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Essential messenger RNA (mRNA) export factors execute critical steps to mediate directional transport through
nuclear pore complexes (NPCs). At cytoplasmic NPC filaments, the ATPase activity of DEAD-box protein Dbp5 is
activated by inositol hexakisphosphate (IP6)-bound Gle1 to mediate remodeling of mRNA–protein (mRNP)
complexes. Whether a single Dbp5 executes multiple remodeling events and how Dbp5 is recycled are unknown.
Evidence suggests that Dbp5 binding to Nup159 is required for controlling interactions with Gle1 and the mRNP.
Using in vitro reconstitution assays, we found here that Nup159 is specifically required for ADP release from
Dbp5. Moreover, Gle1-IP6 stimulates ATP binding, thus priming Dbp5 for RNA loading. In vivo, a dbp5-R256D/
R259D mutant with reduced ADP binding bypasses the need for Nup159 interaction. However, NPC spatial
control is important, as a dbp5-R256D/R259D nup42D double mutant is temperature-sensitive for mRNA export.
Further analysis reveals that remodeling requires a conformational shift to the Dbp5–ADP form. ADP release
factors for DEAD-box proteins have not been reported previously and reflect a new paradigm for regulation. We
propose a model wherein Nup159 and Gle1-IP6 regulate Dbp5 cycles by controlling its nucleotide-bound state,
allowing multiple cycles of mRNP remodeling by a single Dbp5 at the NPC.
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Dynamic changes in the composition and assembly of
messenger RNA (mRNA)–protein interactions underlie
many of the central events in eukaryotic gene expression
and regulation (Moore 2005). These events include mRNA
synthesis, processing, nuclear export, trafficking, trans-
lation, and turnover. Members of a family of conserved
enzymes, the DEAD-box proteins (Dbps) numbering >20 in
Saccharomyces cerevisiae and human cells, are critical for
multiple steps in the mRNA life cycle (Rocak and Linder
2004; Cordin et al. 2006). The Dbps are RNA-dependent
ATPases that act via helicase activity for unwinding RNA

duplexes and/or remodeling activity for altering the pro-
tein composition of mRNA–protein (mRNP) complexes
(Fairman et al. 2004; Jankowsky and Bowers 2006). The
function of these specific Dbp activities must be controlled
both spatially and temporally to ensure proper gene
expression. However, the mechanisms for regulating Dbps
are not fully defined, leaving a gap in our understanding of
gene expression.

One of the key steps in the gene expression pathway is
the exit of mRNPs from the nucleus (Kelly and Corbett
2009; Stewart 2010; Rodriguez-Navarro and Hurt 2011).
This occurs via nuclear pore complexes (NPCs), >60-MDa
structures that form channels spanning the nuclear enve-
lope (Brohawn et al. 2009). Each export-competent mRNP
has many associated proteins, including those that directly
bind mRNA and a heterodimeric transport receptor
(Mex67–Mtr2 in S. cerevisiae; TAP/NXF1–p15/NXT1 in
metazoan) that mediates docking of mRNPs to NPCs and
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their translocation (Stewart 2007b; Kelly and Corbett
2009). During mRNA export, protein–protein and protein–
mRNA interactions in the mRNP are altered through a
remodeling mechanism (Daneholt 2001). For example, in S.
cerevisiae, the export receptor Mex67–Mtr2 and the nuclear
poly(A)-binding protein Nab2 are removed from the mRNP
(Lund and Guthrie 2005; Tran et al. 2007) by Dbp5, an
essential Dbp (hDbp5/DDX19B in human cells) (Snay-
Hodge et al. 1998; Tseng et al. 1998; Schmitt et al. 1999).
At steady state in S. cerevisiae cells, Dbp5 is localized at
the NPC through a direct interaction with Nup159/Rat7
(Nup214 in human cells) (Hodge et al. 1999; Schmitt et al.
1999). Nup159 resides exclusively in filaments extending
from the NPC cytoplasmic face, and thus it allows local-
ization of Dbp5 for action during terminal steps in mRNP
export (Kraemer et al. 1995; Hurwitz et al. 1998; Hodge
et al. 1999; Schmitt et al. 1999). However, Dbp5 alone is a
weak ATPase and requires inositol hexakisphosphate
(IP6)-bound Gle1 for activation (Alcazar-Roman et al.
2006; Weirich et al. 2006). Spatial control of Dbp5 activa-
tion is thought to be achieved by Gle1 docking at Nup42
(hCG1 in human), which is adjacent to Nup159 in the
NPC cytoplasmic filaments (Strahm et al. 1999; Miller
et al. 2004; Kendirgi et al. 2005; Alber et al. 2007). It is
speculated that multiple cycles of Gle1-IP6/Dbp5 action
contribute to the translocation of a single mRNP through
the NPC (Stewart 2007). However, the order of events in
mRNP export at the NPC cytoplasmic filaments has not
been resolved.

Several recent structural studies give insight into the
mechanism by which Dbp5 cycles between nucleotide,
RNA, and Nup159 binding. First, our previous studies
suggest that Dbp5ATP and Dbp5ADP have distinct confor-
mations, as detected by limited trypsin digestion (Tran
et al. 2007). In addition, structural studies of hDbp5 and
the N-terminal domain (NTD) of yeast Dbp5 support this
conclusion and indicate that Dbp5 undergoes dramatic
nucleotide-dependent conformational changes between
the AMP-PNP (a nonhydrolyzable ATP analog) and ADP-
bound states (Collins et al. 2009; Fan et al. 2009). In-
triguingly, in a reconstituted in vitro system, Dbp5 re-
models a Nab2-RNP in the presence of ADP alone. This
suggests that ADP binding or the Dbp5–ADP-bound
(Dbp5ADP) state is functional (Tran et al. 2007). However,
both ATP hydrolysis and nucleotide binding are required
for in vivo function, as dbp5 mutants lacking either func-
tion are recessive lethal (Hodge et al. 2011). It is unknown
how the in vitro ADP-dependent remodeling activity is
linked to the Dbp5 mechanism for ATP hydrolysis in a
cell.

Second, crystallographic analysis of hDbp5 has also
revealed that the Nup214- and RNA-binding sites overlap
and are mutually exclusive (von Moeller et al. 2009). More-
over, ATP-bound Dbp5 (Dbp5ATP), ADP-bound Dbp5
(Dbp5ADP), and nucleotide-free Dbp5 (apo-Dbp5) states
are predicted to have differential Nup159- and RNA-binding
affinities. This is based on the Nup214 affinity for apo-
hDbp5 being greater than that for hDbp5ATP (von Moeller
et al. 2009), and Dbp5ATP affinity for RNA being greater
than Dbp5ADP (Weirich et al. 2006; Tran et al. 2007). These

results have raised the question of whether Nup159
removes RNA from Dbp5, or whether RNA dissociates
Dbp5 from Nup159. Some evidence suggests that Nup159
binding is a first step for positioning Dbp5 to interact
with Gle1 and the mRNP at the NPC. The NTD (residues
1–387) of Nup159 is necessary and sufficient for Dbp5
binding, and nup159 mutants lacking Dbp5 binding are
defective for mRNA export (Hodge et al. 1999; Schmitt
et al. 1999). However, there is also evidence that Dbp5 can
potentially associate with mRNA in the nucleus, and also
that it acts in the cytoplasm during translation. Immu-
noelectron microscopy studies of the large Balbiani ring
mRNP in the salivary glands of Chironomus tentans found
Dbp5 present in this mRNP both cotranscriptionally and
throughout the export process (Zhao et al. 2002). Genetic
and physical interaction studies have also linked Dbp5 to
transcription factor IIH function (Estruch and Cole 2003).
During translation in S. cerevisiae, Dbp5 and Gle1-IP6 are
required for efficient translation termination (Bolger et al.
2008). Thus, control of Dbp5 activity is likely compart-
ment/site-specific. As Dbp5 binding to Nup159 is unique
to the cytoplasmic NPC filaments, understanding its role
is critical for determining the specificity and order of steps
during mRNP export.

