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Background: Glel is a regulator of DEAD-box RNA helicases with roles in mRNA export and translation.

Results: Glel functionally interacts with the DEAD-box protein Ded1 in vitro and in vivo.

Conclusion: Glel functions in translation initiation as a negative regulator of Ded1.

Significance: Glel is poised to coordinate different steps of gene expression through control of multiple DEAD-box helicases.

DEAD-box protein (Dbp) family members are essential for
gene expression; however, their precise roles and regulation are
not fully defined. During messenger (m)RNA export, Glel
bound to inositol hexakisphosphate (IP;) acts via Dbp5 to facil-
itate remodeling of mRNA-protein complexes. In contrast, here
we define a novel Glel role in translation initiation through reg-
ulation of a different DEAD-box protein, the initiation factor
Dedl. We find that Glel physically and genetically interacts
with Dedl. Surprisingly, whereas Glel stimulates Dbp5, it
inhibits Ded1 ATPase activity in vitro, and IP4 does not affect
this inhibition. Functionally, a glel -4 mutant specifically sup-
presses initiation defects in a ded1-120 mutant, and ded1 and
glel mutants have complementary perturbations in AUG start
site recognition. Consistent with this role in initiation, Glel
inhibits translation in vitro in competent extracts. These results
indicate that Glel has a direct role in initiation and negatively
regulates Ded1. Together, the differential regulation of two dis-
tinct DEAD-box proteins by a common factor (Glel) establishes
a new paradigm for controlling gene expression and coupling
translation with mRNA export.

In eukaryotic cells, nuclear export of messenger (m)RNA is
required to link the transcription, processing, and translation
mechanisms. Recent studies have revealed several independent
mechanisms by which these steps can be functionally coupled
to one another. On the one hand, factors can be co-transcrip-
tionally recruited to the mRNA for subsequent action. For
example, during transcription and splicing, mRNA export fac-
tors are incorporated in the maturing mRNA-protein complex
(mRNP)? to allow targeting to and translocation through the
nuclear pore complex (NPC) (1). Likewise, in Saccharomyces
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cerevisiae, specific RNA polymerase II subunits (Rpb4 and 7)
are loaded into the mRNP and function during translation ini-
tiation (2). Alternatively, such factors can be multi-functional
and execute several distinct steps in the gene expression path-
way. This includes the cap-binding translation initiation factor
elF4E, which also has a role in nuclear export of a subset of cell
cycle-related mRNAs (3). Furthermore, the DEAD-box protein
Dbp5 is required for both mRNP export through NPCs and for
translation termination (4-6). Investigating the mechanisms
by which these factors are recruited and activated should reveal
how gene expression is controlled between the nuclear and
cytoplasmic compartments.

Previously, we and others have shown that Glel and a small
molecule, inositol hexakisphosphate (IP,), are required for
Dbp5 function (7-10). Glel is encoded by an essential gene in
S. cerevisiae (11). It is conserved in metazoans (12), and muta-
tion of human GLE1 is linked to a fatal developmental disorder
termed lethal congenital contracture syndrome 1 (LCCS1) (13).
Glel was first identified as an mRNA export factor, binding to
the NPC through nucleoporin-42 (Nup42) in yeast and hCG1
and Nup155 in human cells (11, 14-16). Yeast Glel directly
binds IP (8 —10, 17), and Glel:IP, serves to enhance binding of
ATP by Dbp5, thus allowing efficient RNA-stimulated ATPase
activity (8, 9, 18). The conformational change to the ADP-
bound state allows Dbp5 to promote changes in mRNP compo-
sition during mRNA export (18, 19). When Dbp5 binds directly
to Nup159 on the cytoplasmic NPC face, ADP is released and
Dbp5 is recycled for another round of Glel-IP, interaction
and mRNP remodeling (18). The docking sites for both Dbp5
and Glel:IP, at the NPC are positioned such that mRNP
remodeling is restricted to the NPC exit step. This is thought to
confer directionality to the transport mechanism (4, 19-21).

Intriguingly, in a manner that is distinct from their roles in
mRNA export at the NPC, Glel, Dbp5, and IP are also all
required for efficient translation (6, 10, 22). During translation
termination, Glel:IP, and Dbp5 interact with eukaryotic
release factor-1 (eRF1, Sup45 in yeast) and affect eRF3 (Sup35)
association with the termination complex (6, 22). Remarkably,
we also found that Glel plays a separate, uncharacterized role in
translation initiation that is independent of both Dbp5 and IP,
(22). Translation initiation, defined as the assembly of transla-
tion-competent ribosomes on mRNA, requires a number of
steps. Preinitiation complex (PIC) formation by the elFs, the 40
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S ribosomal subunit, and the mRNA precedes scanning by the
PIC for the AUG start codon in a 5’ to 3" direction (23). Once
the PIC reaches an appropriate AUG, start site recognition
takes place, resulting in a conformational change to a “closed,”
scanning-incompetent form (for review, see Ref. 24). Dissocia-
tion of elF1 then allows phosphate release by eIF2-GDP, com-
mitting the PIC to initiation at that site. Most of the eIFs disso-
ciate, and eIF5B stimulates subunit joining, forming a
competent 80 S ribosome. The mechanism of Glel function
during initiation is unknown.

