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ABSTRACT
DEAD-box RNA helicases are critical regulators of gene expression. The S.
cerevisiae DEAD-box helicase Ded1 has long been used as a model to study the
biochemical and biological functions of these enzymes. Here I present two paradigms of
regulation for Ded1 activity: by a protein-protein interaction with Gle1, and by the
TORC1 signaling pathway.
In the first study I help elucidate the mechanism of Gle1 regulation of Ded1 in
translation initiation. We show that GLE1 expression suppresses the repressive effects of
DED1 in vivo and Gle1 counteracts Ded1 in translation assays in vitro. Furthermore,
both Ded1 and Gle1 affect the assembly of preinitiation complexes. Through mutation
analysis and binding assays, we show that Gle1 inhibits Ded1 by reducing its affinity for
RNA. Our results are consistent with a model wherein active Ded1 promotes translation
but inactive or excess Ded1 leads to translation repression.
In the second study I examine the role of Ded1 in the translational response to
TORC1 inhibition and identify a novel function of Ded1 as a translation repressor. I
show that C-terminal mutants of DED1 are defective in downregulating translation
following TORC1 inhibition with rapamycin. Furthermore, following TORC1 inhibition,
eIF4G1 normally dissociates from translation complexes and is degraded, and this
process is attenuated in mutant cells. Mapping the functional requirements for Ded1 in
this translational 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 pre-initiation complexes, thus removing eIF4G1 from the translating
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mRNA pool and leading to the co-degradation of both proteins. Shared features among
DED1 orthologs suggest that this role is conserved and may be implicated in pathologies
such as oncogenesis.
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EXPLANATION OF THESIS STRUCTURE
The central goal of my work is to better understand how the DEAD-box RNA
helicase Ded1 is regulated and how this affects its biological functions in protein
translation. In Chapter 1 I give a general overview on the role of RNA helicases in RNA
metabolism followed by an introduction to DEAD-box RNA helicases, and the
Ded1/DDX3 subfamily. This is followed by a review of the biochemical and biological
activities of Ded1, and the different factors known to regulate its activity. Finally, I
introduce the TORC1 signaling pathway and review how it regulates translation. In
Chapter 2 I summarize the findings of the manuscript on Gle1 regulation of Ded1 activity
in translation initiation and state my contribution to the final published manuscript. In
Chapter 2 I also summarize my original research on the role of Ded1 in the translational
response to TORC1 inhibition (manuscript submitted to Molecular Biology of the Cell).
Both manuscripts can be found in the appendix of this dissertation. In Chapter 3 I discuss
the findings of these papers and address unanswered questions and future directions.
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CHAPTER 1: LITERATURE REVIEW
1.1

RNA helicases and their role in RNA metabolism
RNA metabolism is a central process to all known life. The physiological activity

of many cellular RNAs requires their folding into distinct three-dimensional
conformations, and often times there exist many kinetically and thermodynamically
stable conformational states that are non-functional (1). The spontaneous interconversion
of RNA conformational states occurs too slowly to be compatible with coordinated
cellular processes involving RNA such as transcription, splicing and translation (2). To
solve this problem, cells utilize RNA binding proteins and RNA “chaperones” that
interact with RNA molecules, in assemblies called ribonucleoproteins (RNP’s). These
interactions stabilize and guide transitions between different conformational states,
allowing an RNP molecule to find its functional state in time frame that is compatible
with fundamental cellular processes (3).
The structural and compositional rearrangements that RNPs go through in vivo is
largely dependent on the action of RNA helicases which bind RNA and modulate RNARNA and RNA-protein interactions in an ATP dependent fashion. RNA helicases are
ubiquitous in all domains of life and can be categorized into superfamilies (SF’s) 1-6
based on phylogenetic analysis (4, 5). Eukaryotic RNA helicases fall into either SF1 and
SF2 superfamilies (4). Both SF1 and SF2 superfamilies share a conserved helicase core
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consisting of two domains that resemble the fold of the bacterial recombination protein,
recombinase A (RecA) (6). The core of both SF1 and SF2 helicases contains
characteristic sequence motifs required for their biochemical activity, some of which are
shared, and others that are unique to each superfamily (4). Most RNA helicases are
found in the SF2 superfamily. The most abundant subclass of SF2 helicases are the
DEAD-box proteins, which are named after the conserved D-E-A-D amino acid sequence
in their core domain, that is crucial for their function. DEAD-box proteins are the most
numerous subclass of RNA helicases found in yeast and humans, with 26 members in
Saccharomyces cerevisiae and 37 in humans (7). They have essential roles in nearly all
aspects of gene expression.

1.2

DEAD-box RNA helicases
1.21

General introduction

DEAD-box RNA helicases are required for numerous cellular processes such as
transcription, pre-mRNA processing, ribosome biogenesis, nuclear mRNA export,
translation initiation, RNA turnover and organelle function (8). They generally
function as part of larger multicomponent assemblies such as the spliceosome, mRNA
nuclear export complex, or the translation machinery (9). Although crystal structures
of the DEAD-box helicase core have revealed that conserved motifs interact with ATP
and RNA, these enzymes possess unique biochemical activities and diverse
physiological functions.

10

1.22

Structure

DEAD-box protein structure consists of a highly conserved helicase core of two
nearly identical RecA domains that harbor binding sites for RNA and ATP (10, 11).
The core is flanked by variable auxiliary domains that are thought to be critical for the
various functions of these enzymes. The DEAD-box protein helicase core consists of
12 characteristic sequence motifs that are located in conserved positions. These motifs
generally fall into three functional categories: ATP binding, RNA binding, and
communication between the RNA and ATP binding domains. Crystal structures of the
helicase core have been solved for several DEAD-box proteins and show that the
helicase core domains form a binding cleft for ATP (12). The eponymous D-E-A-D
motif contains amino acid functional groups required for ATP binding and hydrolysis.
The helicase core binds five nucleotides within an RNA molecule, and these occur
exclusively with the sugar phosphate backbone of the RNA (13, 14). This means that
DEAD-box proteins do not bind RNA with sequence specificity, and that their unique
physiological functions are likely mediated by the variable regions such as the Nterminal and C-terminal sequences outside of the conserved helicase motifs. Other
conserved motifs are important for communication between RNA and ATP binding
sites, but it is not clear how this occurs (15).

1.23

Biochemical and biological activities

Unlike DNA helicases, DEAD-box proteins separate RNA duplexes by local
strand separation and not translocation, therefore, they do not show strict unwinding
polarity (16). This mode of strand separation involves direct binding to the duplex, and
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the crimping of one strand of the RNA, which leads to the separation of a few base
pairs of the duplex (13, 17). It is not clear how many base pairs are separated in this
process. This can occur internally within the duplex, or on a terminal end of the
duplex. The rest of the duplex is then destabilized and the remaining base-pairs
dissociate without further action from the enzyme. As such, the unwinding rate
constant decreases with duplex length and stability. Since helical elements within
structured RNA rarely are more than 10 base-pairs in vivo, it is not unusual that
DEAD-box proteins evolved to only separate short, 10-12 base-pair RNA duplex
structures (9). For most DEAD-box proteins studied to date, single stranded RNA
adjacent to an RNA duplex stimulates DEAD-box protein binding to the duplex. Local
strand separation can be achieved by ATP binding and is not necessarily coupled to
ATP-hydrolysis, although dissociation of ADP and Pi is required for the release of the
protein from the RNA (18). Thus, the presence of bound ATP is sufficient to unwind a
short region of double stranded RNA, but for multiple cycles of unwinding and
turnover, ATP hydrolysis is required.
In addition to ATP dependent unwinding activity, some DEAD-box proteins
can act as ATP dependent RNA clamps. This has been shown for Drosophila
eIF4AIII, which binds RNA with high affinity in the presence of ATP and acts as a
platform for the assembly of the exon junction complex (14, 19). Once eIF4AIII binds
RNA, Btz binds and this inhibits the release of bound nucleotide, resulting in longlived high affinity association with RNA. eIF4AIII then serves as a nucleation center
for other EJC proteins to bind.
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Protein displacement from mRNPs is another activity that has been displayed
by some DEAD-box proteins. For example the RNA binding protein Mud2 has been
shown to be removed from RNA by the DEAD-box protein Sub2 in pre-mRNA
splicing, and mRNA export factor Mex67 is removed by Dbp5 in mRNA export in S.
cerevisiae (20, 21). In both of these examples, protein displacement is an ATP-driven
reaction. Additionally, the ability of the DEAD-box protein Ded1 to remove a model
protein substrate from RNA in-vitro is independent of RNA structure, suggesting that
this is a unique enzymatic activity that is not simply a side-effect of duplex unwinding
(22). For this reason, DEAD-box proteins should be considered as multi-functional
ribonucleoprotein remodeling enzymes that can act on either RNA or on the proteins
themselves.

