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Nuclear export ofmRNA requires several keymRNA-binding
proteins that recognize and remodel themRNA and target it for
export via interactions with the nuclear pore complex. In Sac-
charomyces cerevisiae, the shuttling heterogeneous nuclear
ribonucleoprotein, Nab2, which is essential for mRNA export,
specifically recognizes poly(A) RNA and binds to the nuclear
pore-associated protein, myosin-like protein 1 (Mlp1), which
functions in mRNA export and quality control. Specifically, the
N-terminal domain of Nab2 (Nab2-N; residues 1–97) interacts
directly with the C-terminal globular domain of Mlp1 (CT-
Mlp1: residues 1490–1875). Recent structural and binding
studies focused on Nab2-N have shown that Nab2-N contains a
hydrophobic patch centered on Phe73 that is critical for interac-
tion with Mlp1. Engineered amino acid changes within this
patch disrupt the Nab2/Mlp1 interaction in vitro. Given the
importance of Nab2 andMlp1 to mRNA export, we have exam-
ined the Nab2/Mlp1 interaction in greater detail and analyzed
the functional consequences of disrupting the interaction in
vivo. We find that the Nab2-binding domain of Mlp1 (Mlp1-
NBD) maps to a 183-residue region (residues 1586–1768)
within CT-Mlp1, binds directly to Nab2 with micromolar affin-
ity, and confers nuclear accumulation of poly(A) RNA. Further-
more, we show that cells expressing a Nab2 F73D mutant that
cannot interact with Mlp1 exhibit nuclear accumulation of
poly(A) RNA and that this nab2 F73Dmutant genetically inter-
acts with alleles of two essential mRNA export genes, MEX67
and YRA1. These data provide in vivo evidence for a model of
mRNA export in which Nab2 is important for targeting mRNAs
to the nuclear pore for export.

Production of mature mRNA for translation is a complex mul-
tistep process involving an array of RNA-binding proteins (1–3).
From its transcriptional inception in the nucleus, pre-mRNA that
emerges from RNA polymerase II must be bound by processing

factors for 5�-end capping, splicing, and 3�-end cleavage and poly-
adenylation to reach maturation (4). Alongside these processing
events,maturingmRNAmust be co-transcriptionally loadedwith
heterogeneous nuclear ribonucleoproteins (hnRNPs),2 mRNA
export adaptors, and an mRNA export receptor to facilitate its
active export from the nucleus to the cytoplasm through nuclear
pore complexes (NPCs), large proteinaceous channels that perfo-
rate the nuclearmembrane andmediate nucleocytoplasmic trans-
port (1–3, 5). There are a number of nuclear quality controls that
safeguard against improperly processed mRNA being exported
and translated into deleterious proteins (6, 7). In particular, this
quality control machinery likely monitors the state of processed
mRNA by checking for the presence or absence of mRNA proc-
essing and export factors.
One of the key players in mRNA export is the conserved

heterodimeric mRNA export receptor, Mex67/Mtr2 (NXF1/
NXT1 or TAP/p15 in metazoans), which plays an essential role
in bulkmRNA export in Saccharomyces cerevisiae,Caenorhab-
ditis elegans, and Drosophila melanogaster and stimulates
export of transcripts in vertebrate cells (8–12). In S. cerevi-
siae, a temperature-sensitive mutant of Mex67, mex67-5,
shows significant nuclear accumulation of poly(A) RNA at
the non-permissive temperature (8). The Mex67/Mtr2 het-
erodimer interacts directly with phenylalanine-glycine (FG)
repeat-containing nuclear pore proteins (nucleoporins or
Nups) in the NPC, which facilitates translocation of the
receptor with its mRNA cargo through the transport channel
of the pore (12–17).
In addition to the Mex67/Mtr2 receptor, efficient mRNA

export also requires mRNA adaptors. Themost well character-
ized mRNA adaptor is the evolutionarily conserved protein,
Yra1 (Aly/REF inmetazoans), which binds to RNA and recruits
Mex67/Mtr2 to transcripts (18–20). In S. cerevisiae, Yra1 is
essential for mRNA export and thermosensitive alleles, includ-
ing yra1–8, show nuclear accumulation of poly(A) RNA at the
non-permissive temperature (18, 21). In vertebrates, Aly/REF
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Aly/REF is not essential for bulkmRNAexport inDrosophila or
C. elegans and Yra1 only binds to about 1000 mRNA tran-
scripts, representing one-fifth of the genome, in S. cerevisiae
(24–26). These results suggest that different mRNA adaptors
can operate in metazoans and yeast. An example of an alterna-
tive mRNA adaptor is the S. cerevisiae hnRNP, Npl3, which is
essential for mRNA export in yeast, associates with mRNA co-
transcriptionally, and can bind to the Mex67 export protein
(27–31).
Another potential mRNA export adaptor is the S. cerevisiae

hnRNP, Nab2, which is a zinc finger protein essential for
mRNA export in yeast (32–34). Nuclear abundant poly(A)
RNA-binding protein 2 (Nab2) shuttles between the nucleus
and cytoplasm (31, 32, 35) and contains three key functional
domains: an N-terminal domain (residues 1–97) involved in
mRNA export (36), an RGG domain (residues 201–265) that
acts as the nuclear import signal for Nab2 (37), and a C-ter-
minal zinc finger domain (residues 262–477) that specifi-
cally binds polyadenosine RNA (31, 34, 36). A putative
human orthologue of Nab2, ZC3H14, has a similar domain
structure (34). The N-terminal domain of Nab2 (Nab2-N) is
critical for Nab2 function in vivo and a Nab2 mutant that
lacks the N-terminal domain (residues 4–97), nab2-1/nab2
�N, confers a severe growth defect and nuclear accumula-
tion of poly(A) RNA when expressed as the sole cellular copy
of Nab2 (36).
For efficient transport of mRNA, export adaptors and

hnRNPs may contribute to mRNA export through facilitating
interactions with components of the nuclear pore. In S. cerevi-
siae, the nuclear pore-associated protein, myosin-like protein 1
(Mlp1), acts as a docking platform for hnRNPs and other
mRNA factors and also plays a role inmRNAexport and quality
control (38–40).Mlp1 and its close relativeMlp2 are large pro-
teins attached to the nucleoplasmic face of the nuclear pore that
are homologous to themammalianTpr (translocated promoter
region) protein and are thought to act like control gates at the
NPCportal to grant or denymRNAaccess to the cytoplasm (38,
40–43). The Mlp1/2/Tpr proteins contain a coiled-coil N-ter-
minal domain that tethers them to the pore via specific nucleo-
porins and a globular C-terminal domain that binds to mRNA
export factors (38, 43–45). Notably, the C-terminal domain of
Mlp1 (CT-Mlp1) binds to the hnRNPs, Nab2 and Npl3, and
expression of CT-Mlp1 or the C-terminal domain of human
Tpr causes nuclear accumulation of poly(A) RNA (38, 46), link-
ing the Mlp1/Tpr proteins with mRNA export. The Mlp1/2
proteins also bind to the mRNA export adaptor, Yra1 (39). Sig-
nificantly, Mlp2 binds more strongly to the Yra1–8 export
mutant protein than to wild-type Yra1, suggesting that Mlp2
recruits Yra1 for docking of mRNA-protein complexes, but
retains malformed complexes that contain the Yra1–8 mutant
protein (39). The yeastMLP1 andMLP2 genes are not essential
for cell viability andmlp1� ormlp2� single deletionmutants or
mlp1� mlp2� double deletion mutants are viable and show no
significant growth defects (41, 47, 48). However, deletion of
MLP1 impairs nuclear retention of intron-containing mRNAs
and permits the escape of pre-mRNA to the cytoplasm, sup-
porting the notion that Mlp1 plays a pivotal role in mRNA
quality control (40).

The N-terminal domain of Nab2 (Nab2-N) is both necessary
and sufficient to bind toMlp1 (49). Structural studies show that
this domain has a fold based on a five �-helix bundle analogous
to the proline-tryptophan-isoleucine (PWI) fold, which is
found in several RNA-binding proteins (49, 50). Although the
PWI fold is thought to mediate binding to RNA and DNA in
other RNA-binding proteins acids (50), Nab2-N does not
appear to bind to nucleic acids (49). The Nab2-N structure
revealed a hydrophobic patch centered on residue Phe73 that
could potentially serve as an interface for protein-protein
interactions (49). Previously, we showed that Nab2 residue
Phe73 is important for the interaction between Nab2 and
Mlp1, but not between Nab2 and Gfd1, another Nab2-bind-
ing partner (49, 51).
Given the way in which Nab2 and Mlp1 function in mRNA

export and quality control, we have investigated the interaction
between these two proteins in greater detail and show here that
the Nab2-binding domain ofMlp1 (Mlp1-NBD)maps to a 183-
amino acid region (residues 1586–1768) within CT-Mlp1. The
Mlp1-NBD can bind directly to Nab2 and expression of this
domain is sufficient to cause nuclear accumulation of poly(A)
RNA, confirming the tight link between Nab2, CT-Mlp1, and
poly(A) RNA. We then use a structure-based engineered
mutant of Nab2 that cannot interact with Mlp1 to explore the
functional consequences of disrupting the Nab2/Mlp1 interac-
tion in vivo. Overall, these studies provide in vivo evidence for a
model of mRNA export in which Nab2 is important for target-
ing mRNAs to the nuclear pore for export.