Several members of the ubiquitous DEAD-box protein fam-
ily have been implicated in translation initiation (25-27). Ded1,
a conserved, essential DEAD-box protein, has been proposed to
function by unwinding structured RNA in the 5" untranslated
region to facilitate start site scanning by the 43S PIC (for review
see Ref. 28). In this regard, the Ded1 role is similar to that pro-
posed for elF4A, although some data suggest that Ded1 is the
more critical factor for this activity (29, 30). However, the exact
role of Ded1 in initiation has remained unclear, and no regula-
tory factors have been identified. In this study, we define a novel
functional interaction between Glel and Dedl. We show that
Glel negatively regulates Ded1 in an IP;-independent manner
and that this modulation is crucial for proper translation initi-
ation. Further, we present data suggesting that the two proteins
may play roles in AUG start site recognition. By demonstrating
that a single factor, Glel, can differentially modulate the activ-
ity of more than one DEAD-box protein (Dbp5 and Ded1), this
work reveals a potential new mechanism for coupling the func-
tion of multiple DEAD-box proteins during the life cycle of an
mRNA.

EXPERIMENTAL PROCEDURES

Yeast Strains and Plasmids—Yeast strains and plasmids used
are listed in supplemental Tables S1 and S2. SWY4092
(dedI1:KAN +pDEDI) was constructed by integration of a
Kanamycin resistance cassette at the DEDI locus in a W303
strain background. Double mutants were generated by crossing
dedl:KAN +pDEDI to other mutant strains via standard
methods. Mutant ded1-120, DED1-GFP, and control strains
were generated by plasmid shuffle. All strains are isogenic
and generated from psi~ parental strains, including glel—4
(10). Yeast growth assays were performed by serial dilution
as previously described (19). For Gal-induction growth
assays, transformed strains were initially cultured in selec-
tive media with 2% glucose, then plated on media containing
glucose or 2% galactose. Plasmids were constructed by con-
ventional methods, and mutants were generated via site-di-
rected mutagenesis.

Protein Purification and in Vitro Binding Reactions—Recom-
binant His-Ded1 and His-ded1-R/G were generated essentially
asin Ref. 31. A pET28a plasmid encoding the protein was trans-
formed into BL21 (Rosetta) cells and induced with 1 mwM iso-
propyl-1-thio-3-p-galactopyranoside overnight at 23 °C. Puri-
fied protein fractions were diluted 1:1 in 50 mm HEPES pH7.5
and 30% glycerol, and concentration was determined by Brad-
ford assay (Pierce). His-Nup159 (N terminus) was purified sim-
ilarly. Glel, gle1-VAI/DDD, and other proteins were purified as
in (Ref. 19). For binding reactions, 200 pmol (0.5 um) of indi-
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cated proteins were incubated for 45 min at room temperature
with 20 ul of Ni-agarose in 400 ul of modified His lysis (MHL)
buffer (50 mm NaHPO, pH7.4, 150 mm NaCl, 10% glycerol, 10
mwMm imidazole). For RNase-treated samples (supplemental Fig.
S1B), 100 pwg/ml RNase A (Qiagen) was added to the incubation
buffer. Samples were transferred to new tubes, washed 4 X with
MHL buffer, and resuspended in 2X SDS sample buffer for
SDS-PAGE and Coomassie staining.

Immunoprecipitations—As described in Ref. 22, bound pro-
teins were washed with a high stringency buffer (50 mm Tris-
HCI pH 8.0, 250 mm NaCl, 2% Triton X-100, 5 mm MgCl,),
eluted with SDS sample buffer, resolved by SDS-PAGE and
immunoblotted. Dedl was detected using rabbit polyclonal
antibodies raised against full-length recombinant His-Dedl
(VU318) (supplemental Fig. S1A). Protein-A-tagged Glel was
detected by anti-Ded1 and/or secondary antibody on the same
blot. Secondary antibodies were HRP-conjugated (Jackson),
and blots were developed via SuperSignal West Pico ECL
(Pierce).

ATPase Assays—Coupled colorimetric reactions were con-
ducted essentially as described in Ref. 10. 100 nm His-Ded1
and/or His-ded1-R/G, 100 to 400 nMm Glel or gle1-VAI/DDD,
and 200 nM IP, were used as indicated, with 0.3 ug/ml RNA (0.3
png/ml, unless designated otherwise, isolated from yeast by hot
phenol extraction). Dedl was preincubated with Glel for 15
min prior to addition of other components. Significance was
determined by Student’s ¢ test. Prism 4 software (Graphpad)
was used for ATP and RNA concentration-dependent calcula-
tions. ATP-dependence values were fitted to a hyperbolic one-
site binding equation and RNA-dependence values to a sigmoi-
dal dose-response curve with variable slope.

In Situ Hybridization for Poly(A)* RNA Localization—Cells
were fixed in formaldehyde/methanol, processed as described
in Ref. 32, incubated overnight with a digoxigenin-oligo(dT),,
probe, and detected with fluorescein-labeled antidigoxigenin.
DNA was stained with 0.1 ug/ml DAPI. Cells were observed
using a BX50 Olympus microscope, using an Uplan 100X/1.3
objective. Images were taken using a Photometrics Cool Snap
HQ camera with ImagePro Express 6.0 software, and images
were processed in Adobe Photoshop CS3.

