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The DEAD-box RNA helicase Ded1 has a role in 
the translational response to TORC1 inhibition

ABSTRACT  Ded1 is a DEAD-box RNA helicase with essential roles in translation initiation. It 
binds to the eukaryotic initiation factor 4F (eIF4F) complex and promotes 48S preinitiation 
complex assembly and start-site scanning of 5′ untranslated regions of mRNAs. Most prior 
studies of Ded1 cellular function were conducted in steady-state conditions during nutrient-
rich growth. In this work, however, we examine its role in the translational response during 
target of rapamycin (TOR)C1 inhibition and identify a novel function of Ded1 as a translation 
repressor. We show that C-terminal mutants of DED1 are defective in down-regulating trans-
lation following TORC1 inhibition using rapamycin. Furthermore, following TORC1 inhibition, 
eIF4G1 normally dissociates from translation complexes and is degraded, and this process is 
attenuated in mutant cells. Mapping of the functional requirements for Ded1 in this transla-
tional response indicates that Ded1 enzymatic activity and interaction with eIF4G1 are 
required, while homo-oligomerization may be dispensable. Our results are consistent with a 
model wherein Ded1 stalls translation and specifically removes eIF4G1 from translation 
preinitiation complexes, thus removing eIF4G1 from the translating mRNA pool and leading 
to the codegradation of both proteins. Shared features among DED1 orthologues suggest 
that this role is conserved and may be implicated in pathologies such as oncogenesis.

INTRODUCTION
Gene expression is a central process of the cell, and accordingly, intri-
cate modes of regulation have evolved to ensure faithfulness in the 
process. In eukaryotic cells, many factors interact with specific mRNAs 
to facilitate and regulate a variety of processes, including nuclear ex-
port, translation, and degradation (Mitchell and Parker, 2014). The 
composition and structure of the mRNP are thus dynamic throughout 
its life cycle. A major method of controlling RNA–protein interactions 
is through the action of RNA helicases, of which DEAD-box proteins 
are the largest family (for a review, see Linder and Jankowsky, 2011). 

DEAD-box proteins utilize linked cycles of ATP binding, hydrolysis, 
and RNA binding to destabilize RNA duplexes, alter RNA–protein in-
teractions, and/or act as ATP-dependent binding proteins.

Ded1 is a DEAD-box RNA helicase in Saccharomyces cerevisiae 
that has an essential role in translation initiation conserved from 
yeast to humans (Sharma and Jankowsky, 2014). The human ortho-
logue, DDX3, has been implicated in oncogenesis, most notably in 
the pediatric brain cancer medulloblastoma, where DDX3 is the 
second most frequently mutated gene after β-catenin (Northcott 
et al., 2012; Kool et al., 2014). DDX3 mutations have also been 
identified in several other cancer types, and DDX3 has been linked 
to viral replication as well (Valiente-Echeverría et al., 2015; Zhao 
et al., 2016). However, its function in these pathologies has remained 
largely unclear, emphasizing the importance of understanding 
Ded1/DDX3 function and regulation.

Ded1 function in translation is complex. Ded1 activity is neces-
sary for scanning through long and structured 5′ untranslated 
regions (UTRs) and for 48S preinitiation complex (PIC) assembly 
(Hilliker et al., 2011; Sen et al., 2015). In addition, our previous work 
suggests that Ded1 may have a role in translation start site fidelity, 
and a recent study has presented strong evidence for Ded1 in 
controlling the use of near-cognate start codons (Aryanpur et al., 
2017; Guenther et al., 2018). On the other hand, a repressive 
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function for Ded1 has also been proposed (Hilliker et al., 2011). 
Ded1 overexpression causes severe growth inhibition, translation 
repression, and the formation of stalled mRNPs in stress granules 
(Beckham et al., 2008; Hilliker et al., 2011; Aryanpur et al., 2017). 
Likewise, high Ded1 levels inhibit 48S PIC assembly in in vitro assays 
(Hilliker et al., 2011; Aryanpur et al., 2017). Nonetheless, it is cur-
rently unclear whether Ded1 has a repressive function in translation 
when expressed at physiological levels.

The repressive function of overexpressed Ded1 is partially 
dependent on the Ded1 C-terminal domain, which is a predicted 
low-complexity sequence that lies outside of the core helicase 
domains (Sharma and Jankowsky, 2014). Deletion of this domain 
(amino acids 536–604) substantially rescues growth inhibition on 
overexpression (Hilliker et al., 2011). Two functions have been de-
scribed for the domain. First, in vitro assays have identified this do-
main as essential for Ded1 association with the initiation factor 4F 
(eIF4F) complex scaffolding protein, eukaryotic initiation factor 4G 
(eIF4G) (Hilliker et al., 2011; Senissar et al., 2014; Putnam et al., 2015). 
Second, Ded1 has been shown to homo-oligomerize through the C-
terminal domain, which is important for maximal helicase activity in 
vitro (Putnam et al., 2015). Surprisingly, deletion of the Ded1 C-termi-
nus has not been associated with any deficiencies in growth or trans-
lation in vivo. However, these studies have generally focused on 
favorable growth conditions in rich media rather than cellular stress 
conditions such as nutrient deprivation or stationary phase culture.

As part of the cellular stress response, new protein synthesis is 
appropriately regulated with growth rate and cell division to effi-
ciently manage limited resources and to ensure survival (Loewith and 
Hall, 2011; González and Hall, 2017). A major pathway in eukaryotes 
involved in this regulation is the target of rapamycin (TOR) pathway, 
named after the discovery that mutations in TOR conferred resis-
tance to the growth inhibitory effect of the small molecule rapamycin 
(González and Hall, 2017). TOR can form two functionally different 
signaling complexes with other proteins (TORC1 and TORC2); how-
ever, rapamycin specifically inhibits TORC1 (Loewith and Hall, 2011). 
When amino acids and nitrogen sources are abundant, TORC1 sig-
naling stimulates cell division and anabolic processes such as new 
protein, nucleotide, and lipid biosynthesis. Conversely, when nutri-
ents are scarce, a reduction in TORC1 signaling halts cell division and 
promotes catabolic processes and general inhibition of new protein 
synthesis. Notably however, while some stresses, such as glucose 
deprivation, induce sequestration of translation components into cy-
toplasmic foci termed stress granules (Buchan and Parker, 2009), oth-
ers, including nitrogen starvation, amino acid starvation, and specific 
inhibition of TORC1 with rapamycin, result in repression of transla-
tion but do not drive stress granule assembly (Simpson and Ashe, 
2012). This suggests that general inhibition of translation and stress 
granule formation can be uncoupled and can be driven by distinct 
signaling pathways (Mokas et al., 2009). TORC1 signaling has several 
downstream effects on translation initiation during stress. The most 
well-conserved mechanism occurs at the level of 48S complex 
assembly following phosphorylation of eukaryotic initiation factor 2 
alpha (eIF2α), which is induced by a wide variety of stresses, includ-
ing nutrient depletion, DNA damage, and viral infection (Dever et al., 
1992; Pakos-Zebrucka et al., 2016; Ryoo and Vasudevan, 2017). In 
mammals, TORC1 inhibition also enhances the ability of eIF4E 
binding proteins to repress translation by binding to the cap-binding 
protein eIF4E, although this mechanism seems to differ in yeast 
(Raught et al., 2001; Loewith and Hall, 2011; Liu and Qian, 2014; 
Ryoo and Vasudevan, 2017).

In addition to these two mechanisms, TORC1 inhibition induces 
the degradation of some translation components by both autoph-

agy and the proteasome (Kelly and Bedwell, 2015; Gonskikh and 
Polacek, 2017). For example, in S. cerevisiae, eIF4G1 is rapidly 
degraded by autophagy, whereas other factors such as Dcp2 are 
degraded via the proteasome (Berset et al., 1998; Kelly and Bedwell, 
2015). Other translation factors such as eIF4A and eIF3 remain rela-
tively stable following stress (Berset et al., 1998; Harris et al., 2006). 
The relatively rapid degradation of eIF4G1 compared with other 
initiation factors suggests that this may be a regulatory mechanism 
used to inhibit cap-dependent translation initiation, at least during 
sustained TORC1 down-regulation. Thus, the tuning of eIF4G1 lev-
els may play an important role in reprogramming gene expression 
following stress (Rogers et al., 2011; Das and Das, 2016). However, 
few studies have explored how translation is affected by the degra-
dation of initiation factors such as eIF4G1, and the mechanism by 
which this occurs and the factors involved are not well understood. 
Here we take advantage of the genetic tractability of S. cerevisiae to 
investigate the role of the Ded1 C-terminus in the translational re-
sponse to TORC1 inhibition and show that Ded1 activity plays an 
important role in promoting translation repression and adaptation 
to stress conditions. To carry out this function, Ded1 remodels 
eIF4G1 in translation complexes and targets it for degradation.