EXPERIMENTAL PROCEDURES

Plasmids, Strains, and Chemicals—All DNA manipulations
were performed according to standard methods (52) and all
mediawere prepared by standard procedures (53). Yeast strains
and plasmids used are described in Table 1. All chemicals were
obtained fromSigma, U. S. Biological Corp. (Swampscott,MA),
or Fisher Scientific (Pittsburgh, PA) unless otherwise noted.
Generation of Nab2Mutants—Nab2mutants GST-NTF72D

(pAC2349), GST-NT F73D (pAC2350), and GST-NT-F73W
(pAC2453) were previously described (49). Nab2mutants nab2
F72D (pAC2351) and nab2 F73D (pAC2352) were generated by
site-directed mutagenesis using oligonucleotides (Integrated
DNA Technologies) encoding the F72D or F73D amino acid
substitution, NAB2 (pAC717) plasmid template, and
QuikChange Site-directed Mutagenesis Kit (Stratagene). All
constructs were sequenced to ensure the presence of each
desired mutation and the absence of any additional mutations.
Protein Expression and Purification—Recombinant GST

fusion and His-tagged proteins were expressed in bacteria and
purified for in vitro solution and solid phase binding assays.
GST (pGEX4T-3), GST-CT-Mlp1 (pAC1340), GST-CT2
(pAC1680),GST-CT4 (pAC1679),GST-CT5 (pAC1678),GST-
CT6 (pAC1681), GST-CT7 (pAC1723), and His-Nab2
(pAC785) were expressed in Escherichia coli DE3 cells and
purified by batch purification. GST (pGEX4T-1), GST-Nab2-
N-WT (pAC2058), GST-Nab2-N-F72D (pAC2349), GST-
Nab2-N-F73D (pAC2350), GST-Nab2-N-F73W (pAC2453),
His-Nab2-N-WT (pAC2052), and His-S-Tag-Mlp1-NBD
(pAC2054) were expressed in E. coli DE3 cells and purified by
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column chromatography. Overnight cultures were used to
inoculate 100 ml of LB media for batch purification or 1 liter of
LBmedia for purification by column chromatography. Cultures
were grown at 37 °C to anA600 of 0.6–0.8, inducedwith 200�M
isopropyl 1-thio-D-galactopyranoside, and grown at 30 °C for
5 h. For batch purification of GST fusion proteins, cells were
collected and lysed in 10ml of phosphate-buffered saline (PBS)
supplemented with protease inhibitor mixture (1 mM phenyl-
methylsulfonyl fluoride, 3 ng/ml pepstatin A, leupeptin, aprop-
tinin, and chymostatin) by incubation with lysozyme (100
mg/ml) for 30 min on ice and sonication. Lysates were cleared
by centrifugation and incubatedwith glutathione-Sepharose 4B
(GE Healthcare) for 2 h at 4 °C with mixing. The beads were
then washed once with 10 ml of PBS supplemented with 0.5%
Triton X-100 and twice with 10 ml of PBS. For purification of
GST fusion proteins by column chromatography, cells were
collected and lysed in 20 ml of buffer A (PBS, 2 mM 2-mercap-
toethanol) supplemented with protease inhibitor mixture by a
French press and cleared lysates were loaded onto a GSTrap 4B
column (GEHealthcare) pre-equilibrated with buffer A. Bound
protein was eluted with a linear gradient of buffer B (PBS, 2 mM
2-mercaptoethanol, 10 mM reduced glutathione) and fractions
containing GST protein were dialyzed into PBS supplemented
with 2 mM dithiothreitol (DTT). For batch purification of His-
tagged proteins, cells were collected and lysed in 10 ml of lysis
buffer (50 mMNaH2PO4, pH 7.4, 300 mMNaCl, 10 mM imidaz-
ole) supplemented with protease inhibitor mixture by incuba-

tionwith lysozyme and sonication. Lysates were cleared by cen-
trifugation and incubated with nickel-nitrilotriacetic acid-
agarose (Qiagen) in lysis buffer for 2 h at 4 °C with mixing. The
beadswere thenwashed twicewith 10ml of wash buffer (50mM
NaH2PO4, pH 7.4, 300mMNaCl, 20mM imidazole). His-tagged
proteins were eluted from agarose with 1 ml of elution buffer
(50 mM NaH2PO4, pH 7.4, 300 mM NaCl, 250 mM imidazole)
and buffer exchanged into PBS supplemented with 2 mM DTT
using a Centricon centrifugal filter device (Millipore). For puri-
fication of His-tagged proteins by column chromatography,
cells were collected and lysed in 20 ml of buffer A (50 mM
NaH2PO4, pH 7.4, 500 mM NaCl, 20 mM imidazole, 2 mM
2-mercaptoethanol) supplemented with protease inhibitor
mixture by a French press and cleared lysates were loaded onto
a HiTrap IMAC HP column (GE Healthcare) pre-equilibrated
with buffer A. Bound protein was eluted with a linear gradient
of buffer B (50 mM NaH2PO4, pH 7.4, 300 mM NaCl, 250 mM
imidazole, 2 mM 2-mercaptoethanol) and fractions containing
His-tagged protein were dialyzed into PBS supplemented with
2 mM DTT.
Solution Binding Assays—ForNab2 binding to CT-Mlp1 and

CT-Mlp1 truncation mutants, Sepharose-bound GST, GST-
CT-Mlp1, or GST-CT2 and -4–7 (6 �g) was incubated with 2
�g of purified His-Nab2 at 4 °C in 1 ml of PBS supplemented
with protease inhibitor mixture, 0.1 mg/ml BSA competitor,
and 0.5% Triton X-100 for 1 h 30 min at 4 °C with mixing.
Unbound fractions were collected and the beads were washed

TABLE 1
Yeast strains and plasmids

Strain/plasmid Description Source or Ref.
W303 (ACY233) MAT� ura3� leu2� trp1� his3�
NAB2� (ACY427) MATa leu2� ura3� his3� NAB2::HIS3 (pAC636) 72
NAB2�MEX67� (SWY3601) MATa trp1� leu2� his3� ura3� NAB2::HIS3 MEX67::KAN (pRS314-mex67-5) 70
NAB2�YRA1� (FSY2327) MATa ura3� his3� leu2� trp1� YRA1::HIS3 NAB2::HIS3 (pFS1876, pAC636) F. Stutz
pGEX4T-3 GST, AMPR, bacterial expression vector GE Healthcare
pAC1340 GST-CT-Mlp1 (residues 1490–1875) in pGEX4T-3, AMPR 38
pAC1678 GST-CT5 (residues 1490–1585) in pGEX4T-3, AMPR This study
pAC1679 GST-CT4 (residues 1490–1682) in pGEX4T-3, AMPR This study
pAC1680 GST-CT2 (residues 1490–1779) in pGEX4T-3, AMPR This study
pAC1681 GST-CT6 (residues 1586–1779) in pGEX4T-3, AMPR This study
pAC1723 GST-CT7 (residues 1677–1779) in pGEX4T-3, AMPR This study
pGEX4T-1 GST, AMPR, bacterial expression vector GE Healthcare
pAC2058 GST-Nab2-N-WT (residues 1–97) in pGEX4T-1, AMPR 49
pAC2349 GST-Nab2-N-F72D (residues 1–97) in pGEX4T-1, AMPR 49
pAC2350 GST-Nab2-N-F73D (residues 1–97) in pGEX4T-1, AMPR 49
pAC2453 GST-Nab2-N-F73W (residues 1–97) in pGEX4T-1, AMPR 49
pET28a His6, KANR, bacterial expression vector Novagen
pAC785 His6-Nab2 in pET28a, KANR 32
pET30a His6, S-Tag, KANR, bacterial expression vector Novagen
pAC2052 His6-Nab2-N-WT (residues 1–97) in pET30a, KANR This study
pAC2054 His6-S-Tag-Mlp1-NBD (residues 1586–1768) in pET30a, KANR This study
pPS295 (pAC18) pGAL1, 2�, URA3 73
pAC2075 pGAL1-SV40 bipartite NLS-MLP1-NBD (residues 1586–1768), 2�, URA3, AMPR This study
pAC1690 pGAL1-SV40 bipartite NLS-myc-CT-MLP1 (residues 1490–1875), 2�, URA3, AMPR This study
pAC1692 pGAL1-SV40 bipartite NLS-myc-CT5 (residues 1490–1585), 2�, URA3, AMPR This study
pAC1693 pGAL1-SV40 bipartite NLS-myc-CT4 (residues 1490–1682), 2�, URA3, AMPR This study
pAC1694 pGAL1-SV40 bipartite NLS-myc-CT3 (residues 1490–1717), 2�, URA3, AMPR This study
pAC1695 pGAL1-SV40 bipartite NLS-myc-CT2 (residues 1490–1779), 2�, URA3, AMPR This study
pAC1696 pGAL1-SV40 bipartite NLS-myc-CT1 (residues 1490–1811), 2�, URA3, AMPR This study
pAC636 NAB2, CEN, URA3, AMPR 32
pAC717 NAB2, CEN, LEU2, AMPR 36
pAC1152 nab2 �N, CEN, LEU2, AMPR 36
pAC2351 nab2 F72D, CEN, LEU2, AMPR This study
pAC2352 nab2 F73D, CEN, LEU2, AMPR This study
pAC1036 �RGG NAB2-GFP, CEN, LEU2, AMPR 36
pFS1876 YRA1, CEN, URA3, AMPR 19
pFS2152 (pAC2266) yra1–8, CEN, TRP1, AMPR 21
pRS314-mex67-5 mex67-5, CEN, TRP1, AMPR 8
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three times with 1 ml of PBS for 5 min each. Bound fractions
were eluted with loading buffer and samples were analyzed by
SDS-PAGE followed immunoblotting with an anti-His anti-
body (Santa Cruz Biotechnology, Santa Cruz, CA). The inten-
sities of the His-Nab2 bands in the bound fractions were quan-
titated by integration of the pixel densities of the bands using
ImageJ version 1.4 software (National Institute of Health, MD;
rsb.info.nih.gov/ij/) and percentage bound relative to CT-Mlp1
was calculated by dividing the His-Nab2 band intensity in each
bound fraction by the His-Nab2 band intensity in the bound
fraction of GST-CT-Mlp1. For Mlp1-NBD binding to Nab2-N,
His-Nab2-N-WT, or ovalbumin coupled to CNBr-Sepharose
beads (30 �l), as described previously (49), was incubated with
purified His-Mlp1-NBD (20 �g) in 1 ml of PBS supplemented
with protease inhibitor mixture, 2 mM DTT, and 0.5 mg/ml
BSA for 1 h 30min at 4 °Cwithmixing. Unbound fractionswere
collected and the beads were washed three times with 1 ml of
PBS for 5 min each. Bound fractions were eluted with loading
buffer and samples were analyzed by SDS-PAGE followed by
Coomassie staining. For co-purification of Mlp1-NBD with
Nab2-N, 50-ml cultures of DE3 cells expressing GST-Nab2-N
orHis-Mlp1-NBDwere combined, collected, and lysed in 10ml
of PBS supplemented with protease inhibitor mixture by soni-
cation. Lysates were cleared and incubated with glutathione-
Sepharose for 2 h as described previously for batch purification
of GST fusion proteins. The beads were washed three times
with 5 ml of PBS for 2 min each. Unbound, bound, and wash
samples were analyzed by SDS-PAGE followed by Coomassie
staining.
Solid Phase Binding Assay—Solid phase binding assays were