Translation Analysis—Polysome analysis was performed as
described in Ref. 22 with log-phase cultures of indicated
strains grown at 27.5°C and shifted to 20 °C for 60 min.
Scanning reporter assays were performed similarly to those
described in Ref. 29. Cell pellets were processed for lucifer-
ase assays as described in Ref. 22. Start site selection assays
were conducted identically to GCN4 reporter assays as in
Ref. 22. For in vitro translation assays, extracts were pre-
pared as described in Ref. 33. Capped luciferase RNA
was prepared by in vitro transcription of Dral-linearized
pLucA50 using an Ampliscribe T7-Flash kit (Epicenter) and
purified by RNeasy (Qiagen). RNA was added to translation
reactions at 0.9 ng/ul along with Glel, glel-VAI/DDD, or
Dbp5, and samples were incubated for 45 min at 25 °C. Lucif-
erase assays were performed as above to determine the
extent of translation.
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FIGURE 1. Gle1 interacts with and inhibits Ded1. A, lysates from protein A-tagged Gle1 (GLE1:PROTA) and wild-type (GLET) control were subjected to
immunoprecipitation with IgG-Sepharose. Immunoprecipitate and 6% input samples were run on SDS-PAGE and blotted using a specific anti-Ded1 antibody
(supplemental Fig. S1). Gle1-ProtA is also recognized by the primary and/or secondary antibody. B, recombinant purified Gle1, His-Ded1, and His-Nup159
(N-terminal domain) were incubated for 45 min at room temperature and pull-downs were performed with Ni-agarose. Pull-down and 25% input samples were
subjected to SDS-PAGE and Coomassie stained. C, PK/LDH-coupled ATPase assays were performed with recombinant Ded1 (100 nw) in the presence of 0.3
ng/mltotal cellular RNA and 1 mm ATP. Purified Gle1 was added at 100, 200, and 400 nm. **, p < 0.01 versus Ded1 with no Gle1.n = 3 to 7 for mean and standard
error of means (S.E.) calculations. D, ATPase assays were performed with 100 nm Ded1, 0.3 ng/ml RNA, and 400 nm Gle1. ATP concentration was varied from 0
to 4 mm. E, ATPase assays were performed with 100 nm Ded1 and 1 mm ATP, and 400 nm Gle1. Concentration of total cellular RNA was varied from 10 ng/ml to

10 png/ml.

RESULTS

Glel Interacts with and Inhibits the DEAD-box Protein Dedl—
Because Glel regulates a DEAD-box protein (Dbp5) in mRNA
export and translation termination (8, 9, 22), we speculated that
Glel might act with a different DEAD-box protein during
translation initiation. To address this, co-immunoprecipitation
experiments were conducted with yeast lysates from cells
expressing either protein-A tagged (Glel-ProtA) or untagged
Glel. Bound fractions were immunoblotted using a Ded1-spe-
cific antibody (Fig. 14 and supplemental Fig. S1A4). Ded1 was
only co-isolated with Gle1-ProtA (Fig. 14, lane 3). To test for a
direct Glel:Ded1 physical interaction, in vitro soluble binding
assays were conducted with purified recombinant His-tagged
Ded1 and Glel (Fig. 1B, lanes I and 3). The His-tagged N-ter-
minal domain (NTD) of Nup159 was used as a control (lane 2).
His-Ded1 or His-NTD were incubated with purified Glel and
bound to Ni-agarose. Bound fractions were eluted and evalu-
ated by SDS-PAGE. Near-stoichiometric levels of Glel were
isolated with His-Ded1 (lane 7), revealing a direct interaction.
Minimal Glel binding was detected with His-NTD (lane 8) or
with Ni-agarose alone (lane 6). The Glel:Ded1 interaction was
maintained after RNase treatment, indicating it is not mediated
through potentially co-purified RNA contaminants (supple-
mental Fig. S1B). Thus, Glel interacts with Ded1 both in vivo
and in vitro.

In mRNA export, Glel:IP, stimulates the RNA-dependent
ATPase activity of Dbp5 (8, 9). To investigate whether Glel also
alters Ded1 activity, ATPase assays were conducted with puri-
fied recombinant proteins at different molar ratios. As
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expected, we observed an RNA-dependent increase in the
ATPase activity of Ded1 (Fig. 1, C and E). However, when Glel
was added, Ded1 ATPase activity was reduced in a dose-depen-
dent manner (Fig. 1C). This is in direct contrast to Glel:IP,
activation of Dbp5 ATPase activity. Furthermore, addition of
IP, did not change Ded1 ATPase activity or the Glel inhibition
(supplemental Fig. S24). As a control, addition of glutathione
S-transferase (GST) or an unrelated RNA-binding protein
(Hrp1) had no effect (supplemental Fig. S2B). To examine the
ATP and RNA dependence of Ded1 activity with Glel, ATP,
and RNA concentrations were varied in ATPase assays. In alter-
ing ATP concentration, the V., of Ded1 activity was reduced
with Glel whereas the EC,, was not significantly altered (Fig.
1D). However, with Glel, an ~2-fold increase in total RNA
concentration (from 0.4 to 0.8 pg/ml) was required for half-
maximal Ded1 ATPase activity (Fig. 1E). Again, this was oppo-
site of the Gle:IP effect on Dbp5 wherein ATPase activation is
coincident with a decrease in the required RNA concentration
(8, 9). The direct binding of Glel and inhibition of Dedl
ATPase activity revealed a potential direct role for Glel in
translation initiation.

