46). Purified complexes were
then analyzed by multidimensional protein identification tech-
nology (MudPIT) mass spectrometry to determine protein
composition. Included in Table 1 are all copurifying proteins
with documented mRNP or NPC links. The copurifying pro-
teins at 23°C largely paralleled those reported by Batisse et al.
(5), with the exception of Sub2. We did not detect Sub2 in our
Nab2-TAP isolation, potentially due to strain, isolation, or
detection differences. Interestingly, we found that the Nab2-
TAP complexes varied greatly in composition when isolated
from heat-shocked versus non-heat-shocked cells. To quantify
each copurifying protein, total spectral counts of each were
taken and normalized to the total spectral counts for Nab2 in
the same sample (Table 1). The resulting ratio reflected the
relative level of each protein to Nab2-TAP (Table 1, Relative
42°C/23°C level column). At 23°C, NPC-associated proteins
were the largest class found to be copurifying with Nab2-TAP.
Strikingly, the relative amounts of all the detected NPC pro-
teins decreased when Nab2-TAP was isolated from heat-
shocked cells (with a value of �0 in the Relative 42°C/23°C

level column). Moreover, the Mex67 levels were also decreased
after heat shock. In parallel, after heat shock, increased
amounts of Mlp1, Mlp2, and Yra1 were isolated in Nab2-TAP
complexes (those with a value of 0 in the Relative 42°C/23°C
level column). Overall, the biochemical analysis was consistent
with the distinct localization patterns of these factors upon
heat shock. We conclude that Mex67 association with Nab2-
complexes is inhibited during heat shock stress.

Current models predict that Yra1 acts as an adaptor protein
for Mex67 recruitment to mature mRNPs (60). However, Yra1
is constitutively nuclear and thus is not exported to the cyto-
plasm with a Mex67-bound mRNP. In contrast, Nab2 shuttles
to the cytoplasm in an export-dependent manner (41, 66). On
the basis of the differential association of Mex67 with Nab2
complexes, we speculated that Nab2 might be a previously
unrecognized adaptor for Mex67-Mtr2. To test for direct phys-
ical interactions, in vitro binding assays were conducted with
purified recombinant Mex67-Mtr2 heterodimer as previ-
ously described (81). Briefly, glutathione S-transferase (GST)-
tagged Nab2 (GST-Nab2) was expressed in bacteria (Fig. 8C,
lane 1), and lysate was bound to glutathione resin. Purified
Mex67-Mtr2, or as a control the DEAD box protein Dbp5, was
applied to the GST-Nab2 resin. After the column was washed,
bound proteins were eluted with glutathione and separated by
gel electrophoresis. Coomassie blue staining showed isolation
of Mex67-Mtr2 with the GST-Nab2 (Fig. 8C, lane 3), whereas
Dbp5 was not isolated (Fig. 8C, lane 5). Previous studies have
documented that Mex67 does not bind to GST or glutathione
resin nonspecifically (67), and the Mex67-Mtr2 interaction
with Nab2 was also verified by an alternative binding assay
described below. The direct in vitro binding of recombinant
Mex67-Mtr2 to Nab2 suggests that Nab2 could serve as a direct
adaptor for Mex67-Mtr2 recruitment to mRNPs.

Taking into account both the in vitro Nab2 interaction with
Mex67-Mtr2 and the decreased in vivo Mex67-Mtr2 associa-
tion with Nab2 complexes isolated from heat-shocked cells, we
speculated that Nab2 phosphorylation during heat shock stress
might impact Nab2 interaction with Mex67-Mtr2. To test this,
in vitro soluble binding assays were conducted with purified
recombinant nab2-T178E/S180E protein and Mex67-Mtr2. For
these assays, Mex67-Mtr2 was immobilized on Ni2� agarose
beads via the 6�His epitope tag on Mtr2. Decreasing amounts
of untagged wild-type Nab2, nab2-T178A/S180A, or nab2-
T178E/S180E protein were incubated with the Mex67-Mtr2
beads, and after the column was washed, the bound proteins
were eluted, and the levels of bound proteins were analyzed by
immunoblotting. No difference in Mex67-Mtr2 interaction was
detected between the Nab2 proteins (see Fig. S5 in the sup-
plemental material). Thus, Nab2 phosphorylation is potentially
not sufficient to inhibit Mex67 recruitment to Nab2 complexes
during heat shock, and other potential Slt2 targets and Mex67
interaction partners are playing roles.