performed essentially as described by Bayliss et al. (54). Micro-
titer Immulux HB plates (Dynex) were coated with 100 �l/well
of 125 nM GST, GST-Nab2-N (residues 1–97), GST-Nab2-N-
F72D, GST-Nab2-N-F73D, or GST-Nab2-N-F73W in coating
buffer (PBS supplemented with 2 mMDTT and 0.2 mM phenyl-
methylsulfonyl fluoride) for 16 h at 4 °C on a rocker. After
adsorption, plates were washed three times by immersion in
PBS and incubated in 100 �l of binding buffer (coating buffer
supplemented with 3% BSA and 0.1% Tween 20) overnight at
4 °C on a rocker. Binding reactions were carried out for 2 h at
4 °C with 100 �l/well of 1–5 �M S-Tag-Mlp1-NBD (residues
1586–1768) protein in binding buffer. After binding, plates
were washed three times by immersion in binding buffer with-
out BSA and proteins were cross-linked for 15 min at room
temperature by incubation in 1 mg/ml 1-ethyl-3-(3-dimethyl-
aminopropyl)carboiimide (Pierce) in the same buffer. Thewells
were thenwashed for 20min in PBS-T (PBS supplementedwith
0.2% Tween 20), 10 min with PBS-T containing 100 mM etha-
nolamine, and finally incubated for 10min in PBS-T containing
3% BSA. The bound S-tagged proteins were detected by incu-
bation with S-protein-horseradish peroxidase conjugate
(Novagen) in coating buffer containing 1% BSA and 0.1%
Tween 20 for 1 h at 4 °C on rocker. The plates were washed
three times by immersion in PBS. Then, 100 �l/well of horse-
radish peroxidase substrate (1-StepTM Turbo TMB (3,3�5,5�-
tetramethylbenzidine)-ELISA (Pierce)) was added for 30min at
room temperature and the reaction was stopped by addition of
100 �l of 2 M H2SO4. The absorbance of the samples was meas-

ured at 450 nm with an ELX808 Ultra Microplate Reader with
KCjunior software (Bio-Tek Instruments, Inc.). For each plate,
average absorbance values at A450 were determined for GST
and GST-Nab2-N proteins at each S-Tag-Mlp1-NBD concen-
tration from triplicate samples. Background GST absorbance
values were subtracted from those of the GST-Nab2 proteins.
From three plates, absorbance values forGST-Nab2-Nproteins
at each S-Tag-Mlp1-NBD concentration were used to generate
saturation binding curves by non-linear regression using Prism
4 software (GraphPad Software, Inc.) and calculate the mean
apparent Kd. Standard error of the mean (S.E.; standard devia-
tion divided by the square root of n, where n� 3) values ofA450
readings from triplicate samples of GST-Nab2-N proteins at
each S-Tag-Mlp1-NBDconcentration for binding curves in Fig.
4B and S.E. values of triplicatemeanKd values forGST-Nab2-N
protein binding to S-Tag-Mlp1-NBD inTable 2were calculated
using Prism 4 software.

�RGG-Nab2-GFP Relocalization Assay—To examine the
effect ofMlp1 expression onNab2 localization in yeast cells, we
exploited a previously developed assay where relocalization of a
largely cytoplasmic Nab2 mutant fused to GFP, �RGG-Nab2-
GFP, to the nucleus is monitored upon Mlp1 expression (38).
For analysis of the effect of expression of CT-Mlp1, CT-Mlp1
truncationmutants CT1–5 orMlp1-NBDon the localization of
�RGG-Nab2-GFP, wild-type W303 cells expressing �RGG-
Nab2-GFP (pAC1036) and containing galactose-inducible CT-
MLP1 (pAC1690), CT1 (pAC1696), CT2 (pAC1695), CT3
(pAC1694), CT4 (pAC1693), CT5 (pAC1692), MLP1-NBD
(pAC2075), or vector control (pPS295) were grown in minimal
media with 2% glucose overnight at 30 °C, transferred to mini-
mal media with 2% galactose, and grown to log phase at 30 °C.
For all samples, the localization of �RGG-Nab2-GFP was
examined by direct fluorescence microscopy.
Fluorescence in Situ Hybridization (FISH)—The intracellular

localization of poly(A) RNA was assayed by FISH (32). Briefly,
wild-typeW303 cells containing galactose-inducibleCT-MLP1
(pAC1690),CT1 (pAC1696),CT2 (pAC1695),CT3 (pAC1694),
CT4 (pAC1693), CT5 (pAC1692), MLP1-NBD (pAC2075), or
vector control (pPS295) were grown in minimal media with 2%
glucose overnight at 30 °C, transferred to minimal media with
2% galactose, and grown to log phase at 30 °C. NAB2� cells or
NAB2� mex67-5 cells containing NAB2 (pAC717), nab2 �N
(pAC1152), nab2 F72D (pAC2351), or nab2 F73D (pAC2352)
were grown inminimalmediawith 2%glucose overnight, trans-
ferred to minimal media with 2% glucose, and grown to log
phase at 30 °C. Cells were prepared as previously described by
Wong et al. (55). A digoxigenin-labeled oligo(dT) probe and
fluorescein isothiocyanate-conjugated anti-digoxigenin anti-

TABLE 2
Dissociation constants for Nab2-N wild-type/mutants and Mlp1-NBD
Data represent the Kd means � S.E. from triplicate experiments.

Nab2-N Mlp1 Kd apparent
�M

GST-Nab2-N-WT Mlp1-NBD 1.26 � 0.38
GST-Nab2-N-F72D Mlp1-NBD 2.31 � 1.06
GST-Nab2-N-F73D Mlp1-NBD Not detectable
GST-Nab2-N-F73W Mlp1-NBD 0.83 � 0.18
GST Mlp1-NBD Not detectable
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body (1:200 dilution, RocheMolecular Biochemicals)were used
to localize poly(A)RNA. For all samples, cells were examined by
fluorescence microscopy. Cells were also stained with 4�,6-dia-
midino-2-phenylindole-dihydrochloride (DAPI) to detect
chromatin and hence the position of the nucleus.
To quantitate the percentage of cells processed for FISH that

showed nuclear accumulation of poly(A) RNA, NAB2, nab2
F72D, nab2 F73D, mex67-5 NAB2, mex67-5 nab2 F72D, and
mex67-5 nab2 F73D cells probed with oligo(dT) to visualize
poly(A) RNA and 10 fields of cells for each strain were imaged.
For each field of cells, cells were counted and scored using
ImageJ version 1.4 software, and the percentage of cells with
nuclear poly(A) RNA was calculated. Cells were scored as
showing nuclear poly(A) RNA if the fluorescent signal in the
nucleus was greater than the signal in the cytoplasm. Themean
percentage of cells with nuclear poly(A) RNA was calculated
from the percentages in the 10 fields of cells. Variation in the
percentage nuclear poly(A) RNA in each field from the mean
was assessed by standard deviation (square root of the mean
squared). All scoring of nuclear poly(A) RNA was performed
blind to avoid biasing results. In each field of cells, at least 195
NAB2 and nab2mutant cells and at least 43mex67-5NAB2 and
mex67-5 nab2mutant cells were counted. The fold increase in
nuclear poly(A) RNA accumulation in nab2 mutant cells rela-
tive to that in NAB2 or mex67-5 NAB2 cells was calculated by
dividing the mean percentage of nuclear poly(A) RNA in nab2
mutant cells by the mean percentage in corresponding NAB2
wild-type cells.
Microscopy—Cells expressing �RGG-Nab2-GFP or pro-

cessed for FISH were visualized by using filters from Chroma
Technology (Brattleboro, VT) and an Olympus BX60 direct
fluorescencemicroscope equippedwith a photometricQuantix
digital camera from Roper Scientific (Tucson, AZ). All images
were captured using IP Lab Spectrum software.
Nab2 Functional Assay—In vivo functional analysis of Nab2

was carried out through a standard plasmid shuffle assay com-
bined with serial dilution and spotting or growth curves. To
generate singlemutants of nab2 or doublemutants of nab2 and
mex67-5 or yra1–8, NAB2� cells (ACY427), NAB2� mex67-5
cells (NAB2� MEX67� cells (SWY3601) containing mex67-5
TRP1 plasmid (pRS314-mex67-5)) or NAB2� yra1–8 cells
(NAB2� YRA1� cells (FSY2327) containing yra1–8 TRP1 plas-
mid (pFS2152)) containing NAB2 URA3maintenance plasmid
(pAC636) were transformed with NAB2 (pAC717), nab2 �N
(pAC1152), nab2 F72D (pAC2351), or nab2 F73D (pAC2352)
LEU2 plasmids and selected on Leu�Ura� minimal media with
2% glucose. Cells were grown overnight at 30 °C to saturation in
Leu�Ura�minimalmediawith 2%glucose. Cell concentrations
were normalized by A600 and cultures were serially diluted in
sterile H2O to obtain �10,000, 1000, 100, 10, or 1 cell per 3-�l
volume. These dilutions were spotted onto control Leu�Ura�

minimalmedia, where theNAB2URA3maintenance plasmid is
maintained, or Ura� minimal media containing 5-fluoroorotic
acid (5-FOA), which selects for cells that have lost the NAB2
URA3 maintenance plasmid (56). Growth of NAB2�, NAB2�
mex67-5, or NAB2� yra1–8 cells harboring NAB2, nab2 �N,
nab2 F72D, or nab2 F73D as the sole copy of nab2 was exam-
ined at 30 °C. For growth curve analysis, NAB2� or NAB2�

mex67-5 cells harboring NAB2, nab2 F72D, or nab2 F73D as
the sole copy of nab2 were grown overnight at 30 °C to satura-
tion in Leu�Ura�minimalmediawith 2% glucose. Cell concen-
trations were normalized by A600, diluted 100-fold in 100 �l of
Leu�Ura� minimal media with 2% glucose and added to wells
of a MicroWell F96 microtiter plate (Nunc). Samples were
loaded in duplicate. Cells in plate wells were grown at 30 °C
with shaking and absorbance at A600 was measured every 30
min for 40 h in an ELX808UltraMicroplate ReaderwithKCjun-
ior software (Bio-Tek Instruments, Inc.). Duplicate sample
absorbance for time points were averaged and plotted using
Microsoft Excel for Mac 2004 (Microsoft Corp.).