Glel Inhibition of Dedl Is Distinct from Activation of Dbp5—
We hypothesized that the Glel:Dedl interaction might be
mediated in a manner similar to the Glel:Dbp5 interaction.
Extensive structural analysis of Dbp5 has been reported, and
very recently an ADP-bound A90dbp5-327V:A243gle1*37R:.1P,,
complex was characterized (17). To gain further insight into
Glel:Dedl binding, we generated altered forms of Glel and
Ded1 based on the Gle1-Dbp5 findings and assayed for effects
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FIGURE 2.gle1-VAI/DDD and ded1-R438G affect Gle1-mediated inhibition of Ded 1. A, pull-downs with Ni-agarose were performed as in Fig. 1 with purified
gle1-VAI/DDD and Ded1. B, ATPase assays were performed with 100 nm Ded1 and 400 nm of Gle1 or aberrant gle1-VAI/DDD protein. ++, p < 0.01 versus
Ded1+Glel. C, pull-downs with Ni-agarose were performed as in Fig. 1 with Gle1 and ded1-R438G. D, ATPase assays performed with 100 nm Ded1 and/or
aberrant ded1-R438G protein and 400 nm Gle1. ++, p < 0.01 versus Ded1+Gle1.For Band D, n = 3 to 7 for mean and standard error of means (S.E.) calculations.

on protein interaction and Ded1 activity. First, we utilized a
Glel protein in which three residues (Val-513, Ala-516, and
Ile-520) that are proposed to facilitate binding of the Dbp5
N-terminal RecA domain are changed to aspartic acid (17). The
altered gle1-VAI/DDD protein still binds to Dbp5 but is defec-
tive in ATPase activation, and the corresponding yeast glel-
VAI/DDD mutant strain is inviable (17). We performed in vitro
pull-downs with His-Dedl and glel-VAI/DDD and found it
bound at levels similar to wild-type Glel (Fig. 24). This indi-
cates that the gle1-VAI/DDD protein is not perturbed for inter-
action with either Dbp5 or Ded1. However, the gle1-VAI/DDD
protein, despite binding to Dedl, was completely deficient in
inhibiting the ATPase activity of Ded1 (Fig. 2B). This result is
similar, though correspondingly opposite in effect, to ATPase
assays performed with Dbp5 and gle1-VAI/DDD (17). Thus,
glel-VAI/DDD is defective for modulating both Dbp5 and
Dedl, indicating a potential shared biochemical mechanism of
action on the two different DEAD-box proteins.

Second, a recent report discovered a DBP5 dominant nega-
tive mutant (DBP5-R369G), which generates a dbp5-R369G
protein that is deficient in RNA binding and sequesters Glel
(34). The dbp5-R369G protein, which has reduced ATPase
activity compared with wild-type due to the lack of RNA bind-
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ing, inhibits activation of wild-type Dbp5 in vitro by titering
away Glel:IP (34). As the changed arginine-369 residue is con-
served in multiple DEAD-box proteins (data not shown), we
generated an equivalent DEDI mutant (DEDI1-R438G). We
found that the altered ded1-R438G protein bound to Glel in
pull-down assays (Fig. 2C). Similarly to dbp5-R369G, the ded1-
R438G protein had little AT Pase activity, and in fact no additive
effect compared with wild-type Ded1 was seen when both pro-
teins are added together (Fig. 2D). However, Glel-mediated
inhibition of Ded1 ATPase activity was significantly reversed by
the addition of ded1-R438G protein, consistent with the ability
of ded1-R438G to still bind Glel. Thus, both the ded1-R438G
and gle1-VAI/DDD proteins affected Ded1l ATPase activity in
ways similar to their effects on Dbp5 activity, though reversed
in orientation. Taken together, these biochemical data sup-
port direct inhibition of Ded1 by Glel. Moreover, this indi-
cates that Glel potentially binds Ded1l in a manner similar to
its interaction with Dbp5. However, the interactions are not
completely equivalent. We also generated a dedl mutant
(D392K) similar to a dbp5-E323K mutant that reportedly
ablates Glel binding and activation (35). The ded1-D392K
protein bound Glel, and its activity in the presence of Glel
was not significantly different from wild-type Ded1 (data not
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FIGURE 3. A gle1-4 mutant displays genetic interactions with DED1. A-C, cultures of indicated single and double mutant strains with wild-type controls
(WT) were 5-fold serially diluted and spotted on YPD, then incubated 2 days at 25 °C, 27.5, 30, or 37 °C. Strains included cold-sensitive ded1-120 (A-C), gle1-4
(A), ipk1A (B), and rat7-1 (nup159) (C). D, wild-type and gle1-4 strains transformed with galactose-inducible DEDT (pGAL-DED1), DED1-R438G (pGAL-DED1-R/G),
or control plasmids were incubated at the indicated temperatures for 3 days on selective media containing galactose (top) or glucose (bottom).

shown). Furthermore, a ded1-D392K mutant strain also had
no observable growth phenotypes (data not shown). Overall,
Ded1:Glel has both shared and distinct mechanistic deter-
minants compared with Dbp5:Glel:IP.

Genetic Interactions of glel and dedl Mutants—Next we
evaluated the in vivo significance of Ded1 regulation by Glel. A
double mutant strain harboring the temperature-sensitive
glel—4 allele and the cold-sensitive ded1—120 allele was gener-
ated and tested for growth at different temperatures (Fig. 3A4).
Interestingly, the growth defect of the gle/—4 mutant at 30 °C
was suppressed in the glel—4 ded1-120 double mutant strain.
This genetic suppression of the growth defect is consistent with
the negative biochemical regulation of Ded1 by Glel and sug-
gests that Glel and Dedl have opposing actions in vivo. No
significant synthetic growth suppression or synthetic lethal
effects were observed at other temperatures tested. The lack of
suppression of the ded1-120 growth defect at 25 °C and the
lack of suppression of the glel—4 growth defect at 37 °C likely
reflect differences in the severity of their defects at different
temperatures. In addition, Dedl and Glel each play roles in
more than one process and the suppression effect might be
linked to only one of these functions (see below) (22). We did
not test the glel-VAI/DDD mutant because it is lethal at all
temperatures in vivo and is defective in regulating both Ded1
and Dbp5 (Fig. 2B and Ref. 17).
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In parallel, ipkIA and rat7-1 (nup159) mutants were tested as
controls. Ipkl is the 2-kinase responsible for IP, production
(32), and is directly linked to Glel function in mRNA export
and in translation termination (8 —10, 22). However, initiation
defects have not been observed in ipkIA cells (22). Nup159 is
involved in Glel function during mRNA export by serving as
the NPC docking site for Dbp5, and the rat7-1 (nup159) mutant
is specific for defects in mRNA export (20-22). Thus, we pre-
dicted that double mutants of ded1—120 with ipkIA or rat7-1
(nup159) should not have genetic interactions. Indeed, no
growth suppression or synthetic fitness effects were observed in
ipklA ded1-120 or rat7-1 (nup159) ded1—120 double mutants
(Fig. 3, B and C). This confirmed the specificity of the glel—4
ded1-120 phenotype and is consistent with the lack of effect of
IP, in Ded1l ATPase assays.