To determine how Dbp5 cycles between remodeling
events at the NPC, we directly analyzed Dbp5 in an in
vitro reconstituted system and investigated the functional
properties of specific dbp5 mutants. We found the Nup159-
NTD is specifically required to stimulate the release of
ADP from Dbp5. As such, we speculate that Nup159 ex-
ecutes a step following ATP hydrolysis and directly facil-
itates continued remodeling cycles per Dbp5 at the NPC.
This model is supported by the phenotype of a dbp5RR

mutant that bypasses the requirement for Nup159 docking
and results in a dbp5RR protein with altered ADP binding.
However, Gle1 binding to Nup42 in dbp5RR mutant cells is
required, as a dbp5RR nup42D double mutant is tempera-
ture-sensitive and defective for mRNA export. Moreover,
in vitro, Gle1-IP6 promotes ATP-binding to Dbp5. Analysis
of the dbp5RR protein and a catalytically dead dbp5 (dbp5EQ)
in the in vitro mRNP remodeling assay further suggests
that the in vitro activity is linked to an apo-Dbp5-to-
Dbp5ADP transition that presumably structurally mimics
the in vivo Dbp5ATP-to-Dbp5ADP conversion. Taken to-
gether, we propose a novel mechanism whereby the Dbp5
nucleotide cycle is regulated and the system favors recy-
cling of Dbp5 at the NPC.

Results

Nup159 promotes Dbp5 release of ADP but not ATP

We showed previously that ADP is sufficient for Dbp5-
dependent mRNP remodeling in vitro (Tran et al. 2007).
To investigate this further, we initiated studies to analyze
Dbp5 nucleotide-binding states. First, we characterized
ADP binding using equilibrium binding assays. Purified,
recombinant Dbp5 was incubated with increasing con-
centrations of radiolabeled 14C-ADP over a time course of
24 h and binding was measured in a filter-binding assay
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(Fig. 1A). Initial ADP-binding rates increased with in-
creasing molar ratios of ADP to Dbp5 (Fig. 1A, bottom).
However, binding did not plateau for several hours at any
ratio tested. This long equilibration time for Dbp5–ADP
binding had not been reported previously, and we initially
tested for specificity by competition assays with un-
labeled nucleotides. Using 14C-ADP–Dbp5 samples (mo-
lar ratio of 5:1) that were equilibrated for 24 h, filter-
binding assays were performed after addition of excess
unlabeled ADP or ATP (Fig. 1B). Surprisingly, neither
nucleotide diminished the level of bound 14C-ADP over
the course of an additional 24 h. We showed previously
that excess unlabeled ADP and ATP can equally compete
for binding when added coincidentally with radiolabeled
ADP (Tran et al. 2007). Taken together, this indicates that,
once bound to ADP in vitro, nucleotide release from Dbp5
is slow.

To test whether known Dbp5-interacting factors stim-
ulate ADP release, we added either bacterially expressed,
purified recombinant Nup159-NTD (amino acids 2–387),
full-length Gle1 with IP6, or RNA to the 14C-ADP-binding
assay after the initial 24-h equilibration period (Fig. 1D).
Nup159-NTD promoted significant release of ADP

within minutes, whereas Gle1-IP6 and RNA did not have
any effect at any time point tested. We further character-
ized this Nup159 release activity by testing increasing
molar ratios of Nup159 to Dbp5 in the 14C-ADP-binding
assay again, after the initial 24-h equilibration period.
We found that the initial rates of release are dependent on
the concentration of Nup159 relative to Dbp5 (Fig. 1E).
Interestingly, full release was achieved at a 1:1 Dbp5:Nup159
molar ratio, indicating that Nup159 promotes release by
direct binding. To test for the effect of direct Dbp5–
Nup159 binding, we generated two different altered ver-
sions of Nup159 that lack Dbp5 binding: nup159-D331R/
D333R (nup159DD) and nup159-V323E/I326E (nup159VI)
(Supplemental Fig. 1A–C). Neither nup159DD-NTD nor
nup159VI-NTD promoted ADP release from Dbp5 (Fig. 1D).
We also tested the effect of Nup159-NTD, Gle1-IP6, and
RNA on the ability to promote the release of 14C-ADP-BeFx,
which mimics an ATP in the active site prior to hydrolysis.
After a 24-h binding incubation, no significant release of
14C-ADP-BeFx was observed (Fig. 1C). We conclude that the
Nup159-NTD function is specific to the release of ADP
from Dbp5.

Gle1-IP6 promotes Dbp5 ATP binding

The ADP equilibrium binding data for Dbp5 was surpris-
ing because we and others have shown that Dbp5 has
robust ATPase activity in vitro without the addition of
Nup159-NTD to promote ADP release (Alcazar-Roman

Figure 1. Nup159 promotes Dbp5 release of ADP. (A) Equilib-
rium binding assays show an increase in initial rate of Dbp5–
14C-ADP binding: Dbp5 (1 mM) was incubated with increasing
concentrations of 14C-ADP (0.5–150 mM) over the course of 24 h.
Samples were removed at several time points and used in filter-
binding assays. Background integrated density signals of 14C-ADP
at each concentration were subtracted from the Dbp5-bound ADP
signal. As listed in the table, initial velocities of binding (fraction
14C-ADP bound per minute) were calculated during the linear
phase of the binding curve at each Dbp5:14C-ADP ratio tested. (B)
Dbp5 does not release bound ADP after equilibration: After 24-h
equilibration of 1 mM Dbp5 and 5 mM 14C-ADP:MgCl2, excess
unlabeled ATP:MgCl2 or ADP:MgCl2 (10 mM of each) was added,
and filter-binding assays were conducted after an additional
24 h incubation. (C) Nup159-NTD does not promote release of
the nonhydrolyzable ATP analog ADP-BeFx: After 26-h equili-
bration of 1 mM Dbp5 with 5 mM 14C-ADP-BeFx, either 1 mM
Nup159NTD, 500 nM Gle1 with 200 nM IP6, or 2 mM poly(A)25