RESULTS

Identification of a Minimal Nab2-binding Region in Mlp1—
Previous work demonstrated that the globular, acidic C-termi-
nal domain of Mlp1 (CT-Mlp1, residues 1490–1875) interacts
with the hnRNP,Nab2, both in vitro and in vivo and that ectopic
expression of CT-Mlp1 causes nuclear accumulation of poly(A)
RNA (38). These data indicate that Mlp1 is involved in poly(A)
RNA export and suggest that one function ofNab2 is to serve as
a molecular link between Mlp1 and poly(A) RNA. To test this
model and gain further insight into the molecular basis for the
Nab2/Mlp1 interaction, we employed a series of CT-Mlp1
truncation mutants with progressive deletions from the C-ter-
minal end of Mlp1 (truncation mutants CT1–5, see Fig. 1A) to
map the region within CT-Mlp1 that interacts directly with
Nab2. These truncation mutants were used in both in vitro and
in vivo binding assays with Nab2. For in vitro binding, recom-
binant GST, GST-CT-Mlp1, GST-CT2, CT4, or CT5 bound to
glutathione beadswas incubatedwith soluble recombinantHis-
Nab2 and the bound and unbound fractions were analyzed by
immunoblotting with anti-His antibody to detect bound Nab2.
The results were quantitated as described under “Experimental
Procedures.” As shown in Fig. 1B, we found that CT-Mlp1 CT2
(residues 1490–1779) binds to Nab2 with similar affinity (98%
bound) as intact CT-Mlp1 (residues 1490–1875), whereas CT4
(residues 1490–1682) binds more weakly to Nab2 (16% bound)
compared with CT-Mlp1, and CT5 (residues 1490–1585)
shows no binding to Nab2 (1% bound). As a control, GST alone
does not bind toNab2. This result suggests that theNab2-bind-
ing region within CT-Mlp1 lies within residues 1490–1779.
The observation that CT-Mlp1 residues 1490–1779 (CT2)

binds toNab2, but residues 1490–1585 (CT5) does not interact
defines theC-terminal end of theminimalNab2-binding region
within CT-Mlp1. To further delineate the N-terminal end of
theminimal Nab2-binding region, we generated two additional
CT-Mlp1 truncation mutants, CT6 (residues 1586–1779) and
CT7 (residues 1677–1779) (Fig. 1A). Recombinant GST, GST-
CT-Mlp1, GST-CT6, or GST-CT7 bound to glutathione beads
was incubated with soluble recombinant His-Nab2 and bound
and unbound fractions were analyzed by immunoblotting with
anti-His antibody to detect bound Nab2. As shown in Fig. 1C,
we found that CT-Mlp1 mutant CT6 (residues 1586–1779)
binds to Nab2 to the same extent (�100% bound) as the intact
CT-Mlp1 (residues 1490–1875), whereas CT7 (residues 1677–
1779) does not bind to Nab2 (2% bound). These data indicate
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that the Nab2-binding region within CT-Mlp1 resides within
residues 1586–1779.
We used a secondary in vivo Nab2 binding assay to confirm

the in vitro data mapping the Nab2-binding region of Mlp1 to
residues 1586–1779. Previously, we developed a �RGG-Nab2
relocalization assay that reports on the interaction between
Nab2 and Mlp1 in vivo (38). In contrast to wild-type Nab2,
which shows nuclear localization at steady-state (35), �RGG-
Nab2 shows diffuse nuclear and cytoplasmic localization at
steady-state due to lack of the RGG domain (36), which is
required for interaction with theNab2 import receptor Kap104
(37, 57). Expression of CT-Mlp1, which localizes to the nucleus
(38), causes nuclear relocalization of�RGG-Nab2 fused toGFP
(�RGG-Nab2-GFP), which normally locates throughout the
yeast cell (36). CT-Mlp1-induced relocalization of �RGG-
Nab2-GFP to the nucleus is consistent with CT-Mlp1 binding

to Nab2 in vivo. Therefore, to confirm the in vitro binding data
using this in vivo binding assay, we expressed CT-Mlp1 and
CT-Mlp1 truncationmutants CT1–5 in yeast from a galactose-
inducible GAL1–10 promoter. To ensure nuclear targeting of
each of the CT-Mlp1 deletions, the CT1–5 sequences were
fused to an engineered bipartite nuclear localization signal
based on the simian virus 40 (SV40) nuclear localization signal
(58). Wild-type yeast cells expressing �RGG-Nab2-GFP were
induced to express CT-Mlp1 and CT1–5 by the addition of
galactose and the localization of �RGG-Nab2-GFP was
assessed by direct fluorescence microscopy. The expression
and localization of CT-Mlp1 and CT1–5 were confirmed by
immunoblotting and GFP fusion localization (data not shown).
As shown in Fig. 1D, CT-Mlp1 truncation mutant CT1 (resi-
dues 1490–1811) and CT2 (residues 1490–1779) relocalize
�RGG-Nab2-GFP to the nucleus to a similar degree as the
intact CT-Mlp1 (residues 1490–1875). Truncation mutants
CT3 (residues 1490–1717) andCT4 (residues 1490–1682) par-
tially relocalize �RGG-Nab2-GFP to the nucleus compared
with CT-Mlp1 and truncation mutant CT5 (residues 1490–
1585) does not relocalize �RGG-Nab2-GFP to the nucleus.
This result indicates that CT-Mlp1 residues 1490–1779 binds
toNab2, whereasCT-Mlp1 residues 1490–1585 do not interact
with Nab2 in vivo. Taken together, the Nab2 binding assays
strongly suggest the Nab2-binding region within CT-Mlp1
maps to residues 1586–1779.
The Nab2-binding Region of Mlp1 Causes Nuclear Accumu-

lation of Poly(A) RNA—Expression of CT-Mlp1 (residues
1490–1875) causes nuclear accumulation of poly(A) RNA (38).
To map the region within CT-Mlp1 that causes poly(A) RNA
accumulation and assess whether it corresponds to the Nab2-
binding region, we expressed CT-Mlp1 and CT-Mlp1 trunca-
tion mutants CT1–5 in yeast from a galactose-inducible pro-
moter. Wild-type yeast cells were induced to express CT-Mlp1
and CT1–5 by the addition of galactose and samples were pro-
cessed for FISH using an oligo(dT) probe to visualize bulk
poly(A) RNA. CT-Mlp1 truncation mutants CT1 (residues
1490–1811) and CT2 (residues 1490–1779) cause nuclear
accumulation of poly(A) RNA to a similar extent as the intact
CT-Mlp1 (residues 1490–1875), CT3 (residues 1490–1717)
causes partial nuclear accumulation of poly(A) RNA compared
with CT-Mlp1, and CT4 (residues 1490–1682) and CT5 (resi-
dues 1490–1585) do not cause poly(A) RNA accumulation in
the nucleus (Fig. 2). This result indicates that the region within
CT-Mlp1 that is sufficient to cause nuclear accumulation of
poly(A) RNA maps to residues 1490–1779. Thus, both the
Nab2-binding and poly(A) RNA interacting regions of
CT-Mlp1 reside within residues 1490–1779.
Delineation of theMlp1-Nab2 Binding Domain (Mlp1-NBD)—

As a complement to our mapping using engineered deletions,
we also isolated a proteolytic fragment of the intact CT-Mlp1
that bound to Nab2 in vitro and identified the Mlp1 tryptic
peptides within this fragment by mass spectroscopy (see sup-
plemental Fig. S1 and supplemental Table 1).Wemapped these
peptides within CT-Mlp1 and used the information to refine
the C-terminal end of the Nab2-binding region of Mlp1 to res-
idue 1768. We termed the final Nab2-binding region of Mlp1:

FIGURE 1. Mapping of CT-Mlp1 reveals a Nab2-binding region between
residues 1586 and 1779. A, schematic depicting sizes of CT-Mlp1 truncation
mutants (CT1–7) and the Nab2-binding domain of Mlp1 (Mlp1-NBD) con-
structed. B, CT-Mlp1 truncation mutant CT2 (residues 1490 –1779) binds to
Nab2 in vitro, but mutant CT5 (residues 1490 –1585) does not bind to Nab2.
Recombinant GST, GST-CT-Mlp1 (CT-Mlp1), or the GST-CT-Mlp1 truncation
mutant (CT2, CT4, CT5) bound to glutathione-Sepharose beads were incu-
bated with recombinant His-tagged Nab2 (Nab2) and unbound (U) and
bound (B) fractions were analyzed by immunoblotting with anti-His antibody.
The percentage of His-Nab2 band intensity in each bound fraction relative to
the His-Nab2 band intensity in the bound fraction of GST-CT-Mlp1 is indicated
below the immunoblot. C, CT-Mlp1 truncation mutant CT6 (residues 1586 –
1779) binds to Nab2 in vitro. Recombinant GST, GST-CT-Mlp1 (CT-Mlp1), or the
GST-CT-Mlp1 truncation mutant (CT6, CT7) bound to glutathione-Sepharose
beads was incubated with recombinant His-tagged Nab2 (Nab2) and
unbound (U) and bound (B) fractions were analyzed by immunoblotting with
anti-His antibody. The percentage of His-Nab2 band intensity in each bound
fraction relative to the His-Nab2 band intensity in the bound fraction of GST-
CT-Mlp1 is indicated below the immunoblot. D, expression of CT-Mlp1 trun-
cation mutant CT2 (residues 1490 –1779) causes relocalization of �RGG-
Nab2-GFP to the nucleus. CT-Mlp1 and CT-Mlp1 truncation mutants (CT1–5)
were expressed in yeast cells expressing a Nab2 mutant fused to GFP (�RGG-
Nab2-GFP), which displays localization throughout the cell (36), and �RGG-
Nab2-GFP was visualized by direct fluorescence microscopy. Empty vector
(Vec) was used as a control. Corresponding differential interference contrast
(DIC) images are shown.
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Mlp1-Nab2-binding domain (Mlp1-NBD; residues 1586–
1768) (Fig. 1A).
TheMlp1-NBD Interacts with the Nab2 N-terminal Domain—