To further strengthen the genetic links between Glel and
Dedl, we examined the DEDI-R438G mutant in vivo. The
DEDI-R438G did not complement a ded1A mutation (data not
shown); however, as reported, the corresponding DBP5-R369G
mutant is also inviable but acts dominantly to inhibit growth
upon overexpression (34). Thus, we constructed plasmids con-
taining Gal-inducible wild-type DEDI and mutant DEDI-
R438G. Unlike wild-type DBPS, a prior report has shown that
overexpression of wild-type DEDI causes growth defects (36).
We also observed inhibition of growth for strains harboring the
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trifugationand OD,s, ., analysis of the gradient. Monosome/polysome (M/P)
ratio was determined by comparing the area of the monosome peak to the
sum of the areas of the first four polysome peaks. Error represents S.E. from
n = 3. The monosome (80 S) and polysome peaks are labeled in F for refer-
ence. J, for in vitro translation assays, competent extracts from wild-type cells
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GAL-DEDI plasmid on galactose media at all temperatures
(Fig. 3D). However, combining DEDI overexpression with the
glel—4 mutant resulted in a more severe growth inhibition.
This effect is most notable at 27.5 °C at which growth of a
glel—4 control strain is not significantly affected but the glel—4 +
PGAL-DEDI] strain grows more poorly than wild-type +
pGAL-DEDI (Fig. 3D). Furthermore, overexpression of the
DEDI-R438G mutant resulted in growth defects similar to
wild-type DEDI and showed a similar synthetic defect with
glel—-4 (Fig. 3D). This is also consistent with overexpression of
an ATPase-dead dedl mutant that was shown by others to
inhibit growth (36). On the one hand, this ability of DEDI-
R438G overexpression to inhibit wild type cell growth indicates
that RNA binding is likely not responsible for the growth inhi-
bition by DED1 overexpression. Further, taken in conjunction
with the ATPase data (Fig. 2D), these results suggest that over-
expression of either DEDI1 or DEDI-R438G could inhibit
growth by binding and sequestering of Glel, resulting in the
loss of Glel for appropriate Ded1 regulation.

Glel Regulation of Dedl Is Critical for Efficient Translation
Initiation—It has been reported previously that ded] mutants,
including the ded1-120 allele, do not have defects in mRNA
export (37). However, it was possible that the known defect in
mRNA export in the glel—4 mutant could be affected in the
glel—4 ded1-120 strain (11). To test this, in situ hybridization
experiments were performed. Nuclear accumulation of
poly(A)™" signal was observed in glel—4 mutant cells shifted to
growth at 30 °C, the temperature at which growth suppression
was evident, while no defect was observed in dedI—-120 cells
(Fig. 4 B, C, E). However, the nuclear accumulation levels in the
glel-4 ded1-120 double mutant cells were similar to that of
the glel—4 single mutant (Fig. 4, D and E). This suggests that the
Ded1:Glel interaction does not play a role in mRNA export.

Rather, we hypothesized that the Glel-Ded1 interaction is
important for translation initiation. To examine this, we per-
formed sucrose density sedimentation of total yeast cell lysates
and quantified the relative 80 S monosome to polysome levels
(M/P ratio) (Fig. 4, F-I). We previously showed that the glel—4
strain displayed a defect in the M/P ratio when shifted to 37 °C
(22). However, the ded1-120 strain displayed a more severe
defect than glel—4 at elevated temperatures (data not shown),
thus we could not test whether there was rescue of the glel—4
phenotype in the double mutant. Alternatively, we examined
whether glel—4 could rescue the defect observed in the ded -
120 strain. After growth at 20 °C, a permissive temperature for
the gle1—4 strain, the polysome profile was similar to that from
wild-type cells (Fig. 4, F and G). However, the polysome profile
of the cold-sensitive ded1—120 strain was severely affected (Fig.
4H), with a greatly increased 80 S monosome peak and
decreased polysome peaks (M/P = 12.5). This is characteristic
of an initiation defect (e.g Refs. 22 and 38). Of note, this defect
was reduced in the gle]—4 ded1-120 mutant (Fig. 41), which
had a comparatively smaller monosome/polysome ratio
(M/P = 5.3). Thus, the glel mutant partially rescued the altered

were incubated with in vitro-transcribed luciferase mRNA, and luciferase reac-
tions were performed. Purified Gle1, gle1-VAI/DDD, and Dbp5 were added to
the reactions as indicated.
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versus WT; +, p < 0.05 versus gle1-4 strain. For all panels, n = 3 to 10 for mean and S. E.

polysome phenotype in the ded1-120 mutant. This supports
the hypothesis that Glel and Dedl have opposing cellular
actions and are both functionally linked to translation
initiation.