RESULTS
Deletion of the Ded1 C-terminus confers rapamycin 
resistance
The C-terminal domain of Ded1 is a low complexity sequence that has 
not been extensively studied (Figure 1A). This domain is necessary for 
the interaction with eIF4G1 and for self-association and the formation 
of Ded1 oligomers (Hilliker et al., 2011; Putnam et al., 2015). Although 
in vitro studies have defined a framework for understanding the ef-
fects of these interactions on Ded1 biochemical activity (Putnam et al., 
2015; Gao et al., 2016), little is known about how these interactions 
affect Ded1 cellular function, particularly under different cellular con-
ditions. As previously reported (Hilliker et al., 2011), deletion of the 
C-terminal region (amino acids 536–604) of DED1 in cells had little 
effect on growth assays in rich media compared with a wild-type 
DED1 control (Figure 1B, YPD [yeast extract–peptone–dextrose 
media]). To test whether this region plays a role in responses to cell 
stress, we examined growth following TORC1 inhibition by treating 
cells with rapamycin, a specific inhibitor of TORC1 (Figure 1B). The 
wild-type DED1 cells showed severe growth inhibition in the presence 
of rapamycin, a well-known effect of TORC1 inactivation (Loewith and 
Hall, 2011). Surprisingly, however, deletion of the C-terminal tail of 
Ded1 (ded1-ΔCT) resulted in significant resistance to rapamycin, as 
observed via growth on plates and in liquid media (Figure 1B). This 
effect was comparable to the rapamycin-resistant growth of cells con-
taining a TOR mutant, TOR1L2134M, which has a mutation in its kinase 
domain that results in a hyperactive enzyme (Takahara and Maeda, 
2012) (Figure 1B). These results suggest that Ded1 and the Ded1 C-
terminus have roles in suppressing growth in conditions where TORC1 
signaling is inactivated and that mutation of this domain results in 
growth phenotypes similar to a hyperactive TOR mutant.

We next asked whether the C-terminal domain had a similar re-
pressive function during natural stresses in which TORC1 signaling is 
inhibited. Two such conditions in which TORC1 signaling is attenu-
ated are nitrogen deprivation and stationary phase growth. After 
depriving cells of nitrogen, the ded1-ΔCT cells showed a decreased 
ability to survive compared with controls (Figure 1C). Similarly, the 
ded1-ΔCT mutant also showed a decreased ability to survive pro-
longed stationary phase (Figure 1D). TOR1L2134M cells showed simi-
lar impaired survival after both nitrogen deprivation and prolonged 
stationary phase compared with its respective wild-type control 
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FIGURE 1:  Ded1 has a role in growth regulation and viability following cellular stress. (A) Ded1 
domain structure. The carboxy-terminal domain (CT domain) lies outside of the helicase core 
domain. It contains TORC1-dependent phosphoserines. Two conserved tryptophans at the 
C-terminal tail are also shown. (B) Wild-type DED1, ded1-ΔCT, WT, and TOR1L2134M cells were 
serially diluted onto rich media ± rapamycin (200 ng/ml) and incubated at 30°C (left). Wild-type 
DED1 or ded1-ΔCT cells were grown in rich liquid media ± rapamycin (200 ng/ml) at 30°C, and 
cell concentration was measured via OD600 at different time points in a 24-h window. Data 
points represent the mean of four independent experiments and were fit to simple logarithmic 
curves (right). (C) The strains described in B were starved of amino acids and ammonium sulfate 
for 3, 6, and 10 d and then plated on rich media to assay for survival. Survival percentages are 
normalized for the plating efficiency of each strain. The data show the mean and SEM of three 
to five independent experiments; 3 d, *p < 0.05 TOR1L2134M vs. WT; 6 d, *p < 0.05 ded1-ΔCT vs. 
wild-type DED1; 10 d, **p < 0.01 ded1-ΔCT vs. wild-type DED1; 10 d, *p < 0.05 TOR1L2134M vs. 
WT. (D) The strains described in B were grown to stationary phase in minimal media and were 
incubated at 30°C for either 7 or 9 d before being serially diluted and plated on rich media.

(Figure 1, C and D). Both the rapamycin resistance and impaired 
survivability following nutrient starvation suggest an important role 
for the Ded1 C-terminus in the cellular changes that occur during 
long-term nutrient stress and inhibition of TORC1. The differing 
phenotypes in these conditions likely reflect negative consequences 
to an improper cellular response to these natural stresses, in con-
trast to rapamycin treatment in rich media. Taken together, these 
results suggest that Ded1 and the C-terminal domain could be 
involved in cellular reprogramming during stress conditions.

The Ded1 C-terminal deletion shows impaired translation 
down-regulation following rapamycin treatment
Ded1 has been described as having a role in both promoting 
(Chuang et al., 1997; Hilliker et al., 2011; Aryanpur et al., 2017) 

and repressing (Beckham et al., 2008; 
Hilliker et al., 2011; Aryanpur et al., 2017) 
translation, and these roles correlate with 
the activity level of Ded1(Aryanpur et al., 
2017). Ded1 activity is essential for transla-
tion initiation; however, above a certain 
threshold Ded1 becomes inhibitory toward 
translation (Hilliker et al., 2011; Aryanpur 
et al., 2017). High levels of Ded1 overex-
pression thus result in severe growth inhibi-
tion and translation down-regulation. This 
effect is at least partially dependent on the 
Ded1 C-terminus as deletion of the C-
terminus partially rescues the observed 
growth inhibition (Hilliker et al., 2011). As 
Ded1 can both activate and repress transla-
tion, and we observed rapamycin-resistant 
growth in the ded1-ΔCT mutant, we hy-
pothesized that Ded1 has a role in transla-
tion down-regulation following TORC1 
inhibition. To test this, we measured new 
protein synthesis after rapamycin treat-
ment using 35S-methionine (35S-Met) label-
ing. In wild-type DED1 cells, there was a 
3.6-fold reduction in new protein synthesis 
after 1 h of rapamycin treatment, and a 
53-fold reduction was observed after 20 h 
of rapamycin treatment (Figure 2A). Con-
sistent with a role for Ded1 in translation 
down-regulation, this reduction in protein 
synthesis was attenuated in ded1-ΔCT 
cells. Specifically, in ded1-ΔCT, there was a 
2.6-fold reduction in new protein synthesis 
after 1 h of rapamycin treatment and a 22-
fold reduction after 20 h of rapamycin 
treatment, indicating that ded1-ΔCT cells 
showed ∼40% more new protein synthesis 
than wild-type cells at 1 h and ∼220% more 
after 20 h of rapamycin treatment (Figure 
2A). This result shows that compared with 
wild-type DED1, ded1-ΔCT cells are par-
tially defective in down-regulating protein 
translation when TORC1 is inhibited. To 
further test whether Ded1 affects transla-
tion down-regulation following rapamycin 
treatment, we analyzed polyribosomal pro-
files via sucrose density sedimentation and 
quantified the relative polysome to 80S 