1.3

The Ded1/DDX3 subfamily of DEAD-box RNA helicases
1.31

Subfamily overview

The Ded1/DDX3 subfamily of DEAD-box RNA helicases is conserved from
yeast to humans. This subfamily was defined after phylogenetic analysis showed high
sequence conservation within the helicase core domain and additional conserved
amino acid sequences in the C-terminal and N-terminal auxiliary domains that are
characteristic for this subfamily (23). All eukaryotes that have been sequenced have
been found to encode at least one member of the Ded1/DDX3 subfamily. These
proteins share essential functions in multiple steps of gene expression and have been
linked to various diseases, ranging from viral infection to cancer. Ded1/DDX3 family
helicases are amongst the most well studied DEAD-box helicases.
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1.32

DDX3 in disease

Humans have two Ded1/DDX3 homologs, DDX3X and DDX3Y, which are
encoded on the X and Y chromosomes, respectively. DDX3X has been implicated in
many biological processes such as viral replication, and immune system regulation,
and is frequently mutated in cancer (24–26). Mutations in DDX3Y have been linked to
azoospermia and male infertility (27). DDX3X is widely expressed and has been
strongly implicated in oncogenesis. Notably, it is the second most frequently mutated
gene in the pediatric brain cancer medulloblastoma, after beta-catenin (26, 28). The
role of DDX3X in oncogenesis is complex. It has been described as an oncogene or a
tumor suppressor in different contexts (23, 24, 29, 30). Both the oncogenic and tumor
suppressing activities of DDX3X have been linked to a role in translation.
Additionally, DDX3X biological activity has been linked to cellular processes such as
cell cycle progression and stress response (31, 32), presumably through its role in
translation.

1.33

Ded1 overview

S. cerevisiae encodes two Ded1/DDX3 subfamily proteins, DBP1 and DED1.
DED1 is an essential gene, and DBP1 is non-essential (33, 34). Few studies have
focused on DBP1, and its cellular function is not known. DED1 (Definition of
Essential Domain 1) was one of the first genes discovered in S. cerevisiae where
disruption of its ORF resulted in a lethal phenotype (35). Ded1 has since been used as
model to study the biochemical activity of DEAD-box proteins and has led to the
discovery of diverse biochemical activities for these enzymes (23). Ded1 is a 604
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amino acid protein with a molecular weight of 65554.7 Daltons. Its conserved helicase
core domain is flanked by variable N and C-terminal auxiliary domains that are unique
to the Ded1/DDX3 subfamily (Figure 1). These domains are characterized by low
complexity sequences and are predicted to be disordered, and their specific biological
functions are not well understood.

N-terminal domain

C-terminal domain

helicase core
536

FIGURE 1.

604

Ded1 has a conserved helicase core domain (blue) flanked by variable

auxiliary regions (green). The C-terminal auxiliary domain (amino acids #536-604) is
a low complexity sequence that is predicted to be disordered.

ATP dependent RNA unwinding by local strand separation, and RNA
dependent ATPase activity were amongst the first biochemical activities established
for Ded1 (36). It was later shown that that under certain conditions, Ded1 can display
strand annealing activity, RNP remodeling activity, can function as a long-lived RNA
clamp, and can sense AMP (37–39). It is evident from these studies that in certain
experimental conditions Ded1 can display a diverse range of biochemical activities and
functions. Whether or not they are indicative of true Ded1 cellular activities is not
clear. I will focus my review on Ded1 functions for which there is both biochemical
and biological evidence.
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1.34

Ded1’s role in translation initiation

There is abundant biological evidence for one or more roles for Ded1 in
translation initiation. Early studies on Ded1 biological function revealed that
catalytically impaired mutants showed an accumulation of non-translating 80S
monosomes, a decrease in polysomes, and greatly reduced protein synthesis, which is
indicative of a defect in translation initiation (33, 34). Consistent with a role in
translation initiation, Ded1 has been shown to genetically and physically interact with
the eIF4F complex (34, 40, 41). This complex consists of the large scaffolding protein
eIF4G, the 5’-methylguanosine cap binding protein eIF4E and the DEAD-box helicase
eIF4A. The eIF4F complex forms on capped and polyadenylated mRNA’s and
activates mRNA’s for recruitment of the 43S preinitiation complex (PIC), to form the
48S PIC. This step precedes AUG start-site scanning and translation initiation.
Additionally, moderate overexpression of DED1 suppresses growth defects seen in
EIF4E mutants and mutant DED1 alleles are synthetically lethal with mutants of
EIF4G1, EIF4E, and EIF4A (34). Ded1 physically interacts with eIF4G in the absence
of RNA and ATP (40). This interaction occurs through the C-terminus of Ded1 and
the C-terminus of eIF4G1, which harbors an RNA binding domain. The interaction
between Ded1 and eIF4G has been hypothesized to be important for translation
initiation on specific mRNAs, and has also been linked to a possible role for Ded1 in
translation repression (40, 42).
Ded1 activity has been linked to multiple steps in translation initiation.
Whether these represent different functions of Ded1 or it is one function that effects
multiple steps is unclear. The addition of Ded1 to in vitro translation assays, stimulates
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the translation of lucifer reporter mRNA (40, 43). Likewise, Ded1 activity has been
shown to promote mRNA PIC recruitment and assembly of the 48S PIC in vitro. Ded1
activity is also important for 48S PIC scanning through highly structured 5’ UTR’s
(44).
Recently it was reported that Ded1 has a role in controlling the use of nearcognate start codons during translation (45). Ribosome-profiling experiments in
temperature sensitive ded1 mutants revealed pervasive stalling of ribosomes at nearcognate start codons in 5’-UTRs of specific mRNA’s, after temperature shift. When
Ded1 activity is impaired, unresolved secondary structures within 5’ UTR’s of mRNA
stall the scanning PIC, allowing for translation to initiate at upstream near-cognate
start codons. This study showed a direct connection between Ded1 RNA unwinding
activity and AUG start site selection, revealing a straightforward mechanism for the
activation of upstream ORFs. Ostensibly, in conditions where cellular abundance
and/or activity of Ded1 is low, scanning PIC’s stall at structured elements in the 5’UTR which leads to alternative translation initiation sites (ATIS) in mRNAs
containing upstream ORFs. In support of this idea, in meiosis, cellular levels of Ded1
are reduced, and many genes show a similar ATIS activation pattern as seen in ded1
temperature sensitive mutants (45, 46).