To test whether the effects of Glel on translation initiation
are direct, we performed in vitro translation assays with ribo-
some-enriched extracts from wild-type cells and in vitro-tran-
scribed luciferase mRNA. When Glel protein was co-incubated
with the translation reactions, luciferase activity was markedly
reduced in a dose-dependent manner, indicating that Glel is
acting to inhibit translation (Fig. 4/). Interestingly, when glel-
VAI/DDD protein was added to the translation reactions, it
reduced activity to a greater extent than wild-type Glel. These
results suggest that Glel might not be a translation inhibitor per
se; rather, the proper level of functional Glel is critical for effi-
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cient translation. Thus, adding excess wild-type Glel reduces
translation, whereas adding glel-VAI/DDD might replace
functional Glel and reduce translation efficiency. This conclu-
sion is also consistent with the complementary suppression
observed below in Fig. 5, B and C. Furthermore, as a reflection
of the specificity of the effect of Gle1, addition of 1 um Dbp5 did
not significantly alter the translation activity (Fig. 4/).

Ded1 and Glel Play Roles in AUG Start Site Recognition—A
set of in vivo reporter-based assays was used to assess the effi-
ciency of specific translation initiation steps in glelI-4 and
ded1-120 mutant cells. Each set of reporters consisted of both
atest reporter and a control. We then took a ratio of the activity
of the test reporter to the control construct, thus normalizing
the results for differences due to mRNA export defects and
prior effects on translation as well. Ded1 has been proposed to
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facilitate the efficiency of AUG start codon scanning by the 43 S
pre-initiation complex (PIC) through unwinding local RNA
structure and/or remodeling the mRNP in the 5'-UTR (28). To
measure scanning efficiency, the ratio of luciferase activity pro-
duced was measured from two reporters with 5'-UTRs of either
43 (LO) or 1117 (L2) nucleotides (Fig. 54). This method was
previously used to document scanning defects in a ded1-57
temperature-sensitive mutant strain (29). Consistent with that
report, we observed a 63% reduction in the L2/L0 ratio in the
dedl-120 mutant at 23 °C, a non-permissive temperature for
this strain (Fig. 54). We also observed a 51% reduction at
27.5 °C, a semi-permissive temperature for growth of the ded1-
120 mutant. In contrast, there was no defect in glel—4 mutant
cells at any temperature tested (Fig. 54 and supplemental Fig.
S3). Furthermore, the glel—4 ded1-120 double mutant strain
had scanning defects similar to those of the ded1-120 single
mutant (Fig. 54). These results are consistent with the hypoth-
esis that Dedl has a role in scanning; however, in this assay,
Glel does not inhibit this Ded1 function, suggesting that differ-
ent roles ascribed to Ded1 could be distinct.

Following scanning, the PIC must properly recognize the
AUG start codon, which is linked to a series of conformational
changes that ultimately lead to initiation (24). To test for a
defect in start site recognition, we employed two different sets
of reporters. First, we assayed for leaky scanning, which occurs
when the PIC fails to recognize a start codon and continues
scanning (39). For this, we utilized a GCN4-based reporter that
lacked the inhibitory uORF2, 3, and 4 and retained only the
stimulatory uORF1 (40). This reporter’s mRNA will normally
be translationally active and was used as a control. A second
reporter extended the reading frame of uORF1 past the start
site of the GCN4-lacZ coding region (40). This version will only
translate the fusion protein if the start site in uORF1 is bypassed
through leaky scanning. Interestingly, we observed a striking
increase in leaky scanning activity in ded1—120 cells at a non-
permissive temperature of 23 °C (Fig. 5B), over 18% compared
with less than 6% in wild type cells. Normalized activity in
glel—4 cells was reduced by a modest but significant amount
compared with wild-type at either 23 °C or 30 °C (Fig. 5B).
Importantly, however, the glel-4 dedl-120 double mutant
showed a clearly reduced leaky scanning defect at 23 °C compared
with ded1-120 alone. This correlates with the rescued polysome
defect in ded1-120 glel—4 cells (Fig. 41) and with Glel inhibition
of Ded1 activity. No substantial changes in leaky scanning were
observed in ipkIA, rat8-2 (dbp5), or rat7-1 (nup159) mutants,
indicating that the defects are not due to general effects on mRNA
export or translation termination and could reflect Gle1 and Ded1
functional effects on start site recognition.

Defects in start site recognition can also lead to changes in
start site fidelity. Such fidelity perturbations are characterized
by an increase in initiation at near-cognate start codons. To test
for fidelity defects, we employed a third set of reporters coding
for HIS4-lacZ fusion proteins (Fig. 5C). One version of the
reporter contained a consensus AUG start codon, whereas the
other had a mutated UUG start site (41). An increase in the ratio
of activity of UUG to AUG indicates defects in start site fidelity.
With these reporters, the ded1—120 mutant was not signifi-
cantly different from wild-type at permissive or non-permissive
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temperatures (Fig. 5C). However, glel—4 cells had an increase
in the UUG/AUG ratio at a semi-permissive temperature of
30 °C, indicating translation fidelity defects. Importantly, this
defect was again largely rescued in glel-4 ded1—120 cells, cor-
relating with the rescue of the glel—4 growth defect by ded1-
120 (Fig. 3A). Neither ipkIA nor rat8-2 (dbp5) mutants showed
fidelity defects (Fig. 5C). Although a small defect was observed
in the rat7-1 (nup159) mutant, this was not rescued by ded1-
120. Overall, the reporter assays indicate that the negative reg-
ulation of Ded1 by Glel has specific consequences in transla-
tion initiation and reveal a potential role for the Glel:Dedl
interaction in determining proper start site recognition.