monosome levels (P/M ratio). Although the P/M ratio was similar 
for untreated wild-type DED1 and ded1-ΔCT cells, translation was 
significantly less down-regulated in the mutant cells compared 
with controls after 20 min and 1 h of rapamycin treatment (Figure 
2, B and C). A similar, though smaller, effect was observed for the 
TOR1L2134M mutant compared with its respective wild-type control 
after rapamycin treatment (Figure 2D). These data suggest that 
Ded1 and its C-terminal domain may have a novel function in 
translation repression following rapamycin treatment. Long-term 
rapamycin treatment (20 h) resulted in massive translation down-
regulation and loss of ribosomes in both DED1 and and ded1-ΔCT 
cells (Figure 2E). However, the monosome peak was significantly 
elevated in ded1-ΔCT cells, indicating higher ribosome levels and 
possibly continued low-level translation (Heyer and Moore, 2016). 
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FIGURE 2:  Ded1 has a role in repressing translation following rapamycin treatment. (A) DED1 and ded1-∆CT cells were 
grown in the presence of rapamycin for 0, 1, or 20 h. 35S-Methionine (200 µCi ) was added to the medium 1 h prior to 
harvest. SDS–PAGE and autoradiography of the samples were performed to show incorporation of 35S-Met into new 
proteins, and the total signal in each lane was quantified to calculate fold difference of ded1-∆CT compared with DED1 
(numbers below lanes), or fold decrease from untreated (bar graphs). (B) Cultures of the indicated strains were grown in 
the presence of rapamycin for the indicated time, and polysome profiles were generated by subjecting cell lysates to 
7–47% sucrose density centrifugation and OD254 analysis. A representative result is shown. (C) The monosome/
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FIGURE 3:  Ded1 phosphorylation and/or misregulation of downstream TORC1 signaling are not 
the cause of ded1-∆CT rapamycin resistance. (A) Sch9::3xHA cells harboring DED1 or ded1-∆CT 
were subjected to a time course of rapamycin treatment, NTCB chemical cleavage of cell 
extracts, and blotted for with 12CA5 antibody (∝HA) to visualize the band-shift. A representative 
blot is shown along with a graph of the means from three independent trials. (B) DED1 or 
ded1-∆CT cells were treated for 1 h with 200 ng/ml rapamycin, and cell extracts were prepared 
and blotted with antibodies against eIF2α, p-eIF2α, and PGK1. (C) Cells containing DED1, 
ded1-4SA (S535/S539/541/543A: phospho-deficient), or ded1-4SD (S535/539/541/543D: 
phospho-mimetic) were serially diluted onto rich media ± rapamycin (200 ng/ml) and incubated at 
30°C. (D) DED1 or ded1-∆CT, plasmids were shuffled into WT or tif4631∆ (eIF4G1-null) strains. 
Cells were serially diluted onto YPD ± rapamycin (200 ng/ml) and incubated at 30°C.

polysome (P/M) ratio in B was determined by comparing the sum of the areas of the polysome peaks to the area of the 
monosome peak. Each P/M ratio shown is the mean and SEM from of three to four independent trials. **p < 0.01 vs. 
wild-type DED1, *p < 0.05 vs. wild-type DED1. (D) WT and TOR1L2134M strains were grown in the presence of rapamycin 
for the indicated time, and polysome profiles were generated as in B. A representative trace is shown with the P/M ratio 
(mean and SEM of three independent trials) shown to the right. *p < 0.05 vs. WT. (E) Representative traces of polysome 
profiles from the indicated strains after 20 h of rapamycin treatment.

Consistent with higher ribosome levels, we also observed elevated 
levels of ribosomal RNA in ded1-ΔCT cells after rapamycin treat-
ment (Supplemental Figure S1A). Together, these data suggest 
that Ded1 C-terminus has a role in repressing translation during 
inhibition of TORC1 signaling.

Rapamycin resistance of ded1-ΔCT is not a result of TORC1 
reactivation or eIF2α phosphorylation, but is linked to 
eIF4G1
Next, we sought to determine how Ded1 affects the translational 
response to TORC1 inactivation. To test whether the ded1-ΔCT ra-
pamycin resistance phenotype was due to effects on TORC1 activity 
or rapamycin efficacy, we examined phosphorylation of Sch9, a 

direct downstream target of TORC1 in S. 
cerevisiae. Sch9 is phosphorylated by 
TORC1 in conditions of nutrient abundance 
and is rapidly dephosphorylated when 
TORC1 is deactivated during nutrient stress 
(Urban et al., 2007; Loewith and Hall, 2011). 
We used a chemical cleavage band-shift as-
say (Urban et al., 2007) to assay the phos-
phorylation level of Sch9 over a 24-h win-
dow following rapamycin treatment (Figure 
3A). Both wild-type and ded1-ΔCT strains 
showed similar initial losses of Sch9 phos-
phorylation following treatment with ra-
pamycin. Over a 24-h period, the relative 
phosphorylation of Sch9 slowly recovered 
to ∼40% in both wild-type and mutant cells. 
This suggested that the rapamycin resis-
tance phenotype observed in the ded1-ΔCT 
mutant was not driven by the loss of ra-
pamycin efficacy or a result of TORC1 reac-
tivation after long-term treatment, but by a 
different mechanism.

A well-characterized mechanism of trans-
lation down-regulation during stress is phos-
phorylation of eIF2α. Rapamycin treatment 
and other stresses cause rapid phosphoryla-
tion of eIF2α, which contributes to down-
regulation of translation of most mRNAs (Liu 
and Qian, 2014; Pakos-Zebrucka et al., 
2016). It is possible that deletion of the 
Ded1 C-terminus could either directly or in-
directly reduce the phosphorylation of 
eIF2α by an unknown mechanism, which 
then would result in impaired translation 
down-regulation and increased protein syn-
thesis. To test whether the rapamycin-resis-
tant phenotype in ded1-ΔCT cells was a re-
sult of impaired eIF2α phosphorylation, we 
assayed the phosphorylation level of eIF2α 
after 1 h of rapamycin treatment in wild-type 
and ded1-ΔCT mutant cells (Figure 3B). 
Phosphorylation of eIF2α was not impaired 

in ded1-ΔCT, and surprisingly, levels of phosphorylated eIF2α were 
slightly higher compared with the wild type, perhaps reflecting a 
feedback mechanism as a result of higher translation levels. In any 
case, this result supports the hypothesis that the rapamycin resis-
tance phenotypes in ded1 mutants are due to a direct effect on 
translation and not a result of impaired phosphorylation of eIF2α.

Notably, phosphoproteomic analyses have identified four serine 
residues (S535, S539, S541, S543) in Ded1 near the beginning of the 
C-terminal domain that are phosphorylated in stress conditions 
where TORC1 signaling is inhibited; however, the functionality of 
these sites is unknown (Figure 1A) (Albuquerque et al., 2008; Huber 
et al., 2009; Soulard et al., 2010). Therefore, we next asked whether 
these phosphosites were required for rapamycin-resistant growth. 
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We made a phosphorylation-incapable Ded1, where these putative 
phosphosites were mutated to alanine (ded1-4SA), and a phospho-
mimetic Ded1, where they were mutated to aspartic acid (ded1-
4SD). In both phosphorylation-incapable and phospho-mimetic 
ded1 mutants, no growth phenotypes were observed in the pres-
ence of rapamycin or when treated with vehicle control (Figure 3C). 
From this result, we conclude that these phosphorylation sites are 
not critical for rapamycin-resistant growth; however, we cannot rule 
out they serve a biological function under specific, as-yet-undefined 
conditions.

Since the Ded1 C-terminus has been shown to physically associ-
ate with eIF4G1 (Hilliker et al., 2011; Senissar et al., 2014; Putnam 
et al., 2015), we hypothesized that the disruption of this interaction 
may contribute to the rapamycin growth resistance of ded1-ΔCT 
cells. First utilizing a genetic approach, we constructed a TIF4631 
(eIF4G1) deletion strain with either DED1 or ded1-ΔCT to test how 
the absence of eIF4G1 affected rapamycin-resistant growth. Sup-
porting the idea that the rapamycin resistance in ded1-ΔCT cells is 
mediated by eIF4G1, deletion of eIF4G1 in ded1-ΔCT cells signifi-
cantly suppressed rapamycin resistance growth, suggesting that this 
phenotype is dependent on cellular levels of eIF4G1 (Figure 3D). 
Taken together, these data suggest that the rapamycin-resistant 
phenotypes of ded1-ΔCT are not due to indirect effects (e.g., on 
TORC1 activity or eIF2 phosphorylation), but rather are mediated 
through Ded1’s interaction with eIF4G1.