1.35

mRNA dependence on Ded1 for translation

Studies using ded1 conditional mutants and ribosome footprint profiling have
helped understand the impact of Ded1 on global mRNA translation efficiencies (44,
47). These studies revealed that ded1 mutants are defective in bulk mRNA translation,
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and that the translation efficiencies of approximately 600 mRNAs are hyper-dependent
on Ded1 activity. Ded1 hyper-dependent mRNAs have longer, more structured 5’
UTR’s than average, and Ded1 activity is particularly important for scanning through
5’-cap-distal hairpin structures. Comparatively, eIF4A mutants show similar defects in
bulk mRNA translation as ded1 mutants, but the translation efficiencies of only
approximately 40 mRNAs are hyper-dependent on eIF4A (44). These studies have
revealed important functional differences and mRNA dependencies of the two eIF4F
helicases, Ded1 and eIF4A. They suggest that Ded1 and eIF4A may share a similar
role in eIF4F complex assembly, but following PIC assembly, Ded1 activity is
essential for scanning through longer, highly structured 5’-UTRs and cap-distal
hairpins.

1.36

The biochemical framework for Ded1 in the eIF4F complex

Ded1 physically interacts with eIF4G and eIF4A (40, 41, 48, 49), and the
effects on these interactions on Ded1 activity have been studied. Data from in-vitro
experiments show that Ded1 homo-oligomerizes through interactions in its C-terminal
domain, and this interaction enhances helicase activity (48). First, two Ded1
protomers bind to single stranded regions proximal to the RNA duplex. They act as
loading subunits for the third Ded1 subunit which then binds and unwinds the duplex.
This “division of labor” between the different protomers also requires different ATP
utilization between the strand separating and the loading protomers. In addition to
homo-oligomerization, the Ded1 C-terminus mediates an interaction with eIF4G1.
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Homo-oligomerization and eIF4G1 binding are mutually exclusive, thus eIF4G1 is a
competitive inhibitor of Ded1 helicase activity in in-vitro experiments.
Ded1 forms an interaction with eIF4A through its N-terminus that affects its
activity (49). In-vitro assays of helicase activity show that the unwinding activity of
Ded1-eIF4A is higher than either helicase alone. Furthermore, in-vitro assays
including recombinant Ded1, eIF4A, and eIF4G show that together, this complex has
the greatest unwinding ability of all. These data show that in-vitro, Ded1 is integral to
the activity of the eIF4F complex, and recent evidence suggests this activity is critical
for PIC recruitment on specific cellular mRNAs (42).

1.37

Ded1 in translation repression

Although the lion’s share of evidence supports a biological function for Ded1
in promoting translation, there are a few observations that suggest Ded1 may play a
role in translation repression.
Following glucose deprivation or treatment with sodium azide, Ded1 localizes
to stress granules, which are puncta of stalled mRNP aggregates and translation
initiation factors that generally coincide with translation repression (40, 50).
Moreover, DED1 overexpression drives stress granule formation, results in translation
repression and causes severe growth defects (40, 43, 51). These observations have led
to a “gatekeeper” model for Ded1 which supposes that Ded1 can activate or repress
PIC assembly and translation initiation (Figure 2). In this model Ded1 first creates an
mRNP that is stalled at an early step in translation initiation preceding 48S PIC
assembly. Subsequently, Ded1 ATPase activity is required to “resolve” the stalled
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mRNP and activate it for translation initiation. This model speculates that stress
granule assembly dynamics are dependent on the ATPase activity of Ded1, and that
overexpression of Ded1 can also lead to stress granules due to Ded1’s propensity to
aggregate through specific regions called “assembly domains” (40).

48S preinitiation
complex assembly
eIF4G

Ded1
eIF4G

Ded1

Ded1

eIF4G
eIF4G

Ded1

Ded1

Ded1

Ded1

Ded1
eIF4G

Ded1

FIGURE 2.

Ded1
Ded1
Ded1 Ded1
Ded1

The “gatekeeper” model of Ded1 function in translation proposes that

ATPase/helicase active Ded1 promotes assembly of the 48S PIC as well as facilitating
start site scanning. Inactive (but still ATP bound) Ded1 or excess Ded1 is proposed to
promote translation repression. The interaction between Ded1 and eIF4G1 has been
implicated in translation repression.

The stress granule inducing capability of Ded1 upon overexpression is partially
dependent on the C-terminal “assembly domain” of Ded1, which is required for the
physical interaction with eIF4G1. This had led to speculation that the Ded1 interaction
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with eIF4G1 is important in driving stress granule formation and translation repression
(40). However, Ded1 overexpression, translation repression, and stress granule
induction are not clearly linked. Overexpression of different ded1 mutants can lead to
the robust formation of stress granules with only modest effects on translation and
growth (40).
High concentrations of recombinant Ded1 represses translation of reporter
mRNAs in in vitro translation assays and inhibits 48S PIC assembly in cell extracts
(40, 43). However, in these conditions Ded1 is able to repress translation without
leading to the formation of stalled mRNP aggregates. It is likely that Ded1’s
repressive role in translation occurs at step precluding 48S PIC assembly but is not
necessarily dependent on the formation of stress granules (52). This supposition is
supported tangentially by evidence showing that targeting different translation
initiation factors involved in stress granule assembly in vivo can uncouple stress
granule formation from inhibition of translation initiation (53).

1.4

Gle1 regulation of Ded1 activity
Gle1 is an essential gene in S. cerevisiae and is conserved in metazoans. It was

first discovered as an mRNA nuclear export factor that associated with nucleoporin
Nup159 and stimulated the ATPase activity of the DEAD-box protein, Dbp5, when in
a complex with the small molecule, inositol hexakisphosphate, also known as phytic
acid (IP6) (54). Research from Dr. Susan Wente’s lab, where my dissertation advisor
Dr. Bolger did his postdoctoral work, was focused on understanding how Gle1, IP6
and Nup159 regulate Dbp5 in mRNA export. The model for how Dbp5 activity is
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regulated in mRNA export is summarized as follows: Gle1-IP6 first binds to Dbp5
and promotes ATP binding, which in turn promotes RNA binding. RNA binding then
stimulates ATP hydrolysis, the release of Gle1, and mRNP remodeling. Dbp5-ADP is
then recycled by interaction with Nup159 to release ADP (54–58).
In addition to regulating Dbp5 mediated mRNA export, Gle1 and IP6 were later
shown to regulate Dbp5 activity in translation termination (57, 58). Surprisingly, Gle1
was also found to have a role in translation initiation as first discovered by the growth
sensitivity of a specific gle1 mutant to the translation inhibitor cycloheximide (58).
These genetic and functional studies conducted by my advisor, Dr. Timothy Bolger,
during his postdoctoral work in the Wente Lab, also showed that Gle1 regulates the
activity of Ded1 in translation initiation in an IP6 independent manner. Consistent
with a role in negative regulation, temperature sensitive gle1 mutants show positive
genetic interactions with cold sensitive ded1 mutants, and GLE1 overexpression
suppresses DED1 overexpression phenotypes (51). Additionally, Gle1 physically
interacts with Ded1 and inhibits the RNA dependent ATPase activity of Ded1 in vitro.
The mechanism by which Gle1 regulates Ded1 activity is unknown and
important for establishing paradigms of DEAD-box protein regulation. The idea that
Gle1 regulates two different DEAD-box proteins differently, in successive steps of
gene expression suggests a physical connection between nuclear export and translation
initiation; however, further studies are needed to support this idea.