Recent domain analysis of the hnRNPNab2has established that
the N-terminal domain of Nab2 (Nab2-N, residues 1–97) binds
to both CT-Mlp1 and full-length Mlp1 in vitro (49). To deter-
mine whether the Nab2-binding domain of Mlp1 (Mlp1-NBD,
residues 1586–1768) interacts directly with Nab2-N, we ana-
lyzed the interaction by an in vitro binding assay using purified
recombinant proteins. A control protein, ovalbumin, or recom-

binant His-Nab2-N-WT (residues 1–97) coupled to Sepharose
beads was incubated with soluble recombinant His-Mlp1-NBD
and bound fractionswere analyzed by SDS-PAGEandCoomas-
sie staining. As shown in Fig. 3A, Mlp1-NBD binds to Nab2-N-
WT, but does not bind to control ovalbumin beads. To further
support this direct interaction and test its specificity, we tested
whether Mlp1-NBD can be co-purified with Nab2-N from a
complex proteinmixture.We combined cell lysates from E. coli
expressing His-Mlp1-NBD and E. coli expressing GST-
Nab2-N, incubated the mixed lysates with glutathione beads
and analyzed the bound fraction by SDS-PAGE and Coomassie
staining. We find that Mlp1-NBD does indeed co-purify with
Nab2-N from a complex mixture of bacterial proteins, high-
lighting the specificity of this interaction (Fig. 3B). Together,
the experiments demonstrate that theNab2-binding domain of
Mlp1 (residues 1586–1768) interacts directly with the N-ter-
minal domain of Nab2 (residues 1–97). Importantly, previous
studies show that the interaction between CT-Mlp1 and Nab2
in yeast lysate is insensitive to RNase treatment and therefore
RNA-independent and also that Nab2-N does not interact with

FIGURE 2. Mapping of CT-Mlp1 defines a region between residues 1490
and 1779 sufficient to cause nuclear poly(A) RNA accumulation. CT-Mlp1
and CT-Mlp1 truncation mutants (CT1–5) were expressed in yeast cells and
poly(A) RNA (Poly(A)) was visualized by fluorescence in situ hybridization with
an oligo(dT) probe as described under “Experimental Procedures.” Cells were
stained with DAPI to visualize the position of the nucleus. Corresponding
differential interference contrast (DIC) images are shown.

FIGURE 3. The Nab2-binding domain of Mlp1 directly interacts with Nab2
and causes nuclear accumulation of poly(A) RNA. A, the Nab2-binding
domain of Mlp1 (Mlp1-NBD; residues 1586 –1768) binds to the N-terminal
domain of Nab2 (Nab2-N; residues 1–97) in vitro. His-Nab2-N (Nab2-N) or, as a
control, ovalbumin (Oval.) coupled to Sepharose beads was incubated with
His-Mlp1-NBD and bound fractions were analyzed by SDS-PAGE and Coomas-
sie staining. B, the Nab2-binding domain of Mlp1 (Mlp1-NBD) co-purifies with
the N-terminal domain of Nab2 (Nab2-N). Cell lysates from E. coli expressing
His-Mlp1-NBD and E. coli expressing GST-Nab2-N were combined, incubated
with glutathione beads, and beads were washed three times. Input combined
lysate (I), unbound (U) fraction, three wash fractions (W1, W2, W3), and bound
(B) fraction were analyzed by SDS-PAGE and Coomassie staining. C, expres-
sion of the Nab2-binding domain of Mlp1 (Mlp1-NBD) relocalizes �RGG-
Nab2-GFP to the nucleus. CT-Mlp1 and Mlp1-NBD were expressed in yeast
cells expressing �RGG-Nab2-GFP, which displays localization throughout the
cell (36), and �RGG-Nab2-GFP was visualized by direct fluorescence micros-
copy. Empty vector (Vec) was used as control. Corresponding differential
interference contrast (DIC) images are shown. D, expression of the Nab2-
binding domain of Mlp1 (Mlp1-NBD) causes nuclear accumulation of poly(A)
RNA. CT-Mlp1 and Mlp1-NBD were expressed in yeast cells and poly(A) RNA
(Poly(A)) was visualized by fluorescence in situ hybridization with an oligo(dT)
probe as described under “Experimental Procedures.” Cells were stained with
DAPI to visualize the position of the nucleus. Corresponding differential inter-
ference contrast images are shown.
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poly(A) RNA in vitro (38, 49). The direct interaction between
Nab2-N and Mlp1-NBD is thus most likely RNA-independent
as well.
To further compare the Mlp1-NBD (residues 1586–1768)

with the intact CT-Mlp1, we asked whether theMlp1-NBD can
both interact with Nab2 and cause nuclear accumulation of
poly(A) RNA in vivo. In the �RGG-Nab2-GFP relocalization
assay, we expressed nuclear-targeted CT-Mlp1 andMlp1-NBD
from a galactose-inducible promoter and found that Mlp1-
NBD (residues 1586–1768) relocalizesmost�RGG-Nab2-GFP
to the nucleus, although not quite to the same extent as CT-
Mlp1 (residues 1490–1875) (Fig. 3C). To test if the expression
of Mlp1-NBD affects poly(A) RNA localization, we expressed
Mlp1-NBD and CT-Mlp1 in yeast cells and localized the
poly(A)RNAbyFISHwith an oligo d(T) probe.We find that the
Mlp1-NBD does induce accumulation of poly(A) RNA within
the nucleus, although not quite to the same degree as CT-Mlp1
(Fig. 3D). These results indicate that the Mlp1-NBD (residues
1586–1768) within CT-Mlp1 is primarily responsible for
CT-Mlp1-induced nuclear poly(A) RNA accumulation, but
that small contributions are alsomade by other residues outside
this region of CT-Mlp1. Overall, these data confirm that the
Mlp1-NBD, like the intact CT-Mlp1, has the capacity both to
bind Nab2 in vivo and to impact poly(A) RNA localization.

Tomeasure quantitatively the interaction between theMlp1-
NBD and Nab2-N, we examined the binding of S-Tag-Mlp1-
NBD to GST-Nab2-Nwild-type (WT) at increasing concentra-
tions of S-Tag-Mlp1-NBD in a solid-phase microtiter plate
binding assay (54). This analysis generated a saturation binding
curve and an apparent dissociation constant (Kd) value for
Mlp1-NBD binding to Nab2-N-WT. We find that Mlp1-NBD
binds to wild-type Nab2-N with an apparent Kd of �1.3 � 0.4
�M (Fig. 4B, Table 2), indicating that the relative binding affin-
ity between Mlp1-NBD and Nab2-N is in the micromolar
range. The rather weak affinity between Mlp1 and Nab2 likely
reflects the need for the Nab2/Mlp1 interaction to be transient
during mRNA export.
Specific Amino Acid Substitutions Disrupt the Nab2-N/

Mlp1-NBD Interaction—The crystal structure of the N-termi-
nal domain of Nab2 (Nab2-N, residues 1–97) shows that this
domain is based on a five �-helix bundle with a PWI-like fold
(49). A Nab2 hydrophobic patch centered on a phenylalanine
residue, Phe73 (Fig. 4A), was proposed to be an important con-
stituent of the Nab2/Mlp1 interaction interface (49). Consist-
entwith this hypothesis, we showed that recombinantNab2-N-
F73D does not bind to Mlp1, whereas Nab2-N-F72D is still
competent to bind Mlp1, in an in vitro bead binding assay. To
assess the impact of amino acid substitutions at Nab2 Phe72 or
Phe73 on the relative binding affinity of Nab2 for Mlp1, we meas-
ured the binding of S-Tag-Mlp1-NBD to GST-Nab2-N mutants
F72D, F73D, or F73W at increasing concentrations of S-Tag-
Mlp1-NBD in the solid-phase binding assay. We find that the
interaction between Nab2-N-F73D and Mlp1-NBD is undetect-
able in this assay,whereasMlp1-NBDbinds toNab2-N-F72Dwith
roughly 2-fold lower relative affinity (Kd � 2.3 � 1.1 �M) com-
pared with wild-type (Fig. 4B, Table 2). Furthermore, we find that
Mlp1-NBD binds to Nab2-N-F73W with 1.5-fold higher affinity
(Kd � 0.8 � 0.2 �M) compared with wild-type Nab2-N (Fig. 4B,

Table 2). The data reveal that substituting Nab2-N residue Phe73
withAsp significantly reduces the relativebindingaffinitybetween
Nab2-N and theMlp1-NBD, supporting the idea that Nab2 Phe73
is critical for interaction with Mlp1. The impaired binding of
Nab2-N to Mlp1-NBD seen with the hydrophilic substitution,
F73D, together with the enhanced binding seen with the hydro-
phobic substitution, F73W, is consistent with the proposal (49)
that hydrophobic interactions contribute significantly to the
Nab2/Mlp1 interface.
Functional Significance of the Nab2/Mlp1 Interaction—With

the knowledge gained from the Nab2-N structure and engi-
neered Nab2 mutants, we proceeded to assess the functional
consequence of disrupting the Nab2/Mlp1 interaction in vivo
and define the way in which this interaction contributes to
mRNA export. As the NAB2 gene is essential for viability (35),
we examined whether Nab2-F73D or Nab2-F72D (as a control)
could replace wild-type Nab2 in yeast cells. As a further control