Ded1 specifically affects the polysome distribution and 
degradation of eIF4G1 following rapamycin treatment
To further examine the interaction between Ded1 and eIF4G1 during 
TORC1 inhibition, we analyzed in vivo translation complexes. In nor-
mal conditions, Ded1 promotes PIC formation (Hilliker et al., 2011; 
Aryanpur et al., 2017); therefore, we hypothesized that during TORC1 
inhibition Ded1 exerts its repressive role through stalling and/or dis-
ruption of PICs. If this were the case, we would expect to observe an 
altered association of translation initiation factors with these com-
plexes. To visualize these changes following rapamycin treatment, we 
utilized an established protocol for cross-linking translation com-
plexes (Valášek et al., 2007), minimizing the formaldehyde treatment 
to halt translation and prevent polysome runoff while preventing 
aberrant cross-linking of initiation factors and maintaining bona fide 
physical interactions. We then performed sucrose density sedimenta-
tion and fractionation, followed by Western blotting for translation 
initiation factors (Valášek et al., 2007). In wild-type cells, eIF4G1 
shifted from the polysome fractions to 80S and pre-80S ribosomal 
fractions after 40 min of rapamycin treatment (Figure 4A). Quantita-
tion of the initiation complex-associated eIF4G1 distribution showed 
a significant shift from 3 to 31% of total eIF4G1 into pre-80S fractions 
following rapamycin treatment (Figure 4B). Interestingly, the distribu-
tion of initiation factors eIF4A (Tif1) and eIF3c (Nip1) did not signifi-
cantly change (Figure 4, A and C), suggesting that a mechanism spe-
cific to eIF4G1 alters its association with active translation complexes. 
In ded1-ΔCT cells, the shift of eIF4G1 into pre-80S fractions was 
much reduced and not significant (8–14%) after rapamycin treatment. 
Likewise, the distributions of eIF3c and eIF4A still remained un-
changed (Figure 4, B and C). Similar to ded1-ΔCT cells, in TOR1L2134M 
hyperactive mutant cells, more eIF4G1 was retained in polysome 
fractions and less shifted to pre-80S fractions compared with its re-
spective wild-type strain after rapamycin treatment (Figure 4D). These 
results suggest that Ded1 modulates the association of eIF4G1 with 
pre-80S translation complexes during TORC1 inhibition.

The cellular abundance of eIF4G1 has been shown to decrease 
via autophagic degradation following inhibition of TORC1 during 

nitrogen starvation and rapamycin treatment (Berset et al., 1998; 
Kelly and Bedwell, 2015). Higher cellular levels of eIF4G1 are cor-
related with higher levels of translation and cell growth (Park et al., 
2011; Sen et al., 2015). Since ded1-ΔCT cells display an altered as-
sociation of eIF4G1 with translation complexes, we hypothesized 
that these effects may lead to inefficient degradation of eIF4G1 
(higher cellular levels of eIF4G1) and contribute to the rapamycin 
resistance phenotype. To further test this possibility, we monitored 
initiation factor levels during a rapamycin time course in both wild-
type and ded1-ΔCT cells. Levels of eIF4G1 were decreased follow-
ing rapamycin treatment with a half-life of just over 1 h, but this loss 
of protein was substantially reduced in the ded1-ΔCT mutant, with 
an increased half-life of 2.3 h (Figure 5, A and B). Consistent with 
these effects, blotting of polysome fractions after prolonged (18 h) 
rapamycin treatment revealed virtually undetectable levels of 
eIF4G1 in wild-type cells but higher levels and continued associa-
tion with translation complexes in ded1-ΔCT mutants (Supplemen-
tal Figure S1B). In contrast, degradation of the initiation factors 
eIF4A and eIF3c was similar in both wild-type and mutant cells 
(Figure 5, A and B), suggesting that the Ded1 C-terminus has a spe-
cific effect on eIF4G1 degradation following rapamycin treatment.

Like eIF4G1, Ded1 was also degraded on rapamycin treatment 
but to a lesser extent in the ded1-ΔCT mutant with the half-life in-
creasing from 2.5 to 4.4 h (Figure 5, A and B). Since Ded1 itself is a 
key activator of translation and cell growth, we asked whether the 
elevated levels of the protein in mutant cells following rapamycin 
treatment were contributing to the increased translation levels and 
growth rate. To test this, we moderately overexpressed DED1 on a 
high-copy plasmid. Cells containing this construct showed elevated 
levels of Ded1 following rapamycin treatment similar to the ded1-
ΔCT, but these cells did not show a rapamycin-resistant growth phe-
notype (Supplemental Figure S1, C and D). In fact, they appeared to 
be slightly more sensitive to rapamycin than cells containing empty 
plasmid, indicating that the resistance phenotype observed in the 
ded1-ΔCT mutant was not due to the presence of more Ded1 pro-
tein in the cell. Additionally, when ded1-ΔCT was coexpressed in 
cells also expressing wild-type DED1, the cells did not become re-
sistant to rapamycin, indicating that the ded1-ΔCT phenotype is 
recessive and reflects a loss of function (unpublished data).

Collectively, the data support a model wherein Ded1 has a novel 
function during cellular stress, specifically remodeling eIF4G1-con-
taining translation complexes, which leads to degradation of eIF4G1 
and down-regulation of translation. This model suggests the cata-
lytic activity of Ded1 would be required for the rapamycin-resistant 
growth phenotype and the efficient degradation of eIF4G1 follow-
ing rapamycin treatment. To test this, we used cells containing a 
ded1 mutation (ded1-120) that is known to have defects in activity 
in vivo (Chuang et al., 1997). The ded1-120 strain is cold-sensitive; 
however, it has minor growth and translation defects even at a per-
missive temperature of 30°C (Chuang et al., 1997; Bolger and 
Wente, 2011). In growth assays (at 30°C), ded1-120 cells showed 
nearly identical resistance to rapamycin as the ded1-ΔCT mutant, 
suggesting that Ded1 enzymatic activity is required for resistance to 
rapamycin-induced growth inhibition (Figure 5C). We next asked 
whether Ded1 enzymatic activity was involved in eIF4G1 degrada-
tion following rapamycin treatment. Again, similar to the ded1-ΔCT 
mutant, the ded1-120 strain showed increased abundance of 
eIF4G1 following rapamycin treatment compared with wild-type 
cells (Figure 5D), linking Ded1 activity to the loss of eIF4G1 follow-
ing TORC1 inhibition.

To further test our model that Ded1 remodels eIF4G1 following 
TORC1 inhibition, we performed an in vitro remodeling experiment 
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(Figure 5E). Extracts were generated from ded1-ΔCT cells (used to 
maximize eIF4G1 levels) with or without rapamycin treatment for 40 
min. RNA-binding proteins, including eIF4G1, were then isolated 
using polyuridine-sepharose, and after washing, the beads were 
treated with recombinant Ded1 for 1 h. After further washes, re-
maining protein was eluted from the beads by sample buffer and 
immunoblotted for eIF4G1 (Figure 5F). In the pull downs from un-
treated cells, eIF4G1 levels were unaffected by incubation with 
Ded1 (lanes 1 and 2). Strikingly, however, in pull downs from ra-
pamycin-treated cells, the amount of eIF4G1 remaining after Ded1 
incubation was reduced by 60% (lanes 3 and 4). When ATP was 
omitted from the Ded1 incubation step, the remodeling of eIF4G1 
was markedly reduced (lane 6), consistent with this effect being a 
result of Ded1 enzymatic activity. Interestingly, addition of recombi-
nant ded1-ΔCT protein had a similar effect to the wild-type Ded1 

(lane 5). This may be due to regulation in vivo that is not reflected in 
the experimental setup with isolated pull downs and recombinant 
proteins. Taken together, these results suggest that the C-terminus 
of Ded1 and Ded1 enzymatic activity are required for rapamycin-
induced remodeling of eIF4G1 from initiation complexes, leading to 
eIF4G1 degradation and translation down-regulation.

Conserved critical residues in the Ded1 C-terminus are 
required for its function in stress, interaction with eIF4G1, 
and efficient oligomerization
To better understand the mechanism of Ded1’s role in translation 
down-regulation during cellular stress, we constructed a series of 
successive 14 amino acid deletions within the Ded1 C-terminus 
to narrow down the important amino acid(s) required for the rapamy-
cin resistance phenotype. Deletion of the last 14 amino acids 

FIGURE 4:  The Ded1 C-terminus has a role in remodeling eIF4G1 from translation complexes following rapamycin 
treatment. (A) DED1 and ded1-ΔCT cells were grown in the presence of rapamycin for 40 min, after which formaldehyde 
cross-linking was performed. Polysome profiles were generated as in Figure 2, and fractions were collected for Western 
blotting using antibodies against Tif4631 (eIF4G1), Ded1, HA (Tif1/eIF4A), and rabbit IgG for Protein-A (Nip1/eIF3c). 
Representative results for the distributions of each protein are shown. (B, C) Densitometry was performed on eIF4G1 
(B) and eIF4A (C) from A. The figure depicts the distribution as a percentage of the total protein in each subfraction. The 
averages of five independent experiments are shown. *p < 0.05 vs. untreated fraction. (D) WT and TOR1L2134M cells were 
treated with rapamycin for 40 min, and cells were analyzed as in A using antibodies against Tif4631 (eIF4G1).
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(ded1-Δ591–604) phenocopied the rapamycin resistance seen in the 
full deletion of the entire C-terminus (ΔCT), while the other deletions 
had no effect (Figure 6A). The last 14 amino acids in the Ded1 C-
terminus comprise a low complexity sequence that is mostly poorly 
conserved in Ded1 orthologues (Supplemental Figure S2, A and B). 
However, these orthologues all share the striking similarity in having 
two conserved tryptophans near the C-terminus (Figure 1A). Thus, 
we hypothesized that these tryptophans are important for Ded1 
function during conditions of cellular stress. To test this, we mutated 
one or both of these tryptophan residues to alanine and performed 
growth assays in the presence of rapamycin. Mutation of these 
tryptophans (ded1-W603/604A) largely, but not completely, pheno-
copied the rapamycin resistance phenotype seen in ded1-ΔCT and 
ded1-Δ591–604 (Figure 6B). These results suggest that the C-termi-
nal tryptophans in Ded1 are key residues required for active transla-
tion down-regulation and growth inhibition following rapamycin 
treatment, and that their function has been conserved in evolution.