1.5

TOR signaling pathway
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1.51

Introduction

Cells must be able to sense environmental cues such as nutrients and stress and
integrate these signals into appropriate cellular responses. The appropriate regulation
of cell metabolism, growth, and proliferation is important in cellular adaptation, stress
survival, and in avoiding unchecked cell growth, which is a hallmark of cancer. At the
center of this growth control network is the Target of Rapamycin signaling pathway
(TOR). The TOR signaling pathway was discovered in S. cerevisiae and was named
after the discovery of the inhibitory effect of the small molecule rapamycin (59, 60) .
The TOR proteins function as subunits of the TOR Complex I (TORC1) or TOR
Complex 2 (TORC2). Yeast encode two TOR proteins, TOR1 and TOR2. TORC1 is
sensitive to rapamycin and consists of Lst8, Kog1, Tco89 and TOR1 or TOR2 (61).
TORC2 is rapamycin insensitive and consists of TOR2 and other regulatory proteins.
The TORC1 signaling complex is a sensor of nutrients and growth control (Figure 3),
whereas the TORC2 complex plays a role in cytoskeletal organization and cell polarity
(62). Rapamycin inhibits TORC1 signaling by a unique mechanism where it forms a
complex with FKBP, a protein which does not normally have a TORC1 related cellular
function (63). In a sense, rapamycin corrupts or hijacks FKBP to directly bind to
TOR, thereby inhibiting TORC1 signaling (62).
TORC1 is at the center of the growth control network in eukaryotic cells. In
response to nutrient stresses or rapamycin, the TORC1 signaling pathway regulates
growth and metabolism by controlling the expression of thousands of genes by
transcriptional, posttranscriptional, translational, and posttranslational mechanisms
(62, 64–68). For brevity’s sake, I only discuss TORC1 dependent translational
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regulation as it is directly and unambiguously linked to known physiological functions
of Ded1.

KOG1

Stress
response
genes

FIGURE 3.

TORC1 signaling promotes cell growth and metabolism when nutrients

are present, while inhibiting autophagy and the expression of stress response genes.
TORC1 is inhibited when nutrients are scarce or with rapamycin, resulting in
downregulation of translation and cell metabolism, and activation of autophagy and
stress response genes.

1.52

TORC1 dependent inhibition of translation

Downregulation of bulk translation and protein synthesis during nutrient stress or
rapamycin treatment is regulated by TORC1 signaling and serves to reduce the cellular
burden and promote the translation of stress response genes and promote survival (69–
73). In most eukaryotes this occurs primarily by two mechanisms that affect translation
24

initiation, eIF2 phosphorylation and the eIF4E binding proteins (4E-BP’s) (74).
Perhaps the most well conserved mechanism of inhibition of bulk translation in
eukaryotes is the phosphorylation of eukaryotic initiation factor 2 alpha (eIF2), which
results in the inhibition of 48S preinitiation complex assembly. Phosphorylation of
eIF2 in eukaryotes is induced by a wide variety of stresses, including nutrient depletion,
DNA damage, and viral infection (69, 71, 75). In S. cerevisiae, upon rapamycin treatment
or amino acid starvation, the eIF2 subunit alpha (eIF2) is phosphorylated at Ser51 by
the sole activity of the kinase GCN2 (75). Phosphorylated eIF2 then competes with the
GDP bound form of eIF2 for the activity of its guanine exchange factor. This leads to
inhibition of eIF2-GTP recycling and reduced ternary complex (eIF2-GTP-MetRNA),
thus leading to a reduction in the rate of PIC assembly and translation initiation (Figure
4). The activity of GCN2 is stimulated by the binding of uncharged tRNA, which
accumulate when amino acids are scarce. GCN2 is also regulated by phosphorylation at
Ser577 which interferes with tRNA binding and reduces kinase activity (76). Ser577
phosphorylation of GCN2 is regulated by TORC1 signaling but the specific kinases have
not yet been identified (64). Dephosphorylation of Ser577 on GCN2 occurs through the
Tap42-phosphatase branch of the TORC1 signaling pathway during amino acid/nitrogen
starvation, or treatment with rapamycin (77).
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TORC1 inhibition leads to activation of GCN2 which phosphorylates

eIF2. Phosphorylation of eIF2 after nutrient starvation or rapamycin treatments leads
to reduced formation of eIF2-GTP-Met and results in inhibition of bulk mRNA
translation.

Repression of bulk protein synthesis during stress by eIF2 helps reduce the
cellular burden, however subsets of mRNA’s encoding proteins involved in the cellular
stress response undergo selective translation. In yeast, perhaps the most well studied
example of stress-induced non-canonical cap-independent translation initiation is for the
GCN4 mRNA, which encodes a transcription factor that controls the expression of genes
involved in amino acid biosynthesis (70, 78, 79). Under normal growth conditions GCN4
is expressed at a low basal level due to the presence of a number of regulatory uORFs in
its 5’UTR. Initiation at the GCN4 uORFs inhibits translation of the main GCN4 ORF
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since a strong termination signal promotes dissociation of the ribosome, and the short
distance between the proximal uORF and the GCN4 ORF precludes re-initiation (70, 75,
79). Amino-acid, nitrogen limitation or rapamycin treatment lead to phosphorylation of
eIF2 and reduced translation initiation, allowing the small ribosomal subunit to scan
past the uORFs before associating with the large subunit and other initiation factors. This
ultimately leads to increased translation of the main GCN4 ORF (70).
In mammals, TORC1 inhibition also enhances the ability of eIF4E binding
proteins (4E-BP’s) to repress translation by binding to the cap-binding protein eIF4E (69,
71, 72, 80). The 4E-BP’s are normally phosphorylated during nutrient rich growth
directly by TORC1, which reduces their affinity for eIF4E. However, following TORC1
inhibition via nutrient starvation or rapamycin, they are rapidly dephosphorylated and
compete with eIF4G for binding to eIF4E, resulting in downregulation of cap-dependent
translation initiation. In yeast, there are no direct homologs of the mammalian 4E-BP’s,
however S. cerevisiae encodes two genes, EAP1 and CAF20 that bind to eIF4E through
canonical eIF4E binding motifs (34, 81, 82). There is evidence that both eap1 and caf20
have a role in repressing cap-dependent translation by competing with eIF4G1 for
binding to eIF4E, however, there is no evidence for direct regulation of eap1 or p20 by
TORC1. Intriguingly, genomic deletion of EAP1 results in resistance to the inhibitory
effects of rapamycin, suggesting that it may somehow be involved in TORC1 dependent
inhibition of cap-dependent translation (81).

1.52

TORC1 regulation of eIF4G
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eIF4G is a scaffolding protein in the eIF4F complex and promotes translation of
most capped and polyadenylated mRNAs (83). In S. cerevisiae eIF4G is encoded by the
paralogs TIF4631 and TIF4632, which code for eIF4G1 and eIF4G2 respectively.
Studies on their functions have shown them to be functionally redundant, and only
deletion of both genes causes a lethal phenotype in cells growing in rich media (84, 85).
The stability of eIF4G1 is tightly linked to TORC1 signaling. When cells are subjected
to nitrogen starvation or rapamycin treatment, cellular levels of eIF4G1 are quickly
decreased by autophagic degradation, to nearly undetectable levels (86–88). The levels
of other proteins in the canonical eIF4F complex, such as eIF4E and eIF4A remain
relatively unchanged following nitrogen starvation or rapamycin treatment (86).
Autophagic degradation of eIF4G1 occurs through a mechanism involving the ubiquitin
protease Ubp3 (87) . It is not known if eIF4G1 is a direct target of TORC1 in yeast, but it
is clear that eIF4G1 stability is regulated by TORC1 signaling. Whether eIF4G1
degradation is a cause of translation repression or just a consequence of global translation
repression caused by other mechanisms such as eIF2 phosphorylation, is unknown.