RNA was added, and filter-binding assays were performed at 24 h
after addition. (D) Nup159-NTD specifically promotes Dbp5
release of bound ADP: After 24-h equilibration of 1 mM Dbp5
with 5 mM 14C-ADP:MgCl2, either 1 mM Nup159-NTD, 500 nM
Gle1 with 200 nM IP6, or 2 mM RNA was added, and filter-
binding assays were performed at 10 min and 24 h after addition.
Two altered nup159 proteins (nup159DD and nup159VI) that do not
bind Dbp5 in vitro were used as negative controls. (E) Increasing
concentration of Nup159 promotes faster Dbp5 release of bound
14C-ADP. Dbp5 (1 mM) was incubated with 5 mM 14C-ADP for
24 h. Increasing concentrations of Nup159 were added and filter-
binding assays were performed over the course of 2 h. All data
points and bars represent at least three independent experi-
ments with standard error bars.
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et al. 2006; Weirich et al. 2006). However, the action of
Nup159 during the ATPase cycle is not fully resolved.
Others have also reported that Nup159-NTD has no effect
on the RNA-dependent ATPase activity of Dbp5 (Weirich
et al. 2006), whereas, under different assay conditions, the
Nup214-NTD is inhibitory for hDbp5 activity (von Moeller
et al. 2009). As noted above, the predicted overlapping
RNA- and Nup159-binding sites complicate the interpre-
tation of how Nup159 might impact in vitro ATPase ac-
tivity. In an in vivo ATPase cycle, access to Nup159, Gle1,
and RNA is likely spatially distinct compared with the
reconstituted in vitro reactions. We hypothesized that there
could be a factor that promotes ATP loading in vitro to
facilitate Dbp5 nucleotide cycling and allow continued
hydrolysis.

To identify this factor, we generated an altered dbp5
protein with a glutamate-to-glutamine change (E240Q) in
the eponymous DEAD sequence of motif II (designated
dbp5EQ) (Fig. 3A, below). Motif II is one of several highly
conserved motifs present in all Dbps and is required for
ATP hydrolysis (Linder 2006). Binding assays showed that
the dbp5EQ protein bound ATP and ADP (Fig. 2A,B).
However, using in vitro colorimetric ATPase assays, puri-
fied recombinant dbp5EQ had only a low basal level of
activity that was not stimulated by Gle1-IP6 (Fig. 2C),
indicating a predominant defect in the ability to hydro-
lyze ATP. Thus, using the dbp5EQ protein eliminated
effects of ATP hydrolysis and allowed measurement of
ATP binding in the presence or absence of known Dbp5
interaction partners or cofactors (Fig. 2D). We found that,
in the presence of limiting ATP, Gle1-IP6 enhanced the
relative level of dbp5EQ–ATP binding in vitro more than
twofold. The effect of Nup159-NTD or RNA was not as
robust. This correlates with data showing that Gle1-IP6

lowers the Km of Dbp5 for ATP (Weirich et al. 2006), and
indicates that full access to such factors might overcome
the requirement for ADP release by Nup159 in vitro. In
addition, these results support a potential mechanism
with Gle1-IP6 stimulating both ATP loading on Dbp5 and
ATP hydrolysis.

A dbp5RR mutant bypasses the need for Nup159
interaction in vivo by affecting ADP binding

Although nup159 mutants with defects in Dbp5 binding
have strong defects in mRNA export (Hodge et al. 1999;
Weirich et al. 2004), to date, yeast dbp5 mutants with
diminished Nup159 binding have not been characterized.
The recent crystal structure of the NTD of hDbp5 in
complex with the Nup214-NTD identified several sur-
face-accessible amino acids of Dbp5 and Nup159 that
form critical salt bridges as part of their interaction
(Napetschnig et al. 2009; von Moeller et al. 2009). Each of
these amino acids is conserved in the yeast Dbp5 protein,
including Arg 256 and Arg 259 (R256 and R259) in Dbp5.
Based on the hDbp5–Nup214 structure, the yeast Dbp5
R256 and R259 residues are predicted to interact with the
D331 and D333 residues in Nup159-NTD. As described
above, when these aspartic acids in Nup159 were changed
to arginine, the resulting nup159DD protein lacked Dbp5

binding (Supplemental Fig. 1B). We also found that a
nup159DD mutant strain was temperature-sensitive for
growth (Supplemental Fig. 1C). This is completely analo-
gous to the phenotypes for the previously published rat7DN
and nup159VI mutants that lack Dbp5 binding (Hodge et al.
1999; Weirich et al. 2004) (Supplemental Fig. 1B,C).

Figure 2. Gle1-IP6 enhances Dbp5 binding to ATP. (A,B) Adenine
nucleotide binding of Dbp5 versus dbp5EQ: Filter-binding assays
were conducted to assay for relative binding to ATP and ADP.
Purified recombinant Dbp5 or dbp5EQ (1 mM) was incubated with
1 mM 32P-ATP:MgCl2 or 14C-ADP:MgCl2 and increasing concen-
trations of unlabeled nucleotide ranging from 0 nM to 5000 nM.
Bars represent the averages of three independent experiments
with standard error shown. (C) dbp5EQ is inhibited for ATPase
activity: Colorimetric ATPase-coupled enzyme assays were per-
formed with purified recombinant 500 nM Dbp5 or dbp5EQ, 1
mM ATP:MgCl2, and 1 mM poly(A)25 RNA. Gle1 (250 nM) was
added with or without 100 nM IP6. (D) Gle1-IP6 promotes ATP
loading of dbp5E240Q: dbp5E240Q (2 mM) was incubated with 10
nM a32P-ATP in the presence of 2 mM Nup159-NTD, 1 mM Gle1
with 400 nM IP6, or 4 mM poly(A)25 RNA for 4 h. Filter-binding
assays were performed. In all panels, bars represent the averages
of three independent experiments with standard error bars.
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Based on the salt bridge interaction between hDbp5 and
Nup214 (von Moeller et al. 2009), we predicted that the
dbp5RR mutant should have a phenotype identical to the
nup159DD mutant. Thus, we generated a dbp5-R256D/
R259D mutant (designated dbp5RR) by changing the se-
quence to encode aspartic acid residues rather than argi-
nines (R256D and R259D) (Fig. 3A). To test for localization
at the nuclear rim (e.g., at Nup159), we performed live-cell
fluorescence microscopy with strains expressing either
GFP-Dbp5 or GFP-dbp5RR (Fig. 3B). GFP-Dbp5 displayed
characteristic nuclear rim/NPC localization, whereas GFP-
dbp5RR was mislocalized to the cytoplasm. Western blot-
ting of whole yeast cell lysates confirmed that GFP-Dbp5
and GFP-dbp5RR had similar protein expression levels (Fig.
3B, right panel). We also performed immunoprecipitation
experiments from whole yeast cell lysates with anti-Dbp5
antibodies. Immunoblotting for Nup159 showed coisola-

tion with wild-type Dbp5; however, Nup159 was not
isolated with dbp5RR protein (Supplemental Fig. 1D). To
directly confirm this lack of interaction, soluble binding
assays were conducted with bacterially expressed, purified
recombinant His6-Nup159-NTD, Dbp5, and dbp5RR. When
His6-Nup159-NTD was immobilized on Ni-NTA agarose,
wild-type Dbp5 was isolated (Fig. 3C, lane 4). However,
no binding was detected for dbp5RR (Fig. 3C, lane 5). As
a control, another altered protein (dbp5EQ) was also tested
and showed binding to Nup159-NTD (Fig. 3C, lane 6). To
test whether the salt bridge interaction was swapped by
the corresponding changes in the dbp5RR and nup159DD

proteins, direct binding experiments were conducted. The
dbp5RR and nup159DD proteins showed restored in vitro
interaction (Fig. 3D). Thus, the dbp5RR protein behaved as
predicted with regard to Nup159 and nup159DD binding.
However, surprisingly, serial dilution growth analysis of