The Ded1 C-terminus has been implicated in two cellular func-
tions: interaction with eIF4G1 and homo-oligomerization. We hy-
pothesized that the C-terminal tryptophans are required for one or 
both of these functions. We first analyzed the effects of the C-termi-
nal tryptophans on Ded1 association with eIF4G1. We performed 
pull downs with bacterially expressed GST-S-eIF4G1 bound to glu-
tathione sepharose and incubated with recombinant purified WT 
Ded1, ded1-ΔCT, ded1-Δ591-604, or ded1-W603/604A. Full-length 
Ded1 pulled down with GST-S-eIF4G1, whereas deletion of the en-
tire C-terminus (ded1-ΔCT) reduced this association by 85% (Figure 
6C). Likewise, the ded1-Δ591–604 mutant showed a 75% reduction 
in binding to GST-S-eIF4G1. However, the ded1-W603/604A mu-
tant bound GST-S-eIF4G1 significantly better than ded1-Δ591–604 
or ded1-ΔCT, although still less well than wild-type Ded1, showing a 
44% reduction in binding to GST-S-eIF4G1 compared with WT 
Ded1. These results suggest that the last 14 amino acids in the 
Ded1 C-terminus are critical for the physical interaction with eIF4G1. 

FIGURE 5:  The Ded1 C-terminus and enzymatic activity are required for eIF4G1 remodeling and degradation. (A) DED1 
cells were subjected to a time course of rapamycin treatment, and cell extracts were prepared and blotted for the 
indicated translation initiation factors (and PGK1 and Tub1 as a loading controls) as in Figure 3. Half-lives were 
determined via curve fitting, with 95% confidence intervals of 0.8–1.7 h (4G1), 2.3–2.7 (Ded1), 1.4–2.5 (4A), and 1.3–2.9 
(3c). (B) Time course as in A for ded1-∆CT cells. Half-life 95% confidence intervals were 1.7–3.7 (4G1), 3.7–5.3 (Ded1), 
1.6–2.7 (4A), and 1.1–5.7 (3c). The K values for eIF4G1 and Ded1 for B were significantly different from A by an extra 
sum-of-squares F test, while eIF4A and eIF3c were not. (C) DED1 and ded1-120 cells were serially diluted onto rich 
media ± rapamycin (200 ng/ml) and incubated at 30°C. (D) Time course as in A for ded1-120 cells, blotting for the 
indicated proteins. Half-life 95% confidence intervals were 1.9–3.8 (4G1) and 2.8–4.2 (Ded1), and the K values for 
eIF4G1 and Ded1 were significantly different from A by an extra sum-of-squares F test. E Diagram showing 
experimental workflow for F. Cells were incubated ± rapamycin for 40 min and then pull downs with polyuridine 
sepharose were performed to isolate RNA-binding proteins. Pull downs were then incubated with 2 μM recombinant 
Ded1 or ded1-∆CT protein ± 2 mM ATP. (F) Blot of eIF4G1 levels from pull downs described in E. Densitometry was 
performed and normalized to eIF4G1 levels without added Ded1 separately for rapamycin samples and untreated 
controls. Values represent the mean of four to five independent experiments for each condition. *p < 0.01 vs. no Ded1 
control by Student’s t test.
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Furthermore, since deletion of these amino acids phenocopies the 
ded1-ΔCT strain (Figure 6A), we hypothesize that the interaction 
between eIF4G1 and Ded1 is a determinant of growth and survival 
during cell stress. We posit that the C-terminal tryptophans have a 
novel role in this function of Ded1 since mutating them, but not 
adjacent amino acids, induced phenotypes (unpublished data).

We next asked whether homo-oligomerization was affected in 
any of the Ded1 C-terminal mutants. To test this, we performed an 
in vitro oligomerization assay by cross-linking recombinant wild-type 
Ded1 or C-terminal mutants with formaldehyde (Figure 6D). Consis-
tent with previous studies, dimerization and trimerization were 
observed with wild-type Ded1 and were severely reduced in the 
ded1-ΔCT mutant (Putnam et al., 2015). A smaller reduction in 

oligomerization was observed in the ded1-Δ591–604 and 
ded1-W603/604A mutants. The magnitude of the effect on oligo-
merization appeared to correlate with the size of the disruption of 
the C-terminus, since the ded1-W603/604A mutant showed the 
smallest reduction in oligomerization. This suggests that the ra-
pamycin resistance phenotype is, at best, only partially linked to a 
defect in oligomerization, since deletion of the last 14 amino acids 
(ded1-Δ591–604) fully phenocopied the entire deletion of the C-
terminus (ded1-ΔCT) in growth assays (Figure 6A). We conclude that 
the function of the Ded1 C-terminus in the TORC1 stress response 
is likely linked to its physical association with eIF4G1, although 
oligomerization may also play a role through affecting Ded1 cata-
lytic activity (Putnam et al., 2015).

FIGURE 6:  Conserved critical residues in the Ded1 C-terminus are required for its function in stress, interaction with 
eIF4G1, and efficient oligomerization. (A) Cells containing DED1, ded1-∆CT, or one of a series of 14 amino acid 
C-terminal deletions were serially diluted onto rich media ± rapamycin (200 ng/ml) and incubated at 30°C. (B) DED1, 
ded1-∆CT, ded1-W604A, or ded1-W603/604A cells were serially diluted onto rich media ± rapamycin (200 ng/ml), and 
incubated at 30°C. (C) Bacterially expressed GST-S-eIF4G1 or GST-S was enriched using a glutathione sepharose resin, 
and affinity chromatography was performed with the addition of recombinant Ded1, ded1-∆CT, ded1-∆591-604, or 
ded1W603/604A. The bound proteins were analyzed via Western blotting using antibodies to Ded1 and eIF4G1. Input 
(IN), pull down (PD). (D) Quantitation of the results in C. The data show the mean and SEM of three independent 
experiments. **p < 0.01 vs. ded1-∆591-604. (E) Recombinant Ded1, ded1-∆CT, ded1-∆591-604, and ded1-W603/604A 
were cross-linked with formaldehyde or left untreated and visualized via Western blotting with anti-Ded1 antibody. 
Mobilities of the Ded1 monomer, dimer and trimer are indicated. Note that a lower exposure of Ded1 monomer is also 
shown to demonstrate equal protein loading.
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DISCUSSION
In this work, we have defined a repressive function for Ded1 in con-
ditions that affect the TORC1 signaling pathway. We have shown 
that the Ded1 C-terminus is required for growth inhibition and effi-
cient translation down-regulation following rapamycin treatment, 
and furthermore, that this domain serves a function in survival 
following long-term nutrient deprivation (Figure 1, C and D). Hilliker 
et al. (2011) have previously shown that this domain contributes to 
growth repression following Ded1 overexpression, and we and oth-
ers have speculated that Ded1, as a “gatekeeper” of translation, 
may also possess the ability to repress translation at physiological 
levels (Hilliker et al., 2011; Aryanpur et al., 2017). This work has elu-
cidated a repressive function of Ded1 at physiological levels in the 
context of inhibition of the TORC1 signaling pathway. Our data 
suggest the following model for Ded1 function (Figure 7). In steady-
state growth conditions, Ded1 promotes initiation through PIC as-
sembly and start site scanning as previously described (Sen et al., 
2015; Aryanpur et al., 2017; Gupta et al., 2018) (Figure 7A). During 
stress conditions, however, Ded1 represses translation, possibly first 
inhibiting 48S PIC assembly. This is followed by the enzymatic re-
moval of eIF4G1 from translation complexes and the codegradation 
of both eIF4G1 and Ded1 (Figure 7B). In ded1 mutant cells, this re-
modeling and degradation of eIF4G1 is attenuated, resulting in 
continued eIF4G1 association with translation complexes and sus-
tained translation during TORC1 inhibition (Figure 7C). In support of 
our model, we show genetic and functional data indicating that the 
Ded1 C-terminus and enzymatic activity are required for growth in-
hibition and translation repression following TORC1 inhibition 
(Figures 1, 2, and 5). We demonstrate that this is at least partially 
due to enzymatic removal of eIF4G1 from translation complexes 
and subsequent degradation (Figures 4 and 5). Furthermore, our 