1.53

Link between TORC1 signaling and Ded1

To date, there is no direct evidence of TORC1 dependent regulation of Ded1
function. Several large-scale mass spectrometry studies of the rapamycin sensitive
phosphoproteome identified Ded1 as being hyperphosphorylated following rapamycin
treatment (64, 65, 89). Specifically, phosphorylation at serine residues in the C-terminal
auxiliary domain at residues S535, S539, S541, and S543 was shown to be in induced
between 5-10 fold following rapamycin treatment. Ded1 is one of the few translation
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factors, and the only DEAD-box helicase that shows TORC1 dependent hyperphosphorylation. This has led to speculation that Ded1 activity or function may be
regulated by the TORC1 signaling pathway, as another mode of posttranscriptional
regulation of gene expression. The function of these phosphorylation sites has not been
studied and the kinases involved are unknown.
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CHAPTER 2: PRESENT STUDY
2.1
Gle1 regulates RNA binding of the DEAD-box helicase Ded1 in its
complex role in translation initiation
Explanation of the problem and it’s context:
Gle1 was previously shown to bind to Ded1 and inhibit its activity (51). Genetic
and functional data support the notion that Gle1 is a negative regulator of Ded1 in
translation initiation. How Gle1 binds Ded1, the mechanism of inhibition, and which
Ded1 cellular activities are affected are not known. This aim of this study is to answer
these questions. The methods, results, and conclusions of this study are presented in the
paper appended to this dissertation. The following is a summary of the most important
findings of this paper.

We first use genetics and functional assays to elucidate the mechanism of how
Ded1 activity is repressed by Gle1. We show that DED1 overexpression results in
growth inhibition that is suppressed upon GLE1 co-overexpression. We next use
polysome profiling to show that GLE1 overexpression partially suppresses the DED1
overexpression translation defect. We show that Gle1 inhibits Ded1 in a dose dependent
manner in in vitro translation reporter assays, and in preinitiation complex assembly
assays. Genetic and functional analysis of Ded1 mutants that are insensitive to Gle1
suppression show that they have defects in ATP dependent RNA binding. We show that
Gle1 inhibits the ATP dependent RNA binding activity of Ded1 and conclude that this
activity is important for the GLE1 suppression of DED1 overexpression.
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My contributions to this paper included the characterization of the translational
effect of GLE1 suppression of DED1 overexpression through polysome profiling assays.
This involved the establishment of a robust galactose induction protocol for DED1
overexpression that consistently and predictably repressed translation and allowed for
reproducible quantitation of monosome-to-polysome ratios (M/P). Using this
experimental system, I measured and quantitated the suppressive effect of GLE1
expression on DED1 overexpression. My work also included repeating and verifying
phenotypes of different ded1 mutants, using serial dilution growth assays. The other
authors on the paper conducted and analyzed the other experiments for this study. I also
made intellectual contributions, along with the other authors. The initial manuscript was
primarily written by Dr. Bolger, and I helped with its editing and final revision.

2.2
The DEAD-box RNA helicase Ded1 has a role in the translational
response to TORC1 inhibition
Explanation of the problem and it’s context:
For years now, it has been speculated that Ded1 may have a physiological role in
translation repression. This hypothesis has stemmed from observations that DED1
overexpression in-vivo, results in growth defects and inhibition of translation and stress
granule formation, and that high levels of Ded1 added to in vitro translation assays result
in strong inhibition of translation. Published work from other labs has indicated that the
C-terminal auxiliary domain mediates some of the repressive effects of high levels of
Ded1 in vivo and in-vitro. To date, there is no evidence that at physiological levels, Ded1
is involved in translation repression in vivo. The Ded1 C-terminal auxiliary domain been
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shown to be necessary for the physical interaction with eIF4G1, and for Ded1 homooligomerization. However, the cellular function of these interactions and if they have a
role in Ded1 mediated translation repression remains a mystery, as ded1-ΔCT mutants do
not harbor growth or translation defects during exponential growth in rich media. To
date there have been no studies on Ded1 in conditions of cellular stress, although it is
known that in many stresses affect cap-dependent translation through targeted
degradation of eIF4F scaffolding factor eIF4G1. In this study I investigate the role of
Ded1 in TORC1 mediated translation repression and elucidate the functions of the Cterminus in translation repression.
In this study I present genetic and functional evidence for a repressive role of
Ded1 in translation in the context of TORC1 inhibition. The initial observation that
deletion of the Ded1 C-terminus (ded1-ΔCT) leads to rapamycin resistant growth is
followed up with polysome profiling and 35S-methionine labeling of new protein
synthesis to show that translation downregulation is attenuated in the ded1-ΔCT cells.
Polysome profiling and fractionation of translation initiation complexes shows that after
rapamycin treatment, eIF4G1 continues to associate with polysomes in the ded1-ΔCT
strain. The cellular half-lives of eIF4G1 and ded1 are significantly increased in ded1ΔCT cells after rapamycin treatment, leading to cellular accumulation and retention of
eIF4G1 in translation initiation complexes. I hypothesize that Ded1 physically interacts
with eIF4G1 through its C-terminus, and enzymatically removes eIF4G1 from translation
initiation complexes after rapamycin treatment. In support of this, I show that an
enzymatically impaired ded1-120 mutant is resistant to rapamycin and that the half-life of
eIF4G1 is increased. Moreover, we are able to show that in vitro Ded1 can remove
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eIF4G1 from mRNA in an ATP dependent manner, but only in extracts from cells treated
with rapamycin. Finally, I am able to map the rapamycin resistance phenotype to the
final 14 amino acids in the Ded1 C-terminus and show that two conserved tryptophans
are critical. Mutation of these residues results in a significant reduction in binding to an
eIF4G1 affinity column, but minimally effects Ded1 oligomerization. This leads to the
conclusion that rapamycin resistance in ded1 mutants results from impaired interaction
with eIF4G1 and/or removal of eIF4G1 from translation initiation complexes following
TORC1 inhibition. This work shows that in a physiologically relevant context, Ded1
activity represses translation. This paper highlights my original work and is the
culmination of my research efforts in graduate school. I primarily designed and
performed the experiments and data analysis. For a few experiments (quantitative halflife data, Ded1 oligomerization assay), I oversaw work performed by other lab members,
and the in-vitro remodeling experiment with Ded1 and eIF4G1 was performed by Dr.
Bolger. I wrote and edited the manuscript, and Dr. Bolger helped with its editing and
revision. It recently received favorable reviews by Molecular Biology of the Cell.
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CHAPTER 3: DISCUSSION AND FUTURE DIRECTIONS
3.1
Gle1 regulates RNA binding of the DEAD-box helicase Ded1 in its
complex role in translation initiation
My research on Gle1 regulation of Ded1 in translation has helped gain a better
understanding of the biochemical and biological effects of Gle1 regulation of Ded1, the
findings of which are appended to this dissertation. However, a number of important
questions remain unanswered.
We still do not know how or where Gle1 and Ded1 bind to each other. We
constructed putative Gle1 binding mutants of Ded1 based on what is known about how
Dbp5 interacts with Gle1. These mutants were refractory to GLE1 suppression; however,
they still were able to bind to Gle1. Even though these mutants proved valuable in
understanding the biochemical mechanism of Gle1 inhibition of Ded1 activity, we were
not able to show directly that disrupting the physical interaction of Ded1 and Gle1 affects
the biological function of Ded1 in translation. For this reason, future studies of Ded1 and
Gle1 will need to focus on either generating mutants of Ded1 that do not bind to Gle1 or
the structure of Ded1:Gle1 complex needs to be solved to determine which amino acids
are involved in the binding.
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An interesting finding of this work was the observation that different translation
extract preparation protocols affected whether Ded1 stimulated or repressed translation.
That is, lower concentrations of recombinant Ded1 stimulated translation in extracts that
were prepared with a planetary ball compared to mortar and pestle preparations.
Moreover, the threshold Ded1 concentration required to repress translation was also
much lower in extracts prepared with the ball mill than mortar and pestle preparations.
Endogenous Ded1 levels in both extract preparations were similar; however, the levels of
Gle1 were much higher in the mortar and pestle extracts compared to ball mill extracts.
The higher levels of Gle1 in mortar and pestle extracts is consistent with the idea that
Gle1 inhibits Ded1 activity in translation and could partially explain why this extract was
less sensitive to the addition of recombinant Ded1. An interesting possibility could be
that the different extracts may have differences in unknown factors that regulate Ded1
activity. Although at this point we cannot know definitively how or why these extracts
respond differently to Ded1 levels, these results emphasize that translation is extremely
sensitive to Ded1 activity, that Ded1 is an activator or repressor of translation at different
concentrations, and that the dual activities of Ded1 can be switched readily by intrinsic
biological factors.
Does Gle1 inhibit Ded1 in stress granule formation? Studies in human cell lines
have shown that knockdown in hGle1 results in translation and stress granule
assembly/disassembly defects that can be suppressed by DDX3 overexpression (90). A
subsequent study showed that hGle1 is phosphorylated by GSK3 and affected stress
granule assembly and regulation of DDX3 ATPase activity (91). Our unpublished data
suggests that GLE1 overexpression may partially inhibit the formation of DED1 driven
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stress granules. Given that we know that Gle1 inhibits Ded1 RNA binding, this result
suggests that DED1 driven stress granule assembly may be partially dependent on RNA
binding. Future studies in our lab using temperature sensitive mutants of ded1 and gle1
will test this hypothesis.
A point worthy of discussion is the possibility that phenotypes we observe when
Ded1 is expressed at high levels is due to a “squelching” effect. This term was first used
to describe the competition between transcription factors for limited amount of cofactors
in the cell, with the functional consequence that different transcription factors interfere
with the activity of each other (92). Excessive levels of Ded1 in the cell could lead to a
similar effect, where Ded1 out-competes other translation initiation factors for common
co-factors, thus leading translation repression and growth inhibition. Many studies,
including ours, have leveraged the DED1 overexpression model to help elucidate how
Ded1 is regulated, but importantly, we also have many additional lines of evidence to
support our conclusions. Future studies using the DED1 over-expression model must be
careful in extrapolating findings to physiological functions of Ded1. For example,
overexpression of Ded1 leads to the formation of stress granules through a poorly
understood mechanism that requires Ded1 “assembly domains” (40, 50). These granules
contain Ded1 and canonical stress granule markers, such as Pab1 and eIF4G, however
their morphology is abnormal. Are these bona-fide stress granules? Are they formed by
a physiological activity of Ded1 or are they an indirect effect of having excessive cellular
levels of Ded1? Some of these questions might be addressed by studying stress granule
assembly in temperature sensitive mutants of ded1 and gle1 that are expressed at more
physiological levels.
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An often-overlooked aspect of the DED1 overexpression system is the poor
correlation between cell growth and translation. Cell growth is severely inhibited whilst
there are only modest effects on bulk translation when analyzed by polysome profiling
(an approximate 2-fold decrease as measured by the M/P ratio). One possible
explanation could be that since polysomes are not a direct readout of the rate of new
protein synthesis, but a snapshot of ribosome association with RNA, some mRNA’s may
be associated with many ribosomes, that are either slowed/stalled in translation
elongation or stalled at upstream open reading frames in the 5’UTR, or defective in
translation termination. Performing direct assays that measure new protein synthesis,
such as 35S-methinione labeling and autoradiography, are simple and would allow us to
test this possibility. Alternatively, the modest effect of DED1 overexpression on the M/P
ratio could be an indicator that bulk translation is not heavily affected. DED1
overexpression may repress translation of specific mRNAs or subsets mRNAs encoding
proteins required for important cellular processes such as growth, cell division, and
metabolism. Ribosome footprint sequencing could be used to address this.