Figure 3. dbp5RR mutant does not bind Nup159 and displays no in vivo growth defects. (A) Amino acid residue alignment for a portion
of S. cerevisiae Dbp5 and Homo sapiens hDBP5. Black stars designate conserved arginine residues that were changed to aspartic acid
residues (R256D and R259D) in Dbp5 to yield dbp5RR. The open white star represents a conserved glutamate residue that was changed
to glutamine (E240Q) to yield dbp5EQ. Conserved DEAD-box family sequence motifs are boxed and identified below alignment. (B)
Cytoplasmic mislocalization of GFP-dbp5RR by live-cell microscopy: S. cerevisiae strains with DBP5 chromosomally deleted,
expressing either GFP-DBP5 or GFP-dbp5RR on plasmids, were used in live-cell fluorescent microscopy experiments to visualize
subcellular localization of each protein. (Left) DIC image. (Right) GFP. Western blot analysis of yeast whole-cell extracts was conducted
to test for relatively equal levels of expression of GFP-Dbp5 and GFP-dbp5RR. Nup116 protein level was used as a loading control. (*)
Degradation products of Nup116. (C) Nup159-NTD interaction in vitro with dbp5RR is not detected: Soluble binding assays were
conducted with 200 pmol of bacterially expressed recombinant His6-Nup159-NTD and immobilized on Ni-NTA agarose resin and
either recombinant Dbp5, dbp5RR, or dbp5EQ. Input and bound fractions were analyzed by SDS-PAGE and Coomassie staining. (*)
Nup159-NTD degradation product. (D) Swapping the salt bridge interaction allows nup159DD and dbp5RR interaction: Soluble binding
assays were conducted as in C with His6-Nup159-NTD, His6-nup159VI-NTD, His6-nup159DD-NTD, Dbp5, or dbp5RR. (E) dbp5RR strain
does not have growth defects: S. cerevisiae strains with DBP5 chromosomally deleted, expressing either wild-type DBP5 or dbp5RR,
were used to perform serial dilution growth assays at 23°C, 30°C, and 37°C.
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the dbp5RR mutant strain showed no growth defects as
compared with wild-type (Fig. 3E). This was striking
given the temperature-sensitive growth of the rat7DN,
nup159DD, and nup159VI mutants (Supplemental Fig. 1C;
Hodge et al. 1999; Weirich et al. 2004).

If the lack of a growth defect in the dbp5RR mutant
reflected no requirement for Nup159 binding, this could
mean that the growth defect of the rat7DN, nup159DD,
and nup159VI mutants reflects pleiotropic perturbations
and defects in more than just Dbp5 binding. Alternatively,
the dbp5RR protein might be altered such that it specifi-
cally does not require Nup159 interaction. To examine

these possibilities, we measured the relative ADP binding
to dbp5RR as compared with wild-type Dbp5 (Fig. 4A).
Using a filter-binding nucleotide competition assay (Tran
et al. 2007), we found that dbp5RR protein had significantly
lower binding to ADP. This suggests that dbp5RR does not
require Nup159 function in vivo because its decreased
ADP binding allows efficient Nup159-independent ADP
release after hydrolysis. To directly test for this possibility
in vitro, we compared the ability of Dbp5 and dbp5RR to
release ADP after hydrolysis. To do this, we performed an
ATPase assay using a32P-ATP and allowed both Dbp5 and
dbp5RR to incubate until hydrolysis of a32P-ATP to a32P-ADP

Figure 4. dbp5RR does not require Nup159 for ADP release. (A) dbp5RR has reduced binding affinity to ADP as compared with wild-
type Dbp5: Dbp5 (1 mM) or dbp5RR (1 mM) was incubated with 5 mM 14C-ADP and increasing concentrations of unlabeled ADP:MgCl2.
Filter-binding assays were performed to measure the relative fraction of ADP bound to each protein. Bars represent the averages of three
independent experiments with standard error bars. (B) dbp5RR does not require Nup159 for ADP release: a32P-ATP was incubated with
either Dbp5 or dbp5RR and 400 mM poly(A)25 RNA for 24 h to allow complete hydrolysis to a32P-ADP to occur. After 24 h, samples for
filter-binding assays were removed and the remaining reaction was stopped with proteinase K digestion. (Left) The digested samples
were spotted onto thin-layer chromatography plates to monitor ATP hydrolysis. (Right) The portion of the samples removed for filter-
binding assays were used to monitor the relative amount of ADP still bound to either Dbp5 or dbp5RR. Bars represent the averages
of three independent experiments with standard error shown. (C) dbp5RR is active for ATP hydrolysis and Gle1-IP6 stimulation:
Colorimetric ATPase-coupled enzyme assays were performed as described in Figure 1B with 500 nM Dbp5 or 500 nM dbp5RR. Gle1 (250
nM) with 100 nM IP6 was added to measure relative levels of stimulation. The ATPase activity of each sample was normalized to the
maximally stimulated Dbp5 with Gle1-IP6 sample. Bars represent the averages of three independent experiments with standard error
shown. (D) The dbp5RR mutant complements the rat7DN temperature sensitivity. Yeast strains were grown at the permissive
temperature and serially diluted on plates for growth at 23°C and 37°C. (E) The dbp5RR nup42D double mutant has a synthetic fitness
growth defect. Yeast strains were grown at the permissive temperature and serially diluted on plate for growth at 23°C and 37°C. (F)
Nuclear poly(A) RNA accumulates in arrested dbp5RR nup42D cells. In situ hybridization with an oligo(dT) probe for poly(A) RNA
localization was conducted on dbp5RR nup42D cells grown at 23°C and shifted to growth for 1 h at 37°C. DAPI staining marks the
nucleus (left) and fluorescent signal for the poly(A) RNA (right).
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was fully complete (as assessed by thin layer chromatog-
raphy) (Fig. 4B, left panel). Samples were then removed
from each hydrolysis reaction and assayed by filter binding
to measure the relative ADP levels still bound to each
protein (Fig. 4B, right panel). Compared with wild type,
dbp5RR protein retained significantly less bound ADP
after hydrolysis, reflecting increased release independent
of Nup159-NTD binding. We speculated that the dbp5RR

mutant is viable because the ADP release phenotype
bypasses the requirement for Nup159 binding.

To directly test for the ability of the dbp5RR mutant to
bypass the Nup159 requirement, we constructed rat7DN
dbp5RR double mutants. The rat7DN mutant is temper-
ature-sensitive at 37°C (Fig. 4D; Hodge et al. 1999) and
Dbp5 localization at the NPC is diminished, as in the
nup159VI mutant (Hodge et al. 1999; Weirich et al. 2004).
Remarkably, the dbp5RR mutant complemented the rat7DN
temperature sensitivity, as evidenced by the growth of the
rat7DN dbp5RR double mutant at 37°C (Fig. 4D). We
conclude that the altered ADP binding by the dbp5RR

protein eliminates the requirement for Nup159 interac-
tion. Moreover, a primary role for Nup159 in the Dbp5
cycle is to facilitate ADP release.