DISCUSSION

Defining the mechanism for regulated mRNA export during
stress is critical to understanding cellular adaptation and sur-
vival. Here we have uncovered a functional correlation during
heat shock stress between changes in Nab2 phosphorylation,
localization, and association with Mex67 and Mlp1. We iden-

TABLE 1. Mass spectrometry analysis of Nab2-TAP complexes
isolated from normal (non-heat-shocked) cells

and heat-shocked cells

Protein

Raw spectral
count

Normalized
spectral count

Relative
42°C/23°C

levela23°C 42°C 23°C 42°C

Nab2 561 257 100 100 1
Mlp1 113 349 20.1 135.8 6.8
Mlp2 77 158 13.7 61.5 4.5
Yra1 56 60 10 23.4 2.3
Pab1 218 209 38.9 81.3 2.0
Mex67 45 10 8.0 3.9 0.5
Gfd1 40 51 7.1 19.8 2.8
Stm1 16 15 2.9 5.8 2
Tho2 9 6 1.6 2.3 1.4
Nsp1 185 17 33 6.6 0.2
Pom152 116 13 20.7 5.0 0.24
Nup170 94 3 16.7 1.2 0.07
Nup159 76 9 13.5 3.5 0.26
Nup188 72 6 12.8 2.3 0.18
Nup145 83 3 14.8 1.2 0.08
Nup60 76 7 13.5 2.7 0.2
Nup133 76 0 13.5 0 0
Nup2 66 3 11.7 1.2 0.10
Nic96 67 4 11.9 1.6 0.13
Nup157 63 5 11.2 2.0 0.18
Nup192 63 3 11.2 1.2 0.10
Nup85 53 1 9.5 0.9 0.09
Nup82 50 7 8.9 2.7 0.30
Sac3 53 1 9.5 0.4 0.04
Nup120 47 0 7.7 0 0
Nup1 29 3 5.2 1.2 0.23
Gle2 30 0 5.4 0 0
Nup59 59 0 2.6 0 0
Pom34 16 2 2.9 0.8 0.28
Nup53 14 1 2.5 0.4 0.16

a The relative 42°C/23°C level is the normalized spectral count at 42°C divided
by the normalized spectral count at 23°C.
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tify the cell wall integrity MAP kinase Slt2 signaling pathway as
being key to the mRNA export mechanism during heat shock.
Two specific heat shock-induced Slt2 phosphorylation sites in
Nab2 are needed for thermotolerance and stress recovery in a
nup42� mutant. As slt2� cells do not accumulate nuclear
poly(A�) RNA upon heat shock but remain competent for hsp
mRNA export and poly(A�) tail length maintenance, we con-
clude that Slt2 is required for nuclear non-hsp mRNA reten-
tion during stress. Further, on the basis of decreased levels of
Mex67 and Nups in Nab2 complexes and independent relocal-
ization and association of Nab2 and Yra1 with Mlp1-depen-
dent nuclear foci, we conclude that at least two independent
mechanisms control the differential export of non-hsp and hsp
mRNA during heat shock stress: regulated recruitment of
Mex67-Mtr2 to mRNA-binding proteins and sequestering of
mRNA-binding proteins in Mlp1 intranuclear foci.

This work directly addresses the long-standing question of
whether an active mechanism exists for promoting hsp mRNA
transport or whether non-hsp mRNAs are selectively retained.
Prior work has shown that both hsp and non-hsp mRNA export
require the Mex67 mRNA export receptor as well as the direct
mediators of mRNA transport, Dbp5, Gle1, and Nup159 (sum-
marized in references 50 and 51; reviewed in reference 26).
Moreover, hsp mRNA export is not dependent on Npl3 or
Yra1, and others have shown that Npl3 relocalizes to the cy-
toplasm during heat shock to uncouple from hsp mRNA ex-
port (35). We now document a critical role for Nab2, Slt2, and
Mlp1 in heat shock-induced retention of bulk poly(A�)
mRNA, which reinforces the hypothesis that the hsp mRNA
export mechanism is distinct from the non-hsp global poly(A�)
mRNA export mechanism.

We propose a model wherein activated Slt2 promotes the
retention of non-heat shock mRNAs through modulation of
mRNA-binding proteins during heat shock stress. Under nor-
mal growth conditions, Mex67-Mtr2 is recruited to nascent
mRNAs via the concerted action of Yra1 and Nab2. The
Mex67-Mtr2/Nab2-bound mRNP is released from the site of
synthesis and then docks at the nuclear face of the NPC.
Interactions between Nab2 and Mlp1 at the NPC provide a
quality control step to monitor the proper mRNP composition
of a given mRNA prior to pore translocation. During heat
shock, the MAP kinase Slt2 is activated by the cell wall integ-
rity phosphorylation cascade. This activation results in phos-
phorylation of Nab2 and possibly other components of the
mRNA export machinery. Other signaling pathways are also
likely triggered to impact mRNA export factors independently.