FIGURE 4. The Nab2-binding domain of Mlp1 binds to the N-terminal
domain of Nab2 with micromolar affinity and Nab2 F73D substitution
disrupts the Nab2/Mlp1 interaction. A, surface representation of the N-ter-
minal domain of Nab2 (Nab2-N) showing the putative Mlp1 interaction site
(gray) identified by Grant et al. (49). Phe73 (dark gray) is central to this site and
its hydrophobic aromatic side chain is completely exposed to the solvent.
B, the binding affinity of the Nab2-binding domain of Mlp1 (Mlp1-NBD; resi-
dues 1586 –1768) for Nab2-N wild-type and mutants F72D, F73D, and F73W
(residues 1–97) was measured quantitatively in a solid-phase binding assay
(54). Binding of S-Tag-Mlp1-NBD (Mlp1-NBD) to GST-Nab2-N wild-type (Nab2-
N-WT), GST-Nab2-N-F72D (Nab2-N-F72D), GST-Nab2-N-F73D (Nab2-N-F73D),
or GST-Nab2-N-F73W (Nab2-N-F73W) at increasing concentrations of S-Tag-
Mlp1-NBD was measured at optical density of 450 nm (A450) as described
under “Experimental Procedures.” Measurements at A450 (amount bound)
were used to generate saturation binding curves by non-linear regression.
Standard error bars for A450 readings from triplicate samples of GST-Nab2-
N-WT and mutants at each S-Tag-Mlp1-NBD concentration are indicated.
These binding curves were used to calculate apparent dissociation constants
for binding between Mlp1-NBD and Nab2-N wild-type (Kd � 1.3 � 0.4 �M),
Nab2-N-F72D (Kd � 2.3 � 1.1 �M), or Nab2-N-F73W (Kd � 0.8 � 0.2 �M) (see
Table 2). The weak binding between Mlp1-NBD and Nab2-N-F73D was indis-
tinguishable from nonspecific binding, indicating that the F73D substitution
essentially disrupts the Nab2/Mlp1 interaction.
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in these assays, we used a previously characterized Nab2
mutant, �N, lacking the Nab2 N-terminal domain altogether
(residues 4–97), which confers a severe slow growth phenotype
when expressed as the only cellular copy of Nab2 (36). Using a
plasmid shuffle assay,NAB2� yeast cells maintained by aNAB2
URA3 plasmid and also containing NAB2, nab2 �N, F72D or
F73D LEU2 test plasmids were grown to saturation, serially
diluted in 10-fold dilutions, and spotted on control plates
(where the NAB2 URA3maintenance plasmid is retained) and
plates containing 5-FOA to remove the NAB2 URA3 mainte-
nance plasmid and leave the test plasmids as the sole cellular
copies of Nab2. Both nab2 F72D and nab2 F73D cells grow
similarly to wild-type NAB2 cells on 5-FOA plates (Fig. 5A).
However, as anticipated, nab2 �N cells show a slow growth
phenotype.We confirmed that nab2 F72D and nab2 F73D cells
grow similarly towild-typeNAB2 cells bymeasuring the optical
density of the cells in liquid culture over time and generating
quantitative growth curves for the cells (Fig. 5B). This result
indicates that substituting Nab2 residue Phe73 with Asp and
disrupting the Nab2/Mlp1 interaction does not significantly
affect cell growth in a wild-type background. Additionally,
given the knowledge that the N-terminal domain of Nab2 is
required for proper Nab2 function (including binding to other
proteins such as Gfd1 (49, 51)), the data suggest that the F73D
substitution does not severely impact the overall structure of
the Nab2 protein.
To determine whether disruption of the Nab2/Mlp1 interac-

tion impacts mRNA export, we next assessed whether nab2
F72D or nab2 F73D cells show nuclear accumulation of poly(A)
RNA in vivo. We examined poly(A) RNA localization in wild-
type NAB2, nab2 F72D, and nab2 F73D cells by FISH and then
quantitated the percentage of cells with nuclear poly(A) RNA
accumulation as described under “Experimental Procedures.”
As a control, we also examined poly(A) RNA localization in
nab2 �N cells, which show nuclear accumulation of poly(A)
RNA (36). NAB2� cells expressing NAB2, nab2 �N, F72D, or
F73Dwere processed for FISHusing an oligo(dT) probe to visu-
alize bulk poly(A) RNA. The nab2 F73D cells show a 2.5-fold
increase in nuclear accumulation of poly(A) RNA compared
with wild-type cells, whereas nab2 F72D cells show accumula-
tion of poly(A) RNA in the nucleus comparable with wild-type
cells (Fig. 5C). Control nab2 �N cells show significant nuclear
accumulation of poly(A) RNA as expected (36). This result sug-
gests that the Nab2/Mlp1 interaction facilitates but is not abso-
lutely required for mRNA export.
Because multiple mRNA export factors contribute to effi-

cient mRNA export, we considered the possibility that the
interaction between Nab2 andMlp1 might contribute to a step
in mRNA export that is not normally rate-limiting in a wild-
type background. Thus, an effect on overall cellular function as
assayed by cell growth might only be evident in a genetic back-
ground where additional steps in mRNA export are compro-
mised or suboptimal. We therefore tested for genetic interac-
tions between nab2 F72D or nab2 F73D and mRNA export

FIGURE 5. nab2 F73D mutant cells grow similarly to wild-type cells but
display nuclear accumulation of poly(A) RNA. A, nab2 F73D cells are viable
and grow similarly to wild-type NAB2 cells. NAB2� cells maintained by a NAB2
URA3 plasmid and containing NAB2, nab2 �N, nab2 F72D, or nab2 F73D LEU2
test plasmids were grown to saturation, serially diluted in 10-fold dilutions,
and spotted on control and 5-FOA plates. Cells were grown at 30 °C. B, growth
curve analysis of nab2 F73D cells confirms that they grow similarly to wild-
type NAB2 cells. NAB2� cells carrying only NAB2, nab2 F72D, or nab2 F73D
plasmids were grown to saturation, diluted, and their optical density was
measured at A600 for 40 h as described under “Experimental Procedures.”
C, nab2 F73D cells display nuclear accumulation of poly(A) RNA. NAB2� cells
carrying only NAB2, nab2 �N, nab2 F72D, or nab2 F73D plasmids were grown
in liquid culture at 30 °C and poly(A) RNA (Poly(A)) was visualized by FISH
using an oligo(dT) probe as described under “Experimental Procedures.” Cells
were stained with DAPI to visualize the position of the nucleus. Correspond-
ing differential interference contrast (DIC) images are shown. FISH results
were quantitated as described under “Experimental Procedures” to assess the
mean percentage of cells with nuclear accumulation of poly(A) RNA within 10
fields of at least 195 cells each (indicated to the right of DIC images). Variation
in the percentage of cells with nuclear poly(A) RNA in each field of cells from
the mean was assessed by calculating the standard deviation: NAB2, 3.2 �
1.0%; nab2 F72D, 3.9 � 1.5%; and nab2 F73D, 8.2 � 2.0%. Thus, nab2 F73D cells
exhibit a 2.5-fold increase in nuclear poly(A) RNA accumulation relative to

NAB2 cells, whereas nab2 F72D cells show only a modest 1.2-fold increase. The
percentages of nuclear poly(A) RNA accumulation observed in nab2 F73D
cells were typical of multiple independent experiments.

Nab2/Mlp1 Interaction Is Important for mRNA Export in Vivo

27138 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 40 • OCTOBER 3, 2008



mutants,mex67-5 (8) or yra1–8 (21), at the permissive growth
temperature for these conditional mutants. Using the plasmid
shuffle assay, NAB2� mex67-5 yeast cells harboring the NAB2
URA3 maintenance plasmid and containing NAB2, nab2 �N,
F72D or F73D LEU2 test plasmids were grown to saturation,
serially diluted, and spotted on control and 5-FOA plates. The
mex67-5 nab2 F73D double mutant cells show a slow growth
phenotype compared with mex67-5 NAB2 cells, whereas
mex67-5 nab2 F72D cells show growth similar to mex67-5
NAB2 cells (Fig. 6A). Further supporting a functional link
between Mex67 and Nab2,mex67-5 nab2 �N cells are not via-
ble.We confirmed the slow growth phenotype ofmex67-5 nab2
F73D cells relative to mex67-5 NAB2 cells by measuring the
optical density of the cells in liquid cultures and generating
quantitative growth curves (Fig. 6B). In a similar manner,
NAB2� yra1–8 yeast cells harboring the NAB2 URA3mainte-
nance plasmid and containing NAB2, nab2 �N, F72D or F73D
LEU2 test plasmids were grown to saturation and spotted on
control and 5-FOA plates. The yra1–8 nab2 F73D double
mutant cells show a slow growth phenotype compared with
yra1–8 NAB2 cells (Fig. 6A), whereas yra1–8 nab2 F72D cells
show growth similar to yra1–8 NAB2 cells. These results dem-
onstrate that nab2 F73D genetically interacts with mRNA
export mutantsmex67-5 and yra1–8 at their permissive tem-
peratures. Together, the data suggest that although disrupt-
ing the Nab2 interaction with Mlp1 does not detectably
impact yeast cell growth when the mRNA export pathway is
fully functional, it does impact cell growth when mRNA
export is suboptimal.
Given that the nab2 F73D cells showed amild mRNA export

defect in a wild-type background, we wished to assess whether
cells expressingNab2 F73D in amex67-5mRNAexportmutant
background, which showed a severe cell growth defect, exhibit
a similar ormore pronouncedmRNA export defect. To address
this possibility, we examined poly(A) RNA localization in the
mex67-5 nab2 F73D cells and quantitated the percentage of
cells with nuclear poly(A) RNA accumulation. Importantly, we
examined the cells at the permissive temperature of 30 °C
where mex67-5 cells show minimal nuclear accumulation of
poly(A) RNA (8).NAB2�mex67-5 cells expressingNAB2, nab2
F72D, or nab2 F73Dwere processed for FISHwith an oligo(dT)
probe to visualize bulk poly(A) RNA. Themex67-5 nab2 F73D
cells show a 1.7-fold increase in nuclear accumulation of
poly(A)RNAcomparedwithmex67-5NAB2 cells (Fig. 6C). The
combined results suggest that Nab2-F73D, which disrupts the
Nab2/Mlp1 interaction, impacts mRNA export in vivo.