3.2
The DEAD-box RNA helicase Ded1 has a role in the translational
response to TORC1 inhibition
The majority of my thesis work stemmed from the initial observation that the
ded1-ΔCT mutant was partially resistant to the growth inhibitory effects of the drug
rapamycin. This was particularly interesting and exciting because of Ded1’s known role
in translation initiation and all of the prior speculation of a repressive role in
physiological conditions. Perhaps this function of Ded1 was a part of the translational
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response to cellular stress? Furthermore, several large-scale mass-spectrometry studies in
yeast of the rapamycin sensitive phosphoproteome, identified four phosphorylation sites
(S535, S539, S541, S543) in the Ded1 C-terminus that were hyperphosphorylated after
rapamycin treatment (65, 89, 93). This led to the initial hypothesis that the Ded1 Cterminus mediated important cellular interactions that were regulated by TORC1
dependent phosphorylation. To test this hypothesis, I constructed strains with
phosphorylation-dead and phosphorylation-mimetic versions of ded1 to test whether the
C-terminal phosphorylation sites affected rapamycin resistance. Unfortunately, as often
times common in biology, the most seemingly obvious and elegant hypothesis turned out
to be incorrect, as neither the phospho-deficient or phospho-mimetic mutants displayed
growth phenotypes when grown in the presence of rapamycin. This led me on a multiyear journey of trying to elucidate the role of the Ded1 C-terminal auxiliary domain
following TORC1 inhibition, the findings of which are appended to this dissertation. My
findings have unveiled an important, previously unknown function of Ded1 in the
translational response to TORC1 inhibition. However, this has inevitably led to more
questions than answers. Here I will discuss some of these unanswered questions and
speculate on possible answers.
How is Ded1 biological function regulated by homo-oligomerization and/or
physical interaction with eIF4G1? The Ded1-C terminus has been shown to be required
for the physical interaction with eIF4G, and for homo-oligomerization (40, 48, 49). Invitro, Ded1 trimers have been shown to achieve maximal helicase activity, and that
addition of eIF4G1 to these reactions inhibits Ded1 helicase activity by disrupting the
formation of trimers through competitive inhibition (48). To complicate matters further,
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Ded1’s N-terminus physically interacts in vivo and in vitro with the other eIF4F DEADbox helicase, eIF4A. In-vitro, eIF4A has been shown to modulate the activity and
substrate preference of Ded1 with and without eIF4G (49). The cellular functions of the
different interactions and activity of Ded1 in the eIF4F complex are not known. The
mutual exclusivity of interactions mediated by the C-terminus suggests that they are
necessary for separate biological functions of Ded1; presumably in a role relating to the
function of eIF4F complex (through interaction with eIF4G, and possibly eIF4A), and a
separate, unknown role independent of eIF4F where maximal helicase activity is
necessary. Nevertheless, biological evidence is lacking for the cellular functions of Ded1
oligomerization and for eIF4G1 physical interaction. Surprisingly, the ded1-ΔCT strain
does not exhibit growth or translation defects in exponentially growing cells even though
they fail to oligomerize or interact efficiently with eIF4G1. My results support the notion
that during TORC1 inhibition, the Ded1 C-terminus has a role in translational
reprogramming that is dependent on the interaction with eIF4G1. Although my work
suggests that oligomerization may be dispensable for this role of Ded1, future studies are
needed and should also consider other stress conditions such as glucose deprivation, heat
shock, cold-shock, DNA damage, osmotic stress, etc.
Our current model speculates that rapamycin resistance growth in our ded1
mutants is a consequence of defective translational reprogramming, mediated partly by
elevated eIF4G1 levels. We hypothesize that growth/metabolism genes that are normally
translationally repressed during TORC1 inhibition continue to be translated, and this
ultimately leads to rapamycin resistant growth. Defective translational regulation could
impact subsets of mRNAs, for example those that are highly dependent on eIF4G1 for
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translation (84), or translation of a single gene that is important for cell growth and/or
metabolism. Indeed, it has been shown that mutant strains expressing a stable version of
Cln3, a cyclin involved in the G1 to S phase transition, are able to bypass rapamycin
induced G1 arrest and continue growth in the presence of rapamycin (67, 94).
Intriguingly, Cln3 is expression has been shown to be translationally regulated by a
uORF dependent mechanism (59, 94). It will be interesting test whether ded1 mutants
affect the translational regulation of Cln3, given recent evidence that Ded1 regulates the
usage of uORFs (45). We plan on testing these hypotheses by performing a ribosome
footprint sequencing in our different ded1 mutant strains, and or polysome qPCR for
candidate gene mRNA’s.
How does eIF4G2 fit into the picture? Unlike eIF4G1, eIF4G2 lacks a C-terminal
RNA3 binding domain (85). This domain was shown to physically associate with Ded1,
and is thought to facilitate the interaction between the C-terminus of Ded1 and eIFG1
(40). Functional studies on eIF4G paralogs in yeast have determined their functions to be
largely redundant in exponentially growing cells (84, 85). The most notable difference
perhaps, is that cellular levels of eIF4G2 are typically much lower than eIF4G2,
suggesting a difference in expression levels and/or stability. The lack of a C-terminal
RNA3 domain in eIF4G2 suggests that it may not interact with Ded1 in a similar fashion
as eIF4G1. Although these proteins share redundant functions in exponentially growing
cells, it is possible that during stress conditions their regulation is altered, and/or they
function differently. As shown in my work and in the work of others, cellular levels of
eIF4G1 are regulated by the TORC1 signaling pathway (86, 87). My work suggests that
Ded1 plays a critical role in liberating eIF4G1 from translation complexes during TORC1