finding that Ded1 possesses the ability to dissociate eIF4G1 from 
RNA in vitro is consistent with active remodeling of translation com-
plexes as proposed by our model (Figure 5, E and F). Surprisingly, 
both recombinant Ded1 and ded1-ΔCT were able to dissociate 
eIF4G1 from RNA, but only from extracts treated with rapamycin. 
This suggests that inhibition of TORC1 activity modulates the ability 
of Ded1 to dissociate eIF4G1 from RNA. We speculate that the abil-
ity of ded1-ΔCT to still affect eIF4G1 association with RNA derives 
from the excess of protein used in this assay, although it is possible 
that this effect represents a lack of dependence on the C-terminus 
for this specific Ded1 function. Additionally, the remodeling of 
eIF4G1 requires ATP, which suggests that it is dependent on Ded1 
enzymatic activity. In summary, our work has helped define a unique 
function of Ded1 in translation repression following TORC1 
inhibition.

A key outcome of this work is elucidation of the functional re-
quirements for Ded1’s role in the cellular response during TORC1 
inhibition. We first noted rapamycin-resistant phenotypes in a C-
terminal deletion mutant of DED1 (Figure 1), suggesting that inter-
action with eIF4G1 and/or Ded1 oligomerization is required for 
normal translation down-regulation. We were able to map the ra-
pamycin resistance phenotype to a function of the last 14 amino 
acids of Ded1 (amino acids 591–604) and even further to two highly 
conserved C-terminal tryptophans (Figure 6). Interestingly, the 
ded1-Δ591–604 mutant phenocopied ded1-ΔCT in rapamycin-
resistant growth, while it also reduced eIF4G1 binding to a nearly 
equal degree as the larger deletion. On the other hand, we observed 
a severe oligomerization defect in ded1-ΔCT and only a minor de-
fect in ded1-Δ591–604. Thus, the stress phenotypes we observed 
directly correlate with eIF4G1 binding rather than oligomerization, 
suggesting that eIF4G1 binding is likely the more critical interaction. 

FIGURE 7:  Speculative model for Ded1 in the translational stress response. (A) In nonstress conditions, Ded1 stimulates 
translation by promoting assembly of the 48S PIC. (B) In stress, WT Ded1 may be directly involved in two steps of 
translation repression. First, Ded1 may stall the assembly of the 48S PIC. In a second step, Ded1 promotes the removal 
of eIF4G1 from stalled translation PICs, which leads to the codegradation of both factors. (C) In cellular stress ded1 
mutants (ded1-120/ded1-ΔCT) are not effective in stalling 48S PIC assembly. The removal and degradation of eIF4G1 
from PICs is also impaired, as this step requires Ded1 enzymatic activity and/or a functional interaction between the 
Ded1 C-terminus and eIF4G1. Thus, eIF4G1 is retained in translation complexes and helps sustain translational activity.
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Likewise, we observed incomplete resistance to rapamycin in the 
ded1-W603/604A mutant, commensurate with the partial reduction 
we observed in eIF4G1 binding (Figure 6). These findings fit with the 
effects on eIF4G1 shown in Figures 3, 4, and 5, although it remains 
possible that oligomerization also plays a role in these processes.

We have identified a cellular context (TORC1 inhibition) in 
which Ded1 activity represses translation at physiological levels 
(not overexpressed). However, an important question raised from 
this work is how this activity is modulated. Specifically, what is the 
“switch” that changes Ded1 from a translation activator in normal 
conditions to a translation repressor during cellular stress? We 
hypothesize that Ded1 activity is modulated by a currently uniden-
tified factor during TORC1 inhibition. Interestingly, in our in vitro 
remodeling experiments, Ded1 was only able to remove eIF4G1 
from RNA in cell extracts that had been treated with rapamycin 
(Figure 5F). This suggests that on inhibition of TORC1 signaling, 
there are modifications to the components in the extract that affect 
Ded1 function. These could include posttranslational modifica-
tions that directly modulate protein function and/or a change in 
expression levels of a regulatory factor. Moderate overexpression 
of wild-type DED1 or mutants had no effect on rapamycin-resistant 
growth, indicating that the switch is not caused by modulation of 
Ded1 levels themselves (Supplemental Figure S2C). Notably, mu-
tations in GLE1, a regulator of Ded1 activity (Bolger and Wente, 
2011; Aryanpur et al., 2017), also did not have any effect (unpub-
lished data). Furthermore, our data suggest that the previously 
identified phosphorylation sites are not critical since mutation of 
these sites did not show any phenotypes in the conditions we 
tested (Figure 3C). A different posttranslational modification or 
phosphorylation of another translation factor could still play a role, 
however. One possibility is that the repressive function of Ded1 is 
indirectly stimulated by the well-established stress response 
pathway of eIF2α phosphorylation through the inhibition of 
ternary complex formation and the rate of PIC assembly. As 
shown in Figure 3B, eIF2α phosphorylation is not reduced in 
ded1-ΔCT cells. Further studies will be required to determine 
whether Ded1 is downstream of or a parallel supplement to eIF2α 
phosphorylation.

Kelly and Bedwell (2015) previously have shown that eIF4G1, 
along with eRF3 and Pab1, are among a small subset of translation 
factors that are degraded by autophagy following nitrogen depriva-
tion (Kelly and Bedwell, 2015). In this work, we have identified Ded1 
as another translation factor that is degraded during TORC1 inhibi-
tion. Our data indicate that degradation of eIF4G1 is linked to physi-
cal interaction with Ded1 (Figure 5, A and B), suggesting that they 
may follow the same autophagic degradation program. Interest-
ingly, both Ded1 and eIF4G accumulate in stress granules following 
induction with sodium azide or glucose withdrawal (Brengues and 
Parker, 2007; Beckham et al., 2008; Hilliker et al., 2011; Jain et al., 
2016), and work by Buchan et al. (2013) has shown that stress gran-
ule components, including Ded1, can be degraded via autophagic 
pathways in a process termed granulophagy (Buchan et al., 2013). 
Thus, although rapamycin does not promote stress granule assem-
bly, both cellular stress conditions still result in autophagic degrada-
tion of Ded1 and eIF4G. Furthermore, parallel to the remodeling 
activity of Ded1 that we propose in TORC1 inhibition, Ded1 also has 
been suggested to play a role in stress granule assembly. Therefore, 
despite differences in mechanism depending on the conditions, it 
appears that Ded1 and eIF4G may play parallel roles in multiple re-
sponses to cellular stress. We speculate that during TORC1 inhibi-
tion, the degradation of Ded1 and eIFG1 is a regulated mechanism 
of gene reprogramming, affecting cap-dependent translation and/

or specific subclasses of genes that have different dependence on 
eIF4G1 and Ded1 for efficient translation (Park et al., 2011; Sen 
et al., 2015; Costello et al., 2017; Gupta et al., 2018). Our data also 
do not rule out the possibility that on TORC1 inhibition, Ded1 and 
eIF4G still form small stress granule-like structures or microaggre-
gates that are not distinguishable as such by standard microscopy 
techniques. Such microgranules could potentially link these cellular 
stress response mechanisms, but examination of their dynamics 
and/or abundance would likely be technically challenging.