DISCUSSION

In this study, we have examined the functional significance of
the interaction between the poly(A) RNA-binding protein,
Nab2, and the nuclear pore-associated protein, Mlp1, to test a
model where Nab2 facilitates targeting of mRNA for export via
interaction with Mlp1. We find that disruption of the Nab2/

FIGURE 6. The nab2 F73D mutant displays genetic interactions with mRNA
export mutants mex67-5 and yra1– 8 and mex67-5 nab2 F73D cells show
nuclear poly(A) RNA accumulation. A, mex67-5 nab2 F73D cells or yra1– 8
nab2 F73D cells have a slow growth phenotype. NAB2� mex67-5 or NAB2�
yra1– 8 cells maintained by a NAB2 URA3 plasmid and containing NAB2, nab2
�N, nab2 F72D, or nab2 F73D LEU2 test plasmids were grown to saturation,
serially diluted in 10-fold dilutions and spotted on control and 5-FOA plates.
Cells were grown at 30 °C. B, growth curve analysis of mex67-5 nab2 F73D cells
confirms that they grow more slowly than mex67-5 NAB2 cells. mex67-5
NAB2� cells carrying only NAB2, nab2 F72D, or nab2 F73D plasmids were
grown to saturation, diluted, and their optical density was measured at A600
for 40 h as described under “Experimental Procedures.” C, mex67-5 nab2 F73D
cells show nuclear accumulation of poly(A) RNA. NAB2� mex67-5 cells carry-
ing only NAB2, nab2 F72D, or nab2 F73D plasmids were grown in liquid culture
at 30 °C and poly(A) RNA (Poly(A)) was visualized by FISH using an oligo(dT)
probe as described under “Experimental Procedures.” Cells were stained with
DAPI to visualize the position of the nucleus. Corresponding differential inter-
ference contrast (DIC) images are shown. FISH results were quantitated as
described under “Experimental Procedures” to assess the mean percentage
of cells with nuclear accumulation of poly(A) RNA within 10 fields of at least 43
cells each (indicated to the right of the DIC images). Variation in the percent-
age of cells with nuclear poly(A) RNA in each field of cells from the mean was
assessed by calculating the standard deviation: mex67-5 NAB2, 18.6 � 4.8%;
mex67-5 nab2 F72D, 20.3 � 6.0%; and mex67-5 nab2 F73D, 30.8 � 6.9. Thus,
mex67-5 nab2 F73D cells exhibit a 1.7-fold increase in nuclear poly(A) RNA

accumulation relative to mex67-5 NAB2 cells, whereas mex67-5 nab2 F72D
cells show only a slight 1.1-fold increase. The percentages of nuclear poly(A)
RNA accumulation observed in mex67-5 nab2 F73D cells were typical of mul-
tiple independent experiments.
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Mlp1 interaction in vivo causes nuclear accumulation of
poly(A) RNA. Furthermore, the nab2 F73D mutant shows
genetic interactions with two genes essential formRNA export,
MEX67 and YRA1, supporting the hypothesis that Nab2 bind-
ing to Mlp1 contributes to efficient mRNA export. In addition,
we have characterized the Nab2/Mlp1 interaction in detail and
find that the Nab2-binding domain of Mlp1 (Mlp1-NBD) is
sufficient to bind to the N-terminal domain of Nab2 (Nab2-N)
and cause nuclear accumulation of poly(A) RNA, suggesting
that Nab2 is an important molecular link between Mlp1 and
poly(A) RNA. We also find that Mlp1-NBD binds to Nab2-N
with micromolar affinity, indicating that the Nab2/Mlp1 inter-
action, like other mRNA export factor-nucleoporin interac-
tions (59, 60), is comparatively weak. Together, the results are
consistent with the notion that Nab2 facilitates targeting of
mRNA for export via transient interaction with Mlp1 and acts
in concert with other mRNA export factors to coordinate
proper mRNA export.
We have mapped the Nab2-binding domain of Mlp1 (Mlp1-

NBD) to a 183-amino acid region (residues 1586–1768) within
CT-Mlp1. Analysis of the Mlp1-NBD protein sequence using
Phyre (www.sbg.bio.ic. ac.uk/phyre/html/index.html) suggests
that it forms a predominantly �-helical secondary structure,
with the initial 90 residues (1586–1676) likely to form two hel-
ices (61). Sequence alignment of the Mlp1-NBD peptide with
Mlp1 peptides fromother Saccharomyces species highlights key
hydrophobic residues within the first 90 residues ofMlp1-NBD
that have been evolutionarily conserved and perhaps retained
because they form �-helical secondary structure or serve as
functional contact sites. It will be necessary to determine the
structure ofMlp1-NBD and its complex with Nab2-N to define
the Mlp1-NBD fold more precisely and identify the residues
within Mlp1-NBD that make contact with the hydrophobic
patch and residue Phe73 in Nab2-N.

Analysis of the binding between Nab2-N and Mlp1-NBD
indicates that Mlp1-NBD binds to Nab2-N with a relatively
weak affinity that is in the micromolar range (Kd � 1.3 �M).
Apparent binding affinities between the nuclear transport fac-
tor, NTF2, or the mRNA receptor heterodimer, TAP-p15, and
FG repeat-containing nucleoporins have been measured and
are also in the micromolar range (59, 60). For example, NTF2
binds to FG repeat nucleoporinswith an apparentKd of 1–4�M
and TAP-p15 binds to FG repeat nucleoporins with an appar-
ent Kd of 4–11 �M (59, 60). Therefore, the binding constant of
1.3 �M observed between Nab2 and Mlp1 is comparable with
the binding constants measured between other nuclear trans-
port factors and FG-nucleoporins. Like the low-affinity trans-
port factor-nucleoporin interactions, the rather weak Nab2/
Mlp1 interaction is therefore likely to be transient in vivo. In
this way, Nab2 may bind transiently to Mlp1 with a relatively
high off-rate consistent with rapid transport of the properly
assembled mRNA export complex.
Quantitative analysis of the interaction between Nab2-N-

F73D andMlp1-NBD shows that Mlp1-NBD binding to Nab2-
N-F73D is too weak to measure. This result supports previous
data showing that CT-Mlp1 cannot interact with Nab2-N-
F73D in vitro and confirms that Nab2 residue Phe73 is critical
for the Nab2/Mlp1 interaction. In addition, we find that Mlp1-

NBD binds to a secondNab2mutant, Nab2-N-F73W, with 1.5-
fold higher affinity (Kd � 0.8 �M) compared with wild-type
protein (Kd � 1.3 �M). This result strengthens the idea that
large hydrophobic residues within Nab2-N are important for
binding toMlp1 andunderscores the hydrophobic nature of the
Nab2/Mlp1 interaction.
A key finding of this study is that expression of Nab2 F73D

and the consequent disruption of theNab2/Mlp1 interaction in
vivo causes nuclear accumulation of poly(A) RNA and that this
nab2 F73Dmutant displays genetic interactions with alleles of
two genes essential for mRNA export,MEX67 and YRA1. This
result indicates that the Nab2/Mlp1 interaction is functionally
important and contributes to mRNA export. nab2 F73D cells
show a 2.5-fold increase in nuclear accumulation of poly(A)
RNA relative to wild-type NAB2 cells, but do not exhibit a
detectable growth defect. A potential explanation for this result
is that the Nab2/Mlp1 interaction increases the rate and/or
efficiency of one step of the mRNA export pathway that is not
normally rate-limiting and therefore the Nab2/Mlp1 interac-
tion is not absolutely required for cell growth in a wild-type
background. mex67-5 nab2 F73D cells, however, show a 1.7-
fold increase in nuclear accumulation of poly(A) RNA relative
to mex67-5 NAB2 cells and clearly exhibit a decrease in cell
growth. One possible explanation for the growth defect in
mex67-5 nab2 F73D cells is that the Nab2/Mlp1 interaction
becomes critical for a cellular function, such as efficient mRNA
export, when additional steps in mRNA export and/or mRNA
metabolism are compromised due to impairment of theMex67
mRNA export receptor. A second potential explanation for the
growth defect in mex67-5 nab2 F73D cells is that a threshold
number of cells that exhibit mRNA export defects within the
population must be reached before any effects on the overall
growth properties of the culture are observed. Thus, the �30%
of nab2 F73Dmex67-5 cells that show nuclear accumulation of
poly(A) RNA may be sufficient to impact the overall growth
properties of the cell population, whereas the �8% of nab2
F73D cells that show nuclear poly(A) RNA accumulation may
not be sufficient. Further study will be required to ascertain
precisely how defects in cell growth are linked to impaired
mRNA export.
The analysis of the Nab2 F73D mutant presented here and

previous work on components of the mRNA export pathway
suggest a model for Nab2 function in mRNA export in which
Nab2 helps to target mRNA to the nuclear pore for export (Fig.
7A). In this simplified model, mRNA is co-transcriptionally
loaded with the mRNA export adaptor, Yra1 (21, 62), and the
poly(A) tails of the mRNA are specifically bound by Nab2 dur-
ing or after polyadenylation (34–36). Yra1 binds to the mRNA
export protein, Mex67 (18, 19), and recruits the Mex67/Mtr2
heterodimeric receptor to the mRNA (16). Mex67/Mtr2 then
interacts with FG-nucleoporins at the pore to translocate the
mRNA to the cytoplasm (17). Alongside Yra1 andMex67,Nab2
binds to Mlp1 at the pore (38), via interaction between the
Nab2-N hydrophobic patch and the Mlp1-NBD, to help con-
centrate the mRNA at the pore for interaction with other
mRNA export factors and transport to the cytoplasm. The
assembled mRNA complex containing Nab2 is then translo-
cated through the NPC channel by Mex67/Mtr2, which inter-
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acts with FG-nucleoporins in the channel (17, 63). Upon reach-
ing the cytoplasmic face of the nuclear pore, the mRNA export
complex encounters the DEAD-box helicase, Dbp5 (64, 65),
which is bound to and activated by the nucleoporin, Gle1 (66–
69), and Dbp5 remodels the mRNP to trigger dissociation of
Nab2 from the RNA (70), release of Mex67, and disassembly of
the complex (71). Importantly, examination of Dbp5 function
suggests that disassembly of the mRNA export complex is
probably a rate-limiting step in mRNA export (70, 71). In a
more detailed mRNA export model, several other mRNA