The dbp5RR mutant requires activation by Gle1
at the NPC

Gle1-IP6 enhances the ATP binding of wild-type Dbp5
(Fig. 2D) and stimulates its ATPase activity (Alcazar-
Roman et al. 2006; Weirich et al. 2006). Compared with
wild type, the dbp5RR protein had a similar basal level of
ATPase activity and was fully stimulated by Gle1-IP6 (Fig.
4C). This indicates that the Nup159- and ADP-binding
perturbations in dbp5RR are specific and do not alter its
catalytic activity or regulation by Gle1-IP6.

Extensive genetic studies have linked Dbp5, Gle1, and
IP6 functions to Nup42 at the NPC (Miller et al. 2004;
Alcazar-Roman et al. 2006), with Nup42 directly binding
Gle1 (Murphy and Wente 1996; Strahm et al. 1999). To
test whether the dbp5RR mutant is dependent on efficient
Gle1 function at the NPC, we generated a dbp5RR nup42D

double mutant. Both single mutants were not tempera-
ture-sensitive; however, the dbp5RR nup42D double mu-
tant was lethal at 37°C (Fig. 4E). To assay for mRNA export,
in situ hybridization for poly(A) RNA localization was con-
ducted. Cells were grown at the permissive temperature
(23°C) and shifted for 1 h to 37°C. The dbp5RR nup42D

double-mutant cells showed nuclear accumulation of
poly(A) RNA (Fig. 4F), whereas the single mutants did
not (Saavedra et al. 1997; Stutz et al. 1997). Thus, in the
absence of Nup159 binding, Nup42 function is required for
dbp5RR activity in mRNA export at elevated temperatures.
We conclude that, even if Nup159-catalyzed ADP release is
not essential, spatial control of Dbp5 at the NPC cytoplas-
mic filaments is still necessary for proper mRNA export.

Nucleotide-dependent conformational changes
are important for the remodeling mechanism

To more directly test for the requirements for ADP
binding and ATP hydrolysis during in vitro remodeling,

we conducted a series of in vitro remodeling assays with
the dbp5EQ and dbp5RR proteins. We speculated that
dbp5EQ could be competent for in vitro mRNP remodel-
ing if the mechanism is based on harnessing a conforma-
tional change in Dbp5 structure upon ADP binding to the
APO form (apo-dbp5EQ / dbp5EQ

ADP). In the presence of
ATP alone, neither wild-type Dbp5 nor dbp5EQ showed
significant remodeling of the Nab2-RNP (Fig. 5A, lanes
3,4). This supports our prior conclusion that the ATP-
bound form is not functional for remodeling (Tran et al.
2007), and suggests that an apo-dbp5EQ / dbp5EQ

ATP

conversion is also not sufficient. However, by adding
ADP rather than ATP, dbp5EQ remodeled Nab2-RNPs
equally as well as wild-type Dbp5, as shown by a gel shift
assay (Fig. 5A, lanes 6,7). A titration of Dbp5 protein
levels was used to more carefully determine the extent
of ADP-dependent remodeling for wild-type Dbp5 and
dbp5EQ. As shown in Figure 5B, dbp5EQ was as effective
as wild type. This further confirms that ADP binding
alone is sufficient to mediate in vitro mRNP remodeling.

If efficient ADP binding is required, we predicted that
the dbp5RR protein with altered ADP binding would be
less effective in mediating in vitro mRNP remodeling
with ADP alone. Indeed, dbp5RR remodeling with ADP
was markedly reduced as compared with both wild-type
Dbp5 and dbp5EQ (Fig. 5C). Thus, altered ADP binding
correlated with altered mRNP remodeling in vitro. How-
ever, in vivo with ATP and Gle1-IP6, the dbp5RR mutant
has no growth or mRNA export defects (Fig. 3E; data not
shown). Together, this suggests that the APO-to-ADP
transition (with dbp5EQ) and the ATP-to-ADP transition
(with dbp5RR) are equivalent mechanistically for mRNP
remodeling.

Recent structural studies indicate that Dbp5 exhibits
nucleotide-dependent conformational changes (Fan et al.
2009; Napetschnig et al. 2009; von Moeller et al. 2009).
Crystallography of hDbp5 with RNA and AMP-PNP
showed the two RecA domains in a closed conformation
forming a nucleotide-binding cleft between the two do-
mains (von Moeller et al. 2009). In the presence of ADP,
however, the two RecA domains are displaced due to the
insertion of the N terminus, including an induced a helix
(amino acids 1–91), between the domains (Collins et al.
2009). This correlates directly with our limited trypsin
digestion studies of full-length Dbp5, wherein the pro-
teolytic products in the presence of ATP are distinct from
those observed in the presence of ADP (Tran et al. 2007).
In addition, the proteolytic products in the absence of
nucleotide (APO) appear the same as with ATP, suggest-
ing similar APO and ATP conformations (Tran et al.
2007). To further investigate the nucleotide-dependent
conformations in solution, we performed a series of
circular dichroism spectroscopy experiments with full-
length recombinant Dbp5 (Fig. 5D). Dbp5 was incubated
with ATP or ADP or without nucleotide. Results were
plotted as a function of molar ellipticity versus wave-
length. Both the Dbp5ATP and apo-Dbp5 samples showed
minimal ellipticity across the scan. However, Dbp5ADP

displayed a large peak at ;260–270 nm, likely resulting
from changes in aromatic residue accessibility. This
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indicates that the conformation of Dbp5 in vitro in the
presence of ADP (Dbp5ADP) is distinct as compared with
either the absence of nucleotide (apo-Dbp5) or the pres-
ence of ATP (Dbp5ATP).

Interestingly, from the results shown in Figure 1A, we
calculated the approximate on rate of Dbp5–ADP binding
for the 1:666 molar ratio used in the in vitro remodeling
assay. From this, the resulting initial ADP-binding rate
would be ;7.3% of the total ADP bound per minute.
Thus, over a 30-min in vitro remodeling assay, a signifi-
cant proportion of the apo-Dbp5 would shift to Dbp5ADP

by the loading of ADP. It is important to note that, in the
in vitro remodeling assays, Dbp5 is present in at least
50-fold to 1500-fold molar excess over the RNP. There-
fore, based on the dbp5RR reduced remodeling with ADP,
the circular dichroism, and the ADP equilibrium binding
results, we suggest that Dbp5 remodeling in vitro is
mediated by a conformational change from apo-Dbp5
to Dbp5ADP over the course of the assay. This in vitro
mechanism is then effectively equivalent to the confor-

mational change in Dbp5 when ATP has been hydrolyzed
to ADP. Taken together, this suggests that the mecha-
nism of Dbp5 remodeling in vitro requires an ATP- or
APO-to-ADP conformational change.