Currently, it is unknown whether the translation repression func-
tion of Ded1 affects all mRNAs or a subset of mRNAs. In nonstress 
conditions, Ded1 activity has been shown to promote translation of 
mRNAs with long 5′ UTRs and cap distal secondary structure (Sen 
et al., 2015, 2016). In addition, a recent study showed that Ded1 
normally prevents translation initiation from near cognate start 
codons associated with RNA secondary structure (Guenther et al., 
2018); thus mRNAs with these sites may be more affected by 
changes in Ded1 activity. Guenther et al. (2018) go on to suggest 
that a lower abundance of Ded1 during meiosis may result in the 
use of alternative start-codons as a part of the meiotic gene expres-
sion program. Given the degradation of Ded1 that we have ob-
served (Figure 5A), a similar effect may occur in TOR-inhibited cells. 
Furthermore, our work has shown that during stress, Ded1 represses 
translation by removing eIF4G1 from the pool of actively translating 
mRNAs, ultimately leading to its degradation. Therefore, mRNAs 
that are dependent on eIF4G1 may also be preferentially affected. 
In support of this idea is evidence that a subclass of mRNAs that are 
dependent on eIF4G1 have the highest translation efficiencies and 
encode the most abundant cellular proteins (Park et al., 2011; Sen 
et al., 2016). This is also in agreement with the observation that 
translation of the most abundant proteins in ded1-ΔCT cells was 
affected in the 35S-Met labeling experiment. Testing these hypoth-
eses will be a priority for future studies on Ded1 function in the 
cellular stress response.

The TORC1 signaling pathway is a master regulator of cell 
growth and metabolism (Loewith and Hall, 2011; González and Hall, 
2017), so it is not surprising that mutations affecting TORC1 signal-
ing have been implicated in cancer (Zhao et al., 2016). Here we have 
shown that mutations in Ded1 make cells partially refractory to regu-
lation by the TORC1 signaling pathway. Mutations in the Ded1 
human orthologue, DDX3, are found frequently in cancer (Northcott 
et al., 2012; Kool et al., 2014; Zhao et al., 2016); however, an under-
standing of how DDX3 contributes to cancer is lacking and often 
contradictory (Oh et al., 2016; He et al., 2018). A recent paper by Oh 
et al. (2016) presented evidence that cancer-associated DDX3 muta-
tions can impair the translation of some mRNAs while selectively 
preserving translation on other mRNAs during stress. Thus, it is pos-
sible that alterations in DDX3 in cancer may promote TOR-indepen-
dent growth. However, most of the cancer-associated mutations in 
DDX3 are located outside of the C-terminus and nearer to the 
conserved helicase motifs, suggesting that perturbation of the RNA-
dependent ATPase activity of DDX3 and not of the C-terminus is 
critical in oncogenesis. On the other hand, our observation that the 
ded1-120 mutant also exhibits rapamycin-resistant growth suggests 
that cancer mutations affecting the helicase core regions of DDX3 
could also potentially promote TOR-independent growth. At the 
least, the implication that Ded1 function can be modulated by 
different cellular conditions reveals another dimension that must be 
considered when investigating the biological consequences of dis-
ease-associated mutations in DDX3. Our findings may thus provide 
further context for functional studies that aim to understand the 
complex role of Ded1/DDX3 in cancer.
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MATERIALS AND METHODS
Yeast strains and plasmids
Yeast strains and plasmids used are listed in Supplemental Tables S1 
and S2. Strains containing different ded1 mutants were created by 
plasmid shuffle starting with the strain SWY4093 (ded1::KAN 
+pDED1). TBY101 and 103 and TBY120 and 131 were generated by 
integrating a sequence encoding a C-terminal 3x-HA tag marked 
with TRP1 at the SCH9 and TIF1 locus, respectively. TBY134-137 
were created by integrating a sequence encoding a protein confer-
ring resistance hygromycin B into the TIF4631 locus of SWY4093. 
Plasmid shuffle was then used to create the different ded1 tif4631 
double mutant strains. pTB136 was created by cutting pRP2044 
with ApaI and SacI and cloning into pSW3619 after digestion with 
the same enzymes. DED1 mutant plasmids were created by site-
directed mutagenesis of either DED1 or pSW3619. pTB111-115 
were created by amplifying pSW3619 using PCR primers designed 
to exclude the targeted 14 amino acid region, followed by blunt 
end ligation. Bacterial expression plasmids (pTB6, pTB160, pTB161) 
were created by PCR amplification of pRP2044, pTB115, and 
pTB124 respectively, with primers flanked with NdeI or EcoRI cut 
sites. The PCR products were then cut with NdeI and EcoRI and 
ligated into SW3576, which was cut with the same enzymes.

Growth assays
Yeast growth assays were performed by serial dilution as previously 
described (Aryanpur et al., 2017). Images of growth on rapamycin 
plates were taken after 5 d for W303 background strains and after 3 d 
for S288C background strains to ensure spots were not oversaturated 
with colonies (growth of S288C background strains was inherently less 
sensitive to rapamycin). Rapamycin (Santa Cruz Biotechnology) was 
dissolved in dimethylsulfoxide (DMSO) and was used at concentra-
tions of 200 ng/ml in YPD plates and 100 ng/ml in selective auxotro-
phy plates. Rapamycin growth curves were generated by diluting log-
phase cells to an optical density (OD) of 0.1 in liquid YPD on which 
rapamycin was added to a concentration of 200 ng/ml. Cultures were 
incubated at 30°C on a shaker and optical density measurements 
were taken every 2–6 h and converted to cells per milliliter.

Survival assays
Nitrogen starvation survival assays were performed by first growing 
cells to mid–log phase in SD media + amino acids and ammonium 
sulfate. The cells were spun down, washed 2×, resuspended in SD 
media–amino acids and ammonium sulfate to an OD of 0.2, and 
incubated at 30°C on a shaker. Cultures were incubated for 3, 6, and 
10 d, after which time they were spun down, washed, and resus-
pended to a concentration of 5 × 107 cells/ml. The cells were serially 
diluted and plated on YPD. The number of yeast colonies was 
counted on each plate, from which the average number of viable 
yeast per milliliter of original culture was calculated. The percent sur-
vival was calculated by normalizing to the plating efficiencies for each 
strain, which were virtually identical (unpublished data). An unpaired 
t test was used to determine significance. The stationary phase sur-
vival assay was performed by growing cells to mid–log phase in liquid 
SD media and allowing them to grow to stationary phase at 30°C on 
a shaker. After 0, 7, and 9 d of post-mid-log growth, serial dilution 
growth assays were performed as described previously.

Polysome preparation
Sucrose density gradients and cell extracts were prepared as previ-
ously described (Aryanpur et al., 2017). For the rapamycin time-
course polysomes, cells were grown to mid–log phase in YPD, and 
rapamycin was added to a concentration of 200 ng/ml. Cells were 

harvested before the addition of rapamycin and after 20 min and 1 h 
of rapamycin treatment. Polysome to monosome ratios were 
determined by comparing the area under the curve for the sum of 
the polyribosome peaks to the sum of the 80S peak in ImageJ 
(National Institutes of Health). In samples where rapamycin was 
added, the absorbance reading of the top portion of the mono-
some peak exceeded the maximum measurable by the fractionator. 
Thus, the true monosome area is slightly larger than the measured 
one, and the P/M ratio is a maximum value. A paired t test was used 
to determine significance. Note that the difference between the 
wild type and the mutant is still significant despite this limitation.

35S-Met incorporation
Cells were grown to mid–log phase and then diluted to an OD600 of 
0.1. Rapamycin was added at a concentration of 200 ng/ml and the 
cultures were incubated for 1 h and 20 h on a 30°C shaker. Three 
OD units of cells were then spun down and resuspended in 1 ml of 
supernatant on which 75 μCi 35S-Met was added, followed by 1-h 
incubation at 30°C with shaking. Cells were spun down and washed 
with water before lysis in 1.85 M NaOH and 7.4% β-mercaptoethanol. 
Proteins were precipitated with trichloroacetic acid, resuspended in 
SDS sample buffer, and separated by SDS–PAGE. The polyacryl-
amide gel was fixed and dried using a vacuum drier before autora-
diographic detection of 35S-Met incorporated proteins. In each lane 
of the gel, the total 35S-Met signal was quantitated using ImageJ.