export adaptors, hnRNPs, andmRNAprocessing factors can be
added that aid in the concentration ofmRNAat the nuclear face
of the pore, the translocation of that mRNA through the pore
and its remodeling and disassembly at the cytoplasmic face of
the pore.
Fig. 7B presents a plausible model to account for the

observed growth and mRNA export defects in mex67-5 nab2
F73D cells. We envisage that the Mex67-5 mutant, which can-
not interact with Mtr2 and FG-nucleoporins at the non-per-
missive temperature (8, 16), may also be impaired in binding to
FG-nucleoporins even at the permissive temperature. As the
interaction between Mex67 and the FG-nucleoporins is neces-
sary for the translocation step of mRNA export (17), the
Mex67-5 mutant may reduce the rate of translocation through
the nuclear pore. At the permissive temperature, this modest
reduction in the rate of translocation produced by Mex67-5
may not impact the overall rate of mRNA export as the trans-
location step is probably not normally rate-limiting. Similarly,
the Nab2 F73D mutant, which cannot interact with Mlp1, may
reduce the rate of mRNA concentration at the pore. At the
permissive temperature, this moderate reduction in the rate of
mRNA concentration produced by Nab2 F73D may not affect
the total rate of mRNA export as the concentration step is also
probably not normally rate-limiting. However, the cumulative
effect of impairing both mRNA translocation and concentra-
tion steps could be more marked and reduce the overall rate of
mRNA export. At the permissive temperature, in mex67-5
nab2 F73D cells, the combined reduction in the mRNA trans-
location rate produced byMex67-5 and the reduction inmRNA
concentration rate caused by Nab2 F73D could become rate-
limiting and result in a decreased rate of mRNA export coupled
with nuclear accumulation of poly(A) RNA. Alternatively, in
mex67-5 nab2 F73D cells, malformed mRNP complexes con-
taining Nab2 F73D andMex67-5may be generated that are not
recognized and removed by the surveillancemachinery because
Nab2 F73D does not bind toMlp1 efficiently. Further work will
be required to distinguish between these alternative models.
The combined data presented here highlight the importance

of theNab2/Mlp1 interaction in vivo and underscore the extent
of cooperation betweenmRNA export factors, Nab2, Yra1, and
Mex67, that is necessary for efficient mRNA export. In addi-
tion, the data suggest that although themRNAexport system in
yeast can tolerate single component mutations, such as nab2
F73D, double component mutations, likemex67-5 nab2 F73D,
produce a growth defect and significant nuclear accumulation
of poly(A) RNA, consistent with the step in the export pathway
in which they participate becoming rate-limiting, even under
permissive conditions. The results of this study are therefore
consistent with a model in which Nab2 helps to target the
mRNPcomplex to the nuclear pore via interactionwithMlp1 to
facilitate mRNA export. In this model, it is clear that Nab2 acts
in concert with other mRNA export factors, particularly Yra1
and Mex67, to form an mRNP that is competent of export.
Future studies on the genetic and physical interactions between
Nab2 and other mRNA export components will help to eluci-
date the underlying mechanism of mRNA export in eukaryotic
organisms.

FIGURE 7. Models for Nab2 function in mRNA export and the observed
growth and mRNA export defects in mex67-5 nab2 F73D cells at the per-
missive temperature. A, model for Nab2 function in mRNA export in which
Nab2 helps to target mRNA to the nuclear pore for export. Initially, mRNA is
co-transcriptionally loaded with the mRNA export adaptor, Yra1 (21, 62), and
bound by Nab2 at the poly(A) tail (34 –36). Yra1 then binds to the mRNA
export protein, Mex67 (18, 19), recruiting the Mex67/Mtr2 heterodimeric
receptor to the mRNA (16) and Mex67/Mtr2 interacts with FG-nucleoporins at
the pore to translocate the mRNA to the cytoplasm (17). Alongside Yra1 and
Mex67, Nab2 binds to Mlp1 at the pore (38), via the Nab2-N/Mlp1-NBD inter-
action. The assembled mRNA complex containing Nab2 is then translocated
through the NPC channel by Mex67/Mtr2 (17, 63). Upon reaching the cyto-
plasmic face of the nuclear pore, the mRNA export complex encounters the
DEAD-box helicase, Dbp5 (64, 65), tethered and activated by the nucleoporin,
Gle1 (66 – 69), which remodels the mRNP to trigger dissociation of Nab2 from
the RNA (70), release of Mex67, and disassembly of the complex (71). B, model
to explain the observed growth and mRNA export defects in mex67-5 nab2
F73D cells at the permissive temperature in which combined impairment of
Mex67 and Nab2 reduces mRNA export. Here, the Mex67-5 mutant, which
cannot interact with Mtr2 and FG-nucleoporins at the non-permissive tem-
perature (8, 16), may also be impaired in binding to FG-nucleoporins at the
permissive temperature, potentially resulting in a moderate reduction in the
rate of translocation. Similarly, the Nab2 F73D mutant, which cannot interact
with Mlp1, may reduce the rate of mRNA concentration at the pore. Combi-
nation of the reduction in mRNA translocation rate produced by Mex67-5 and
reduction in the mRNA concentration rate caused by Nab2 F73D could
become rate-limiting and result in a decreased rate of mRNA export coupled
with nuclear accumulation of poly(A) RNA.
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48. Kosova, B., Panté, N., Rollenhagen, C., Podtelejnikov, A., Mann, M., Aebi,
U., and Hurt, E. (2000) J. Biol. Chem. 275, 343–350

49. Grant, R. P., Marshall, N. J., Yang, J. C., Fasken, M. B., Kelly, S. M., Harre-
man, M. T., Neuhaus, D., Corbett, A. H., and Stewart, M. (2008) J. Mol.
Biol. 376, 1048–1059

50. Szymczyna, B. R., Bowman, J., McCracken, S., Pineda-Lucena, A., Lu, Y.,
Cox, B., Lambermon, M., Graveley, B. R., Arrowsmith, C. H., and Blen-
cowe, B. J. (2003) Genes Dev. 17, 461–475

51. Suntharalingam,M., Alcazar-Roman, A. R., andWente, S. R. (2004) J. Biol.
Chem. 279, 35384–35391

52. Sambrook, J., Fritsch, E. F., and Maniatis, T. (1989)Molecular Cloning: A
Laboratory Manual, Second Ed., Cold Spring Harbor Laboratory Press,
Cold Spring Harbor, NY

53. Adams, A., Gottschling, D. E., Kaiser, C. A., and Stearns, T. (1997)Meth-
ods in Yeast Genetics, Cold Spring Harbor Laboratory Press, Cold Spring
Harbor, NY

54. Bayliss, R., Littlewood, T., Strawn, L. A., Wente, S. R., and Stewart, M.
(2002) J. Biol. Chem. 277, 50597–50606

55. Wong, D. H., Corbett, A. H., Kent, H. M., Stewart, M., and Silver, P. A.
(1997)Mol. Cell. Biol. 17, 3755–3767

56. Boeke, J. D., Truehart, J., Natsoulis, G., and Fink, G. (1987) Methods En-
zymol. 154, 164–175

57. Aitchison, J. D., Blobel, G., and Rout, M. P. (1996) Science 274, 624–627
58. Hodel, M. R., Corbett, A. H., and Hodel, A. E. (2001) J. Biol. Chem. 276,

1317–1325
59. Bayliss, R., Ribbeck, K., Akin, D., Kent, H. M., Feldherr, C. M., Görlich, D.,

and Stewart, M. (1999) J. Mol. Biol. 293, 579–593
60. Katahira, J., Straesser, K., Saiwaki, T., Yoneda, Y., and Hurt, E. (2002)

J. Biol. Chem. 277, 9242–9246
61. Bennet-Lovsey, R. M., Herbert, A. D., Sternberg, M. J., and Kelley, L. A.

(2008) Proteins 70, 611–625
62. Lei, E. P., Krebber, H., and Silver, P. A. (2001) Genes Dev. 15, 1771–1782
63. Terry, L. J., and Wente, S. R. (2007) J. Cell Biol. 178, 1121–1132
64. Tseng, S. S., Weaver, P. L., Liu, Y., Hitomi, M., Tartakoff, A. M., and

Chang, T. H. (1998) EMBO J. 17, 2651–2662
65. Snay-Hodge, C. A., Colot, H. V., Goldstein, A. L., and Cole, C. N. (1998)

EMBO J. 17, 2663–2676
66. Strahm,Y., Fahrenkrog, B., Zenklusen,D., Rychner, E., Kantor, J., Rosbach,

M., and Stutz, F. (1999) EMBO J. 18, 5761–5777
67. Hodge, C. A., Colot, H. V., Stafford, P., and Cole, C. N. (1999) EMBO J. 18,

Nab2/Mlp1 Interaction Is Important for mRNA Export in Vivo

27142 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 283 • NUMBER 40 • OCTOBER 3, 2008



5778–5788
68. Alcazar-Roman,A. R., Tran, E. J., Guo, S., andWente, S. R. (2006)Nat. Cell

Biol. 8, 711–716
69. Weirich, C. S., Erzberger, J. P., Flick, J. S., Berger, J. M., Thorner, J., and

Weis, K. (2006) Nat. Cell Biol. 8, 668–676
70. Tran, E. J., Zhou, Y., Corbett, A. H., andWente, S. R. (2007)Mol. Cell 28,

850–859
71. Lund, M. K., and Guthrie, C. (2005)Mol. Cell 20, 645–651
72. Lange, A.,Mills, R. E., Devine, S. E., andCorbett, A.H. (2008) J. Biol. Chem.

283, 12926–12934
73. Schlenstedt, G., Saavedra, C., Loeb, J. D., Cole, C. N., and Silver, P. A.

(1995) Proc. Natl. Acad. Sci. U. S. A. 92, 225–229

Nab2/Mlp1 Interaction Is Important for mRNA Export in Vivo

OCTOBER 3, 2008 • VOLUME 283 • NUMBER 40 JOURNAL OF BIOLOGICAL CHEMISTRY 27143