We further speculate that sequestering of Nab2 and Yra1 in
Mlp1-dependent intranuclear foci, in combination with Slt2
signaling, inhibits recruitment of Mex67-Mtr2 to non-hsp
mRNPs and diminishes export of such mRNPs. As such, under
heat shock conditions, Nab2 complexes are not found associ-
ated with NPC proteins, as they are not undergoing NPC
targeting or nuclear export. Overall, this mechanism might
allow Mex67-Mtr2 to associate predominantly with hsp
mRNAs through an uncharacterized, Nab2-independent
mechanism. Such selective mRNA transport and retention
could provide a means to tightly control gene expression: by
coordinating transcription and export of hsp mRNAs necessary
for cellular stress responses at the same time as retaining

housekeeping (non-hsp) mRNAs needed for cell growth and
recovery after the stress.

Our observations also highlight future questions to address
regarding the mechanism for regulated mRNA transport dur-
ing cellular stress. First, how is Mex67-Mtr2 recruited to hsp
mRNAs? To date, none of the characterized mRNA adaptor
proteins for Mex67 (Yra1, Npl3, and Nab2) are required for
hsp mRNA export. There might be an uncharacterized
mRNA-binding protein that serves as a Mex67-Mtr2 adaptor
protein on hsp mRNAs. Alternatively, Mex67-Mtr2 might di-
rectly bind and recognize hsp mRNAs. Indeed, Mex67-Mtr2
can associate directly with a stem-loop structure in the 5S
rRNA component of the large ribosomal subunit (81). The
hypothesis that a specific RNA sequence mediates hsp mRNA
export was first suggested by Saavedra and coworkers, based
on the discovery of 5� and 3� untranslated region (UTR) ele-
ments in the SSA4 hsp mRNA that are both necessary and
sufficient for directing export during heat shock (53).

Another intriguing question encompasses whether and how
differential mRNA transport is employed during other non-
heat shock growth conditions. Although our studies demon-
strate key steps required for hsp versus non-hsp mRNAs trans-
port during stress, it is possible that similar mechanisms exist
for controlling transport of specific gene transcripts under
other conditions. This could include other environmental
stresses, such as salt and ethanol shock (29), as well as during
changes in cellular programs, such as mating, cellular differ-
entiation, and the cell cycle. On the basis of work showing Npl3
dynamics are influenced by the Sky1 kinase and Glc7 phos-
phatase (17), there is tremendous potential for the role of
posttranslational modifications of mRNA-binding proteins in
cell regulation. There are also interesting parallels to consider
between the mechanisms for controlling mRNA export during
heat shock and how viruses pirate the cellular mRNA export
machinery. Indeed, Nup42 (Rip1) was first identified based on
its role in facilitating Rev export in yeast cells (65).

Alternatively, Nab2-Mlp1 foci might play an as-of-yet un-
characterized role that is distinct from mRNA export. Because
Mlp1 and Mlp2 have been linked to downregulation of tran-
scription (74), these foci could influence gene expression dur-
ing stress. Future characterization of the Mlp1-Nab2-Yra1 foci
is required to decipher these possibilities. Work will also be
needed to reveal the mechanism for intranuclear focus forma-
tion and Mlp1 relocalization. As the vertebrate Tpr is targeted
by extracellular signal-regulated kinase 2 (ERK2) (76), Mlp1
itself is also potentially targeted by posttranslation modifica-
tion during cellular stress. We predict that multiple signaling
events impinge on both mRNP and NPC components to co-
ordinate selective transport events.

Recent studies demonstrate that the MAP kinase Ste20
plays a key role in formation of cytoplasmic RNP foci called
stress granules (83). It is intriguing to consider that the Nab2-
Yra1-Mlp1 intranuclear foci that form during heat shock stress
parallel the role of cytoplasmic stress granules. As such, they
could store non-hsp mRNAs or mRNA-binding proteins dur-
ing times of stress to allow rapid recovery after stress. Overall,
this places the posttranslational modifications and subcellular
localization of mRNA-binding proteins as key elements for
controlling selective nuclear mRNA export and retention.
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