Formaldehyde cross-linking and fractionation
Formaldehyde cross-linking and polysome fractionation were per-
formed as described with a few modifications (Valášek et al., 2007). 
Briefly, after 40 min of rapamycin treatment (200 ng/ml), formalde-
hyde was added to the cultures to a final concentration of 0.25%, 
followed by incubation on ice for 15 min, before quenching with 
0.5 mM glycine. Cell extracts were prepared by first lysing cells by 
vortexing with glass beads (3 × 2 min, with 30 cooling on ice) and 
then spinning twice for 5 min at 13,000 rpm at 4°C. Polysome profil-
ing and fractionation was performed as previously described. 
Protein was precipitated from each fraction by the addition of 0.8 ml 
of ice-cold ethanol to 0.5 ml of each fraction, vortexing, and incuba-
tion overnight at –20°C. The samples were spun at full speed at 
4°C, washed once with 75% ethanol, and the pellets resuspended in 
0.1 ml sample buffer (100 mM Tris-HCl,15% glycerol, 5% SDS, 
100 mM dithiothreitol [DTT]).

Western blotting of polysome fractions
Fraction samples were heated to 95°C prior to loading onto gel, 
separated by SDS–PAGE, and blotted with specific antibodies to-
ward Ded1 (VU318), eIF4G1 (gift from R. Parker, University of Colo-
rado–Boulder), and anti-HA for eIF4A (Novus). eIF3C-ProtA was 
detected with rabbit, anti-mouse IgG (Invitrogen). HRP-conjugated 
secondary antibodies were used for chemiluminescent detection of 
bands. Band intensity was measured using ImageJ software. Quan-
titation of eIF4G1 and eIF4A-HA in different subfractions (pre-80S, 
80S, and polysome) was achieved by first calculating the percent-
age of the total intensity for each individual fraction and summing 
the percentages for each subfraction. The mRNP fractions (first two) 
were not included in the total intensity because the signal was be-
yond the linear range of detection. A paired t test was used to de-
termine significance.

Translation factor time courses
Cells were cultured in YPD, and rapamycin was added to a concen-
tration of 200 ng/ml. At the indicated time points posttreatment an 
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aliquot of each culture was taken (normalizing to the same number 
of cells) for harvest. Briefly, cells were lysed in 1.85 M NaOH and 
7.4% β-mercaptoethanol, proteins were precipitated with trichloro-
acetic acid, and samples were resuspended in SDS sample buffer. 
Samples were separated by SDS–PAGE and blotted for the indi-
cated proteins as described previously. Specific antibodies were 
used to detect PGK1 (Invitrogen) and Tubulin (Novus). Phospho-
eIF2α (Ser51) antibody was purchased from Cell Signaling Technol-
ogy. The eIF2α anti-sera was a gift from Tom Dever (National Insti-
tutes of Health). Band detection was accomplished with LI-COR 
secondary antibodies, in conjunction with an Odyssey infrared im-
ager. For half-life calculations, bands from three to eight indepen-
dent trials were quantified via densitometry and degradation curves 
were fitted using the 0- to 8-h time points in Graphpad Prism. Simi-
larity of the derived K values (half-life = ln(2)/K) for each protein in 
wild-type and mutant strains was assessed by an extra sum-of-
squares F test with a P value threshold of 0.05. Half-life values are 
shown with 95% confidence intervals listed in the figure legends.

In vitro GST-pull downs
Rosetta cells (Novagen) containing the pET41a(+)-GST-S or 
pET41a(+)-GST-S-eIF4G1-His plasmid (gift from E. Jankowsky, Case 
Western Reserve University) were induced with 1 mM IPTG 
(isopropyl-β-d-thiogalactopyranoside) overnight at 15°C. Cells were 
lysed by sonication and were spun down to clear cell debris. The 
supernatants were incubated with glutathione-sepharose beads for 
4 h at 4°C and then washed 3× with RIPA buffer (150 nM NaCl, 1% 
Nonidet-P40, 0.1% SDS, 50 mM Tris-HCl; pH 7.4). Protein-bound 
beads (50 μl ) were used for the different Ded1p pull downs. Puri-
fied, recombinant WT or mutant Ded1p was then added to each 
pull down to a final concentration of 1 μM, along with 5 mg/ml bo-
vine serum albumin. The pull downs were incubated overnight at 
4°C on a rotator after which they were washed 4× with RIPA buffer 
and resuspended in SDS sample buffer. Proteins were visualized by 
Western blotting for eIF4G1 and Ded1 as previously described. 
Quantitation was performed using ImageJ. WT and mutant Ded1p 
enrichment values were calculated by first normalizing the signal to 
eIF4G1. The relative enrichment was determined as the ratio be-
tween the normalized pull down and input values. These values 
were normalized to WT recombinant Ded1, which was set to 1.

Remodeling assay
For the Ded1/eIF4G1 remodeling assay, ded1-ΔCT cells were grown 
to mid–log and incubated in the presence or absence of rapamycin 
for 40 min. Extracts were generated via bead beater as in Aryanpur 
et al. (2017) and incubated with poly(U)-sepharose resin (GE Health-
care) at 4°C for 2 h. Beads were washed, then resuspended in buffer 
containing 20 mM HEPES (pH 7.5), 50 mM NaCl, 2 mM MgCl2, and 
10% glycerol. Recombinant Ded1 or ded1-ΔCT protein was added 
in the presence or absence of 2 mM ATP, and the samples were 
incubated for 1 h at 37°C. Beads were then washed again, resus-
pended in sample buffer, and immunoblotted for the presence of 
eIF4G1 as above. Bands were quantified via densitometry and 
presented as the mean of 4–5 independent trials. Significance was 
assessed via Student’s t test.

Oligomerization assay
WT Ded1p and mutant ded1p were purified as described previously 
(Aryanpur et al., 2017). In vitro oligomerization of Ded1p was as-
sayed as described in Putnam et al. (2015). Briefly, purified recombi-
nant Ded1p (1 μM), ded1-ΔCT (1 μM), ded1-Δ591-604 (1 μM), or 
ded1-W603/604A (1 μM) were incubated in helicase reaction buffer 

(40 mM Tris-HCl, pH 8.0), 50 mM NaCl, 8.3% (vol/vol) glycerol, 
0.01% (wt/vol) IGEPAL CA 630, 2 mM DTT, and 0.5 mM MgCl2) for 
1 h at 19°C. Formaldehyde was added to a final concentration of 1% 
vol/vol, and the reactions were incubated at room temperature for 
30 min. Reactions were quenched with 0.5 mM glycine (pH 6.8) and 
samples were diluted in sample buffer (100 mM Tris, pH 6.8, 24% 
glycerol, 8% SDS, 0.02%, 0.2 mM DTT) prior to Western blotting 
(αDed1).

Sch9-3xHA band-shift assay
Band-shift measurements were performed using a modified version 
of the protocol developed by Urban and Loewith (Urban et al., 2007; 
Hughes-Hallett et al., 2014). Briefly, at the indicated time points after 
rapamycin treatment (200 ng/ml), 47 ml of culture was mixed with 
3 ml of 100% trichloroacetic acid and incubated on ice for 1 h. The 
cultures were spun down, washed with ddH2O and then acetone, 
and cells were disrupted by sonication, followed by centrifugation at 
8000 rpm for 30 s. The pellets were then subjected to bead beating 
(6 × 1 min) in urea buffer (6M urea, 50 mM Tris-HCl, pH 7.5, 5 mM 
EDTA, 1 mM PMSF, 5 mM NaF, 5 mM NaN3, 5 mM NaH2PO4, 5 mM 
p-nitrophenylphosphate, 5 mM β-glycerophosphate, 1% SDS) sup-
plemented with additional protease and phosphatase inhibitors. 
The lysate was heated at 65°C for 10 min and cleared by centrifuga-
tion at 15,000 rpm for 7 min. Chemical cleavage of the extracts was 
accomplished by adding nitro-5-thiocyanatobenzoic acid (NTCB) for 
12–16 h at room temperature (1 mM NTCB in 100 mM CHES, pH 
10.5). Western blotting of the samples was performed with an anti-
HA antibody (Novus), LI-COR secondary antibodies, on an Odyssey 
infrared imager. Quantitation of Sch9 phosphorylation was per-
formed using a MATLAB script written by James Hughes-Hallett 
(Hughes Hallett et al., 2014).

RNA gel electrophoresis
Cultures were grown to mid–log phase in YPD and diluted to 
an OD600 of 0.1. Rapamycin was added to a concentration of 200 ng/
ml, and the cultures were incubated for 18 h at 30°C with shaking. 
RNA was isolated by lysing cells with TRIZOL, chloroform extraction, 
followed by isopropyl alcohol precipitation. The resuspended RNA 
samples were mixed with RNA sample loading buffer, separated on 
a formaldehyde-agarose gel, and visualized by a UV gel imager.
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