Discussion

Here we present evidence defining critical steps in the
mRNA export mechanism via facilitated Dbp5 nucleo-
tide cycling and mRNP remodeling at the NPC. Other
studies indicate that Dbp5 docking at Nup159 is required
for mRNA export (Hodge et al. 1999; Schmitt et al. 1999;
Weirich et al. 2004). We show that Nup159 interaction is
specifically required for triggering ADP release from
Dbp5. Moreover, because the dbp5RR mutant with in-
dependent defects in ADP and Nup159 binding is viable
and the dbp5RR mutant complements the rat7DN temper-
ature sensitivity, the Nup159 interaction is not strictly
required for directional mRNA export. However, some
level of spatial control at the NPC cytoplasmic face is
needed for efficient mRNP transport. This is evidenced by
the growth and mRNA export defects in a dbp5RR nup42D

double mutant wherein Nup42 at the NPC impacts Gle1-
IP6 function. We find that Gle1-IP6 acts to mediate both
ATP binding to Dbp5 and hydrolysis. Overall, the com-
bined actions of Nup159 and Gle1-IP6 on Dbp5 nucleotide
binding provide a mechanism for permitting multiple
cycles of mRNP remodeling by a single Dbp5 molecule
at the NPC.

We also further investigated the nucleotide-dependent
basis for mRNP remodeling. Both circular dichroism

Figure 5. Dbp5 remodeling mechanism is mediated by a con-
formational change. (A) In vitro remodeling assay demonstrates
that dbp5EQ remodels similarly to wild-type Dbp5: In vitro con-
stituted Nab2-RNPs were assembled as described in Tran
et al. (2007) with 59-end labeled 32P-poly(A)25. Nab2 (250 nM)
was incubated with 10 nM RNA and 500 nM either wild-type
Dbp5 or dbp5EQ in the presence of 1 mM ATP:MgCl2 or 1 mM
ADP:MgCl2. Electrophoretic mobility shift assays (EMSAs) were
performed and products were visualized by autoradiography. (B)
Quantification of Nab2-RNPs remodeling: Increasing concen-
trations of Dbp5 and dbp5EQ were added to in vitro constituted
Nab2-RNPs in the presence of ADP:MgCl2 and filter-binding
assays were performed. Densitometry was used to quantify the
fraction of Nab2-RNPs that were remodeled at each concentra-
tion of protein. Bars represent the averages of three independent
experiments with standard error bars. (C) dbp5RR remodels in
vitro constituted Nab2-RNPs less efficiently than wild-type Dbp5:
EMSAs were performed as described above using 750 nM wild-
type Dbp5, dbp5E240Q, or dbp5RR in the presence of 1 mM
ADP:MgCl2. The gel was exposed to autoradiography to detect
the relative Nab2-RNP and free RNA. (D) Circular dichroism
studies demonstrate nucleotide-dependent conformational
changes: Near-UV spectral scans of Dbp5 with 1.5 mM
ATP:MgCl2, ADP:MgCl2, or MgCl2 alone were collected from
250-nm to 350-nm wavelengths. Spectra of buffer with 1.5 mM
ATP:MgCl2, ADP:MgCl2, or MgCl2 were subtracted from the Dbp5
spectra to remove interfering signals from the adenosine moiety.
Q represents molar elipticity, which is calculated as (100 3

signal)/(pathlength 3 amino acid residues 3 mM concentration).
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(Fig. 5D) and limited trypsin digestion studies (Tran et al.
2007) reveal that the in vitro solution states of Dbp5ATP

and apo-Dbp5 are similar. However, Dbp5ADP is distinct.
This is supported by published structure studies of
different yeast and human Dbp5 complexes. Moreover,
from in vitro studies with Dbp5 proteins that have altered
ADP binding (dbp5RR) or ATP hydrolysis (dbp5EQ), we
found that ADP binding is both necessary and sufficient
for mRNA remodeling. As such, transitions in the Dbp5
nucleotide-bound state couple conformational changes to
mRNP remodeling. We conclude that in vitro remodeling
is facilitated by either (1) a Dbp5ATP-to-Dbp5ADP confor-
mational change induced by in situ ATP hydrolysis and
release of Pi, or (2) an apo-Dbp5-to-Dbp5ADP conformational
change induced by ADP binding. In vivo, the Dbp5ATP-to-
Dbp5ADP mechanism is likely obligatory because of the
relatively low level of ADP within cells (van den Brink et al.
2008).

Based on these results, we propose a working model for
the in vivo Dbp5 cycle of activity at the NPC (Fig. 6A).
Four distinct Dbp5 phases are predicted: Dbp5ATP/mRNP,
Dbp5ADP, apo-Dbp5/Nup159, and Dbp5ATP/Gle1-IP6. As
shown in Figure 6A, step 1, Dbp5ATP has the highest
affinity for RNA, with very weak RNA binding by
Dbp5ADP (Weirich et al. 2006; Tran et al. 2007). The
conformational change from Dbp5ATP to Dbp5ADP in vivo
during ATP hydrolysis triggers mRNA remodeling. In
vitro, this can be mimicked by a transition from apo-
Dbp5 to Dbp5ADP during nucleotide binding (Fig. 6B).
The conformational switch involves the insertion of an
N-terminal a helix between the two RecA-like domains
in Dbp5 and potentially triggers a corresponding change
in the structure of the bound mRNA/mRNP, resulting
in the release of RNA-binding proteins (Collins et al.
2009). Next in the cycle (Fig. 6A, step 2), Nup159 directly
binds Dbp5ADP and facilitates the ADP release. Of note,
apo-hDbp5 has the highest affinity for Nup214 in vitro
(von Moeller et al. 2009). This event effectively regener-
ates Dbp5 for another round of mRNA remodeling. At
the NPC (Fig. 6A, step 3), Gle1-IP6 is localized near
Nup159–apo-Dbp5 in the NPC cytoplasmic filaments,

and Gle1-IP6 enhances ATP binding in vitro and primes
Dbp5 for RNA binding. In terms of the in vivo mecha-
nism, the high cellular ATP concentration will likely also
facilitate ATP loading. This step does not strictly require
Nup159 binding, as evidenced by the dbp5RR mutant
phenotype. Considering the full cycle (Fig. 6A, step 4),
a previous study reported a potential reduction of the
Dbp5/Gle1-IP6 interaction in the presence of RNA (Alcazar-
Roman et al. 2010). Thus, when Gle1-IP6–Dbp5ATP bind
the mRNA/mRNP, ATP hydrolysis is triggered coinci-
dent with Gle1-IP6 release from Dbp5. The steps shown
in Figure 6A (steps 4 and 1) together effectively comprise
the RNA-dependent and Gle1-IP6-dependent stimulation
of Dbp5 ATPase activity. Overall, the model fully ac-
counts for the mutually exclusive binding of RNA and
Nup159, and positions Nup159 and Gle1 to regulate nucle-
otide binding and have direct control over Dbp5 cycling at
the NPC.