40

inhibition and either directly or indirectly affects its degradation. Is this true for eIF4G2?
One possibility is yes. The more intriguing hypothesis is that eIF4G2 is regulated
differently than eIF4G1 during stress, and/or has important functions in stress conditions.
Some evidence has suggested eIF4G2 shows a different pattern of localization to stress
granules and p-bodies (95). Some of our preliminary data with a ΔTIF4632 (eIF4G2
null) strain have not shown any growth phenotypes when treated with rapamycin,
however more work needs to be conducted to fully reject the hypothesis.
My work has revealed that in the context of TORC1 inhibition the Ded1 Cterminus negatively regulates growth and translation. Furthermore, I determined that the
two most C-terminal tryptophans (W603/W604) are critical for these functions and are
conserved in the human ortholog DDX3X. This domain does not harbor any
characterized S. cerevisiae protein binding motifs or consensus sequences. Intriguingly,
the conserved tryptophans in the Ded1 C-terminus show partial resemblance to an Ago
hook, a sequence motif known to be necessary for the interaction with Argonaute and the
formation of the RNA-induced silencing complex (RISC) (96, 97). Although S.
cerevisiae does not encode Ago homologs or have a RISC, it is possible that this motif is
necessary for mediating interactions with yet-to-be-identified proteins. However,
humans do encode Ago proteins, so there is the possibility that DDX3X does have a role
in RISC. Indeed, it has been reported DDX3X interacts with Ago2 and has a role in the
RNAi pathway (98)
How does Ded1 switch from an activator to a repressor of translation? An
intriguing result from this study was that recombinant Ded1 was only able to
enzymatically remove eIF4G1 from mRNA in cell extracts that had been treated with
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rapamycin. This suggests that upon inhibition of TORC1 signaling, there are
modifications to the components in the extract that affect Ded1 function. These could
include posttranslational modifications 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. Notably, mutations in GLE1, a
regulator of Ded1 activity, also did not have any effect. Furthermore, our data argues
against phosphorylation of Ded1 since our phosphorylation site mutants did not show any
phenotypes in the conditions we tested. A different post-translational modification or
phosphorylation of another translation factor or could still play a role, however. One
possibility is that the repressive function of Ded1 is indirectly stimulated by the wellestablished stress response pathway of eIF2 phosphorylation through its inhibition of
ternary complex formation and the rate of preinitiation complex assembly. As my work
has shown, eIF2 phosphorylation is not reduced in ded1-CT cells. Further studies will
be required to determine if Ded1 is downstream of or a parallel supplement to eIF2
phosphorylation.
Current efforts in the lab spearheaded by Sara Carey are focused on identifying
new interactors of Ded1 after rapamycin treatment using a co-immunoprecipitation
followed by mass spectrometry approach. Her preliminary data shows that after two
hours of rapamycin treatment a new band appears on silver stained gels of her Ded1 coimmunoprecipitations. This suggests that TORC1 inhibition promotes the interaction
between Ded1 and other proteins. Whether these are previously unidentified novel
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interactors or known interactors of Ded1 will be revealed by mass spectrometry analysis.
We hope to use this approach to identify TORC1 dependent, direct regulators of Ded1.
Ded1 likely has multiple cellular functions during TORC1 inhibition. A real
brain buster of an observation that was not included in my thesis research is that a
ded1(Δ21-27) mutant exhibits strong sensitivity to rapamycin compared to WT strains.
This mutant harbors a deletion in the putative eIF4E binding domain in the N-terminal
auxiliary region (40). This result suggests that some aspect of Ded1 biological activity is
required for growth in the presence of rapamycin. The fact that different mutants of ded1
exhibit rapamycin resistant or rapamycin sensitive growth suggests that Ded1 biological
function is intimately linked to the activity of the TORC1 signaling pathway.
Mutations in the Ded1 human ortholog, DDX3, are found frequently in cancer;
however, an understanding of how DDX3 contributes to cancer is lacking and often
contradictory. A recent paper by Oh et al. presented evidence that cancer associated
DDX3X mutations can impair the translation of some mRNAs while selectively
preserving translation on other mRNAs during stress (99). Thus, it is possible that
alterations in DDX3X in cancer may promote TOR-independent growth. Indeed, at least
one medulloblastoma-associated mutation generated in DED1 by another graduate
student in the Bolger Lab, Nicolette Brown, also results in rapamycin-resistant 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 disease-associated mutations. I hope my findings may provide
further context for functional studies that aim to understand the complex role of DDX3 in
cancer.
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ABSTRACT
DEAD-box proteins (DBPs) are required in gene expression to facilitate changes to

23

ribonucleoprotein complexes, but the cellular mechanisms and regulation of DBPs are not fully

24

defined. Gle1 is a multifunctional regulator of DBPs with roles in mRNA export and translation.