DISCUSSION

In this study, we have defined the target for Glel action dur-
ing translation initiation. We find that Gle1 negatively regulates
the DEAD-box protein Ded1, inhibiting its ATPase activity in
vitro and affecting the function of Ded1 in translation in vivo.
This is a strikingly different and surprising role for Glel com-
pared with its established function as an activator of the DEAD-
box protein Dbp5 in mRNA export and translation termina-
tion. Moreover, Glel inhibition of Dedl does not require IP,
binding, unlike the IP, enhancement of Dbp5 activation by
Glel. As such, Glel is uniquely positioned to differentially con-
trol distinct steps in the gene expression pathway.

Complementary genetic and biochemical evidence support a
model for Glel control of Dedl in translation initiation. In
accordance with inhibition of Dedl ATPase activity by Glel,
Glel interacts with Ded1 in vitro and in vivo (Fig. 1). Further-
more, the glel-4, ded1-120, and glel-4 dedl-120 mutant
phenotypes correlate well with these biochemical results. The
suppression of glel-4 temperature-sensitive growth by the
dedl-120 mutant and the synthetic growth defect in DEDI-
overexpressing glel—4 cells agree with the in vitro biochemical
inhibition of Ded1 by Glel and the suppression of translation
fidelity defects in glel— 4 ded1-120 (Figs. 2, 3, A and D, and 5C).
Likewise, the severe polysome defect of the ded1-120 mutant
was partially suppressed by glel—4 at 20 °C (Fig. 4, H and ),
which correlates with the rescue of the ded1—120 leaky scan-
ning defect in the double mutant strain (Fig. 5B). We did not
observe suppression of the dedl-120 cold-sensitive growth
defect by glel—4 (Fig. 3A); however, the ded1—-120 mutant has
perturbations in at least one other function, promotion of scan-
ning efficiency, which is not affected by Glel (Fig. 54). Thus,
multiple effects in ded-120 cells may contribute to growth
defects in this strain. On the other hand, we suggest that at least
part of the growth sensitivity of the glel—4 strain is due to the
inability of the aberrant glel protein to inhibit Ded1 in initia-
tion. This interpretation means that overly active Ded1 is det-
rimental for cell growth, which is supported by the inhibition of
cell growth upon DEDI overexpression (Ref. 36 and Fig. 3D).
Alternatively, DEDI overexpression could be sequestering
essential Glel activity, as overexpression of either DEDI-
R438D (Fig. 3D) or ATPase-dead ded1 (36) also inhibits cell
growth. Thus, in the glel1-4 ded1-120 double mutant strain,
the defect in the ability of glel1-4 protein to inhibit Ded1 is
partially counterbalanced by attenuated ded1-120 protein
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activity at 30 °C. Taken together, these results firmly establish a
link between Glel, Ded1, and translation initiation.

It is not unexpected that different phenotypes of gle1—4 and
ded1-120 mutants are impacted in different ways. Although
the severity of the defects in these mutants varies with temper-
ature, both mutants are partially compromised at all tempera-
tures. Therefore, suppressive effects can be evident even if a
particular phenotype is not observed at a specific temperature
in one of the single mutants. For example, glel—4 suppresses
the ded1-120 defect in leaky scanning at 23 °C (Fig. 5B), even
though the glel-4 single mutant does not display a significant
fidelity defect at that temperature (Fig. 5C). This is likely due to
the partial reduction in the glel—4 protein activity even at
23 °C, as well as reflecting differences in the sensitivities and
thresholds of these two distinct assays (in this case, gle1—4 also
shows a slight reduction in leaky scanning at 23 °C (Fig. 5B)).
Conceptually, the same phenomenon is observed in synthetic
fitness/lethal defects, which are frequently manifested at tem-
peratures at which neither of the individual mutants has an
observable phenotype. Therefore, the genetic suppression we
have observed is consistent with the in vitro data indicating that
Glel inhibits Ded1 in initiation.

Several lines of evidence argue that the effects of Glel on
Ded1 are specific and not indirect effects from other Glel or
Dedl functions. First, the physical interaction and in vitro
ATPase assays reflect a direct effect (Fig. 1). This includes
assays with gle1-VAI/DDD and ded1-R438G that show speci-
ficity of the inhibition (Fig. 2). The inhibition of in vitro trans-
lation by relatively low levels of Glel also indicates that Glel
affects translation directly (Fig. 4J). Second, ipkIA, rat7-1
(nup159), and rat8-2 (dbp5) mutants do not have genetic inter-
actions with the ded1-120 mutant or start site defects (Figs. 3
and 5). Nup159, Dbp5, and IP, are all involved with Glel in
mRNA export (8, 9, 20, 21, 42), and Dbp5 and IP, also partner
with Glel in translation termination (6, 10, 22). Therefore, our
observations do not appear linked to mRNA export or termina-
tion. Third, we observe no effect from the Glel:Ded1 interac-
tion on bulk mRNA export (Fig. 4, A—E). Fourth, both the leaky
scanning and fidelity assays are normalized to the activity from
control reporters to eliminate effects from mRNA export per-
turbations as well as defects in other steps of translation initia-
tion (Fig. 5, B and C). Ded1 has been linked to other processes,
including pre-mRNA splicing (although this is primarily genetic
and ded1 mutants do not display splicing defects) and processing
(P-) body formation (28, 36, 37). It is possible that Glel regulates
Ded1 in other Ded1 functions, and we cannot rule out that the in
vivo results we observe are at least partially due to such regulation.
However, the specificity of the reporter assays results argues
against solely indirect effects. This evidence, together, highlights
the specificity for Glel regulation of Ded1.