If this model is correct, there are several specific pre-
dictions for the in vivo behavior of dbp5 mutants with
defects in ATP hydrolysis and RNA binding. In the
accompanying study (Hodge et al. 2011), we found that
such mutants behave as predicted. Notably, the ATP
hydrolysis-defective dbp5EQ mutant, which binds to either
ATP or ADP (Fig. 2A,B), is a loss-of-function mutant in
vivo (Hodge et al. 2011). Further, at steady state in the
presence of wild-type Dbp5, dbp5EQ protein is not detected
at the nuclear rim/NPC (Hodge et al. 2011). This suggests
that the ability of Dbp5 to access Nup159 requires the
Dbp5ADP form generated by ATP hydrolysis (Fig. 6A, step
2). As the dbp5EQ protein cannot efficiently enter the
mRNP remodeling cycle, this also provides a rationale
for why the dbp5EQ mutant is not dominant. In addition,
the phenotype and biochemical properties of a dominant
dbp5-R369G mutant that lacks RNA binding also di-
rectly support the model in Figure 6A, step 4. The dbp5-
R369G protein competes with wild-type Dbp5 for Gle1
(Hodge et al. 2011). Since binding sites for Dbp5 at the
NPC are limiting, this would reduce the remodeling
capacity of wild-type Dbp5. This further indicates that
the RNA-binding step follows the interaction between

Figure 6. Proposed mechanism of Dbp5
nucleotide cycle. The left panel illustrates
in vivo steps, and nucleotide binding/hydro-
lysis are controlled by multiple binding part-
ners. (Step 1) Bound to ATP and an mRNP,
Dbp5 is primed for remodeling. Hydrolysis is
stimulated by Gle1-IP6, resulting in release
of Pi and the remodeled mRNP, and genera-
tion of a conformationally changed ADP-
bound Dbp5. (Step 2) Bound to ADP, Nup159
promotes ADP release, which confers another
conformational change and places Dbp5 in
an APO state. (Step 3) Gle1-IP6 promotes
the loading of ATP to allow another round
of nucleotide cycling and remodeling. (Step 4)
Bound to ATP, Dbp5 has the highest affinity
for RNA. RNA binding and ATP hydrolysis

release Gle1-IP6. The right panel proposes a model for in vitro mimicking via ADP binding to the APO form of Dbp5, allowing mRNP
remodeling in the absence of Gle1-IP6. Once bound to ADP in vitro, Nup159 promotes nucleotide release.
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Dbp5 and Gle1-IP6 and is potentially needed to release
Gle1 from Dbp5 through ATP hydrolysis.

Although Nup159 and Gle1 impact Dbp5 activity at
the NPC, only Gle1 is linked to Dbp5 function during
translation termination (Bolger et al. 2008). Prior studies
indicate that Dbp5 is executing a RNP remodeling func-
tion during translation termination, allowing the recruit-
ment of Sup35 (eRF3) to the termination complex (Gross
et al. 2007; Bolger et al. 2008). We predict that this
mechanism could also require a Dbp5ATP-to-Dbp5ADP tran-
sition and presumably a factor that facilitates ADP release
from Dbp5. Possibly, such an ADP release factor is a com-
ponent of the ribosome or the termination complex. In
addition, this factor might play a general role and result in
enough basal total cellular regeneration of Dbp5ATP to allow
mRNA export and viability at the permissive temperature
in strains where Dbp5 cannot bind Nup159; for example, in
rat7DN, nup159VI, and nup159EE mutants (Supplemen-
tal Fig. 1C; Hodge et al. 1999; Weirich et al. 2004). The hy-
pothesized translation termination ADP release factor
might also account for the ability of overexpressed DBP5
to suppress completely the temperature sensitivity and
RNA export defects of the rat7DN mutant (Hodge et al.
1999). As such, mutation of the gene encoding the trans-
lation ADP release factor might be lethal in combination
with either the rat7DN, nup159VI, or nup159EE mutant.

The roles for both an ATPase-activating factor (Gle1-
IP6) and an ADP release factor (Nup159) in spatially
regulating Dbp5 further solidify the proposed similarity
between directional mRNA export and how the GTPase
Ran is controlled for directional karyopherin-mediated
transport through the NPC (Tran and Wente 2006). In
particular, the control of RanGTP and RanGDP states
allows precise regulation of karyopherin–cargo interac-
tions and Ran cycling (for review, see Moore 1998;
Gorlich and Kutay 1999), much like we propose for how
the Dbp5ATP and Dbp5ADP states are controlled. How-
ever, in the case of Ran, the GTPase-activating protein
(designated RAN-GAP1/Rna1) and the guanine nucleo-
tide exchange factor (designated RCC1/Prp20) are spa-
tially confined to opposing NPC faces/compartments
(the cytoplasm/NPC cytoplasmic filaments and nucleus,
respectively) (for review, see Macara 2001). For Dbp5,
Nup159 and Gle1 impact mRNP export directionality
and Dbp5 remodeling cycles via juxtaposed locations on
the NPC cytoplasmic filaments. While there is a variation
in localization of the nucleotide release/exchange and
activating factors for Dbp5 and Ran, the precise regula-
tion of where each NTPase is stimulated to undergo
a conformational change provides directionality for the
export of either RNA or proteins.

To our knowledge, this is the first Dbp reported to
require a defined ADP release factor. The Dbp5 mecha-
nism does parallel that reported for other ATPases that
have nucleotide exchange factors. While nucleotide ex-
change factors for ATPases are far less studied than guanine
nucleotide exchange factors, proteins such as BAP and
Hsp110 promote release of ADP by their ATPase-binding
partners (Chung et al. 2002; Andreasson et al. 2008). It is
possible that other Dbps also use ADP release factors. If so,

we speculate that their equivalent DEAD-box motif mu-
tants to that in dbp5EQ will also not be dominant in vivo.
However, recent structural studies highlight that the
residues involved in ADP binding to Dbp5 and hDbp5 are
different from that known for two other Dbps, VASA and
eIF4AIII (Collins et al. 2009). Thus, this might also be a
novel mechanism for directly controlling Dbp5 and other
select Dbps through the need for facilitated ADP release.
Future studies will be required to uncover the full range of
mechanisms used to differentially regulate Dbps through-
out the gene expression pathway.

Materials and methods

Protein expression and purification and yeast growth

All yeast strains were grown in YPD (2% peptone, 2% glucose,
1% yeast extract) at indicated temperatures. All recombinant
proteins used (GST-Dbp5, GST-dbp5RR, GST-dbp5EQ, His6-
Nup159NTD, His6-nup159NTDDD, His6-nup159NTDVI, and
MBP-TEV-Gle1) were bacterially expressed in Escherichia coli
Rosetta (DE3) cells (EMD Biosciences) using 0.2 mM IPTG to
induce expression for 16–18 h at 16°C. Bacteria were lysed by
sonication in Buffer B (150 mM NaCl, 20 mM HEPES at pH 7.5,
20% w/v glycerol) supplemented with 13 protease inhibitor
cocktail and 1 mM PMSF. After centrifugation at 10,500 rpm for
30 min at 4°C, soluble fractions were used for affinity chroma-
tography with either glutathione-coupled sepharose (GST-tagged
proteins; GE Healthcare), amylose resin (MBP-tagged proteins;
New England Biolabs), or Ni+-NTA-coupled agarose (His6-tagged
proteins; Qiagen) using the manufacturer’s instructions. The
GST tag was cleaved during dialysis with Factor Xa (New England
Biolabs). The MBP-TEV tag was cleaved during dialysis with ;15
kU of recombinant, purified His6-TEV protease as described in
Kapust et al. (2001). The His6 tag was not cleaved from proteins.
All proteins were dialyzed overnight into 1 L of Buffer B at 4°C. All
proteins were subsequently aliquoted, snap-frozen in an ethanol
and dry ice bath, and then stored at �70°C.