Our results with the start site recognition reporters suggest
that Ded1 and Glel affect this step of translation initiation. It is
currently unclear whether these are direct functions. However,
dedl mutants have defects in scanning efficiency, while the
glel-4 mutant does not have a perturbation. This observation
might indicate that these are distinct functions of Ded1 or that
Glel is blocked from regulating Ded1 during scanning (Ref. 29
and Fig. 54). A potential role in start site selection has also
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recently been proposed for another DEAD-box helicase and
translation initiation factor, eIF4A (43); therefore Dedl and
elF4A might both contribute to start site recognition. The leaky
scanning defect that we observed in the ded1-120 mutant sug-
gests that Dedl promotes start site recognition, whereas the
increase in near-cognate recognition in glel—4 cells implies
that Glel retards this process, perhaps to ensure fidelity (sup-
plemental Fig. S4). Additionally, the rescue of these effects in
the glel1-4 ded1-120 double mutant ties these functions of
Ded1l and Glel together, suggesting that both are needed for
proper AUG recognition. We speculate that Glel inhibits Ded1
activity to reduce initiation at improper start sites and that inhi-
bition is relieved by recognition of a correct start codon, possi-
bly through the conformational changes associated with recog-
nition (44, 45). Dedl might serve to unwind or remodel the
mRNA to a particular conformation that aids start site recogni-
tion. Alternatively, it could promote one or more of the protein or
RNP remodeling steps in the PIC during recognition and subse-
quent initiation steps. In either case, identifying a target of Ded1
activity in start site recognition would be of great interest and sup-
port for this model. A study published during revision of this man-
uscript has suggested that Ded1 has an ATPase-independent role
in translation repression and the formation of stress granules as
well as an ATPase-dependent role in promoting 48S PIC assembly
through interactions with the elF4F complex (46). It is thus tempt-
ing to speculate that these activities are related to Ded1’s role in
start site recognition and are also regulated by Glel activity.
Taken together, this work reveals multifunctional roles for
Glel as a highly unique regulator of at least two DEAD-box
proteins. Moreover, the regulation by Glel is differential: Glel
activates Dbp5 and inhibits Ded1. Furthermore, unlike Dbp5,
addition of IP in the presence of Glel has no effect on Dedl
activity (supplemental Fig. S24). It is unlikely that Glel is inhib-
iting Ded1 by competing for binding to RNA. Compared with
the known strong affinity of Ded1 for RNA (31), we found that
RNA binding by Gle1 was insignificant (data not shown). More-
over, this interpretation is inconsistent with Glel-mediated
activation of Dbp5 wherein further stimulation is achieved by
increasing molar ratios of Glel to Dbp5 (9). There are at least
two other non-exclusive possibilities for the contrasting effects
of Glel on Dbp5 and Dedl. First, the effects may be due to
differences in the binding interfaces for Glel:IP, with Dbp5
compared with Glel and Dedl. The glel-VAI/DDD protein,
which binds both Dbp5 and Ded1 but is unable to affect the
activity of either, suggests that the binding interfaces share at
least some commonalities (Ref. 17 and Figs. 1C and 2D). How-
ever, the lack of defects in a ded 1-D392K mutant, for which the
equivalent dbp5-E323K protein has reduced Glel binding and
activation, argues that the Gle1:Dbp5 and Glel:Ded1 surfaces
are at least partially distinct. A second possibility is that the
differential regulation of Dbp5 and Ded1 is a result of the intrin-
sic activities and cycling of the enzymes. Dbp5 has a poor rate of
ATPase hydrolysis in the absence of Glel, even in the presence
of RNA, whereas Ded1 activity (with RNA) is considerably
higher (8, 9, 31). The rate-limiting step for Dbp5 might be dif-
ferent than for Dedl, thus leading to different results upon the
addition of Glel. We have begun to investigate these possibili-
ties with the dominant mutants, which further suggest that
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RNA binding is not required for Glel binding to Dbp5 or Ded1
(Ref. 34 and Figs. 1D and 2E).

The specificity of Glel function could also be modulated
through its targeting to different steps in gene expression. To
target its activity, we speculate that Glel is directed to specific
DEAD-box proteins by unique docking sites, including Nup42
in the NPC, elF3 in translation initiation, and eRF1 in termina-
tion (11, 22). It remains critical to determine whether Glel at
the NPC, at translation initiation complexes and at translation
termination complexes is dynamic. Certainly, human Glel has
been shown to shuttle between the nucleus and cytoplasm (47).
Glel might also associate with mRNPs from export through
translation and mediate gene expression at multiple steps.

Only a few DEAD-box proteins have known regulatory fac-
tors, which include plakophilin-1, PDCD4, and several eukary-
otic initiation factors (eIFs) for eI[F4A, MAGOH and Y14 for
elF4Alll, Esf2 for Dbp8, and Glel for Dbp5 (8, 9, 48 -52). The
discovery here that a single factor (Glel) modulates more than
one DEAD-box protein (Dbp5 and Dedl) in distinct gene
expression steps presents a new paradigm for regulation of the
DEAD-box helicase family. This suggests that DEAD-box reg-
ulatory factors such as Glel could serve as focal points for coor-
dination of gene expression through control of their targets in
multiple processes. We predict that further study of Glel will
shed more light on these paradigms as well as potential func-
tional coupling between late stages of gene expression.
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