RNP assembly and RNP remodeling assays

Nab2-RNPs were assembled as described in Tran et al. (2007).
Briefly, 500 nM His6-Nab2 was incubated with 10 nM 32P-
poly(A)+25 for 5 min at 30°C in remodeling buffer (20 mM HEPES
at pH 7.5, 100 mM NaCl, 3 mM MgCl2, 10% w/v glycerol).
Where appropriate, 1.5 mM Dbp5/dbp5RR/dbp5EQ was added with
1 mM ADP:MgCl2 (Sigma-Aldrich) and incubated for 30 min at
30°C in 20 mL of total reactions. Twenty-microliter samples
were resolved in a 4% acrylamide–NaH2PO4 native gel. Each
gel was run at 80 V for 1 h at 4°C. The gels were analyzed by
autoradiography.

Radiolabeled nucleotide-binding assays

All filter-binding assays were performed with a nylon membrane
underneath a Whatman 0.45-mm nitrocellulose membrane (as
described in Wong et al. 1992) in a 96-well vacuum dot blotter
(Aurogene). Both membranes were soaked for at least 10 min in
Binding buffer (20 mM HEPES at pH 7.5, 100 mM NaCl, 3 mM
MgCl2, 10% w/v glycerol) prior to dot blotting. All samples in
each experiment were done in triplicate, and each experiment
was performed three times. For ADP kinetic loading assays, 1
mM Dbp5 was incubated with increasing concentrations from
0.5 mM to 150 mM 14C-ADP:MgCl2 in Binding buffer. Thirty-
microliter samples were removed at 30 sec, 10 min, 2 h, 4 h, 8 h,
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16 h, and 24 h and spotted onto the nitrocellulose–nylon
membrane sandwich using the vacuum dot blotter. Membranes
were allowed to dry at room temperature and exposed to Kodak
BioMax MS film with a Kodak BioMax TranScreen LE (Eastman
Kodak) for 2 h at �70°C. Densitometry was used to quantify
the fraction of nucleotide bound as follows: 14C-ADPBOUND/
14C-ADPBOUND + 14C-ADPFREE. Initial binding rates were calculated
for each Dbp5: 14C-ADP ratio assayed during the linear phase of
binding as fraction 14C-ADP bound per minute. These rates were
used to extrapolate the initial rate at a Dbp5: 14C-ADP = 1:666,
which is the ratio used in the in vitro remodeling assays. For
nucleotide competition assays, 1 mM Dbp5, dbp5RR, or dbp5EQ

was incubated with 250 nM 14C-ADP:MgCl2 along with increas-
ing amounts of unlabeled ADP:MgCl2 (50 mM, 500 mM, and 5000
mM) for 30 min at room temperature in Binding buffer. Samples
were used for filter binding and analyzed by autoradiography as
described above. Similarly, assays were performed with 250 nM
a-32P-ATP and increasing concentrations of unlabeled ATP:MgCl2
(50 mM, 500 mM, and 5000 mM). Samples were quantified as
described above. For nucleotide release assays, 1 mM Dbp5 was
incubated with 5 mM 14C-ADP:MgCl2 or 14C-ADP-BeFx in
Binding buffer for 24 h at room temperature. His6-Nup159NTD/
His6-nup159NTDDD/His6-nup159NTDVI (1 mM), 500 nM Gle1
with 200 nM IP6, or 10 mM RNA was added and 30-mL samples
were used for filter binding after 10 min, and then again after 24 h.
Nucleotide off-rate assays were performed with 1 mM Dbp5, 5 mM
14C-ADP, and increasing concentrations of His6-Nup159NTD (83
nM, 500 nM, and 1 mM). Thirty-microliter samples were removed
30 sec, 2 min, 10 min, 30 min, and 120 min after addition of His6-
Nup159-NTD and used for filter binding as described. 14C-ADP
bound was quantified as described above.

Circular dichroism spectroscopy

Experiments were conducted with and without Dbp5 (10 mM)
with 1.5 mM ATP:MgCl2,1.5 mM ADP:MgCl2, or 1.5 mM MgCl2
alone in 50 mM sodium phosphate (pH 7.5) and 100 mM NaF
with a Jasco J-810 spectrometer using a 1-mm path length at
room temperature following a 10-min incubation. Spectral scans
were collected in triplicate for each condition in the near-UV
wavelength (250–350 nm). Control spectra from buffer alone +

MgCl2, 1.5 mM ATP:MgCl2, or 1.5 mM ADP:MgCl2 were
subtracted from spectra with Dbp5. Because the ATP and ADP
concentrations are in vast excess of Dbp5, the resulting spectra
reflect changes in Dbp5 structure only and not differences in the
concentration of free adenosine molecules. Molar elipticity (Q)
was calculated as (100 3 signal)/(pathlength 3 amino acid
residues 3 mM concentration).

ATPase assays

Endpoint ATPase assays using thin-layer chromatography (Alcazar-
Roman et al. 2006) and colorimetric enzyme-coupled ATPase
rate assays (Kornberg and Pricer 1951) were performed as origi-
nally described in respective references. For both assays, 500 nM
Dbp5/dbp5RR/dbp5EQ was incubated with 1 mM poly(A)+25,
1 mM DTT, and 1 U of SUPERasin (Ambion) in ATPase buffer
(10 mM HEPES at pH 7.5, 45 mM NaCl, 2 mM MgCl2). Where
indicated, 250 nM Gle1 and 100 nM IP6 were added. All reactions
were started with 1 mM ATP:MgCl2. Each sample in an experi-
ment was done in triplicate, and each experiment was repeated at
least three times.

Soluble binding assays

Two-hundred picomoles of recombinant purified His6-Nup159-
NTD (or His6-nup159-NTDDD or His6-nup159-NTDVI) was

immobilized on 25 mL of packed Ni+-NTA agarose in MHL
buffer (50 mM Na2HPO4 at pH 7.4, 10% w/v glycerol, 150 mM
NaCl, 20 mM imidazole). Two-hundred picomoles of Dbp5,
dbp5RR, or dbp5EQ was added where indicated. Samples were
incubated for 45 min at room temperature with gentle rocking.
Samples were washed five times with 700 mL of MHL buffer and
one final time with 300 mL of MHL buffer. Bound protein was
eluted with 13 SDS sample buffer for 30 min at room temper-
ature. Samples were then loaded into 7.5% acrylamide–SDS gels
that were run at 30 mA for 2 h at room temperature. Proteins
were detected by Coomassie Blue staining.

Live-cell microscopy and in situ hybridization

Yeast strains used for live-cell microscopy to monitor localiza-
tion of GFP-Dbp5 and GFP-dbp5RR were grown in YPD at 23°C to
mid-log phase (OD600nm 0.3–0.6). One-hundred microliters of cell
suspension was collected and resuspended in 20 mL of fresh YPD
and imaged using a fluorescent microscope (model BX50, Olym-
pus) using an Uplan 1003/1.3 objective and a digital camera
(Photometrics Cool Snap HQ, Roper Scientific). Images were
processed using the MetaVue software (Universal Imaging),
ImageJ (NIH), and Adobe Photoshop 7.0. In situ hybridization
was performed on cells that were grown to mid-log phase at 23°C
and then shifted for 1 h to a 37°C shaking water bath, following
the protocol described in Alcazar-Roman et al. (2010).
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