25

In translation, Gle1 modulates Ded1, a DBP required for initiation. However, DED1

26

overexpression causes defects, suggesting that Ded1 can promote or repress translation in

27

different contexts. Here we show that GLE1 expression suppresses the repressive effects of

28

DED1 in vivo, and Gle1 counteracts Ded1 in translation assays in vitro. Furthermore, Ded1 and

29

Gle1 both affect assembly of pre-initiation complexes. Through mutation analysis and binding

30

assays, we show that Gle1 inhibits Ded1 by reducing its affinity for RNA. Our results are

31

consistent with a model wherein active Ded1 promotes translation, but inactive or excess Ded1

32

leads to translation repression. Gle1 can inhibit either role of Ded1, positioning it as a gatekeeper

33

to optimize Ded1 activity to the appropriate level for translation. This study suggests a paradigm

34

for finely controlling the activity of DEAD-box proteins to optimize their function in RNA-based

35

processes. It also positions the versatile regulator Gle1 as a potential node for the coordination of

36

different steps of gene expression.
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44

INTRODUCTION

45

Gene expression is a central cellular activity, and perhaps not surprisingly, elaborate

46

mechanisms of regulation have evolved to ensure fidelity in every aspect of this process. In

47

eukaryotic cells, many factors interact with individual mRNAs to facilitate and regulate a variety

48

of processes including nuclear export, translation, and degradation, and thus the composition and

49

structure of the resulting mRNA-protein complexes (mRNPs) are constantly changing. A major

50

method for controlling these RNA-protein interactions is the action of RNA helicases, of which

51

the DEAD-box proteins are the largest family. DEAD-box proteins play essential roles in nearly

52

every RNA-based process in the cell through their linked activities of ATP binding, hydrolysis,

53

and RNA binding (for review see (1)). Through these activities, DEAD-box proteins are able to

54

affect RNA secondary structure, alter RNA-protein interactions, and/or act as ATP-regulated

55

RNA-binding proteins.

56

Ded1 is a DEAD-box protein in budding yeast that has primarily been linked to

57

translation initiation (2). It has two orthologs in humans: DDX3X and DDX3Y. DDX3Y is on

58

the Y chromosome, and deletions of the gene are associated with azoospermia and male

59

infertility (3). On the other hand, DDX3X is widely expressed and has been strongly implicated

60

in oncogenesis, most notably in the pediatric brain cancer medulloblastoma, in which it has been

61

found to be the most frequently mutated gene after -catenin (4, 5). How DDX3 contributes to

62

cancer or male fertility is largely unknown, however, underscoring the importance of

63

understanding the function and regulation of Ded1/DDX3.

64

The traditional role ascribed to Ded1 in translation initiation is unwinding of the 5’-UTR

65

during start site scanning by the 48S pre-initiation complex (PIC) (2), a function supported by

66

recent findings that the mRNA transcripts most affected by ded1 mutation tend to have more

61

67

structured 5’UTRs (6). Another study has suggested that Ded1 also promotes pre-initiation

68

complex formation prior to scanning (7), and our previous work suggested that Ded1 may be

69

important for recognition of the AUG start site (8). These potential molecular activities imply

70

that Ded1 plays a critical role in promoting translation, which is consistent with prior findings

71

that ded1 mutants inhibit growth and translation in vivo (9, 10). However, overexpression of

72

DED1 also inhibits growth and causes formation of stress granules, and conflicting results have

73

been reported for addition of exogenous Ded1 to translation assays in vitro (7, 11, 12). The

74

molecular basis for these repressive effects on translation is not currently known, but it has been

75

proposed that Ded1 serves as a “gatekeeper” for translation with the ability to promote or to

76

repress translation (7). A fuller understanding of the molecular mechanisms of Ded1 is needed

77

for a complete picture of this conserved protein’s role in regulating translation.

78

Although the requirement for DEAD-box proteins in gene expression is well-established,

79

the mechanisms by which they themselves are regulated are not clear for most. Ded1 has been

80

reported to bind the translation factor eIF4G, and it was recently shown to trimerize, which

81

affects its enzymatic activity, but the cellular implications of these interactions remain unknown

82

(7, 13). We have reported that Ded1 activity is also modulated by Gle1, a multifunctional

83

regulator of DEAD-box proteins (8). Gle1 was originally identified as an essential mRNA

84

nuclear export factor in both yeast and human cells (14, 15). Subsequently, Gle1, along with the

85

small molecule inositol hexakisphosphate (IP6), was shown to stimulate the activity of the

86

DEAD-box protein Dbp5 during mRNA export (16-19). Gle1 binds to Dbp5 through a protein

87

fold that structurally resembles those in known DEAD-box protein regulators such as eIF4G,

88

PDCD4, and CWC22 (20-22). Our previous studies expanded the role of Gle1 by showing that it

89

also functions in translation initiation, suggesting that Gle1 could serve to coordinate the
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90

processes of mRNA export and translation (23). In initiation, Gle1 functions independently of

91

Dbp5 and IP6 and instead inhibits the ATPase activity of Ded1 (8, 23). Like Ded1/DDX3,

92

mutations in the human ortholog of GLE1 have also been linked to pathologies, including

93

amyotrophic lateral sclerosis (ALS) and two severe motor neuron developmental disorders,

94

although no links to oncogenesis have been reported (24, 25).

95

The molecular mechanisms by which Ded1 and its regulator Gle1 affect translation

96

appear to be complex. Both ded1 and gle1 mutant cells have defects in translation initiation,

97

suggesting that both Ded1 and Gle1 promote translation (9, 23); yet Gle1 inhibits Ded1, and the

98

initiation defects are suppressed in ded1 gle1 double mutants (8). Further, as stated above, Ded1

99

also represses translation in some experimental conditions (7, 12). To begin to address this gap in

100

understanding, here we use a combination of in vivo overexpression, in vitro biochemical assays,

101

and mutation analysis to explore the nature of Gle1 regulation of Ded1 in translation. We

102

propose that Ded1 plays a gatekeeper role wherein it is required for translation to proceed, but

103

excess RNA-binding by Ded1, especially in the absence of enzymatic activity, leads to

104

translation repression. Gle1 is able to check both of these functions of Ded1 by affecting its

105

ability to bind RNA, thus serving as a regulator of the translation gatekeeper Ded1. This work

106

elucidates the Gle1:Ded1 interaction, which provides a paradigm for regulation of DEAD-box

107

RNA helicases and may have implications for human disease.

108
109

RESULTS

110

GLE1 suppresses the effects of DED1 overexpression in vivo

111

Previous studies have shown that while ded1 mutations cause growth defects and

112

inhibition of translation, overexpression of DED1 does as well (7, 9, 12). This effect is specific
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113

to DED1, as similar overexpression of DBP5 does not cause growth defects (26). These results

114

suggest that cells are sensitive to the level of Ded1 and that modulators of Ded1 activity are

115

likely to have effects on these phenotypes. To determine whether this is the case for Gle1, we

116

examined the phenotypes caused by DED1 overexpression combined with manipulation of Gle1

117

levels. First, we overexpressed both DED1 and GLE1 with galactose-inducible reporters and

118

examined growth. Overexpression of DED1 alone severely inhibited growth, as reported

119

previously (Figure 1A). Interestingly, co-expression of GLE1 with DED1 suppressed this growth

120

defect. Cells overexpressing GLE1 alone also displayed moderate growth defects that were

121

visible at early time points (Supplementary Figure S1A). Growth curves calculated from

122

culturing the cells in liquid media were consistent with the serial dilutions on plates

123

(Supplementary Figure S1B). Importantly, the suppressive effect of GLE1 on DED1 growth

124

inhibition was not due to a decrease in Ded1 protein levels in the cells co-expressing DED1 and

125

GLE1 (Figure 1B). These results suggest that there is an optimal level of Ded1 for growth and

126

that Gle1 serves to check Ded1 to keep it from inhibiting growth. Additionally, an ATPase-

127

deficient mutant, ded1-E307A, still inhibited growth upon overexpression, as reported previously

128

(7). GLE1 suppressed the growth defect from this ded1 mutant (Figure 1A), suggesting that the

129

inhibitory effect of DED1 overexpression and its suppression by GLE1 are not dependent on

130

Ded1 ATPase activity per se.

131

Overexpression of DED1 has also been reported to cause translation defects as assessed

132

by polyribosome profiles (12). To examine whether Gle1 modulates the effect of Ded1 on

133

translation in vivo, we used sucrose density sedimentation of extracts from DED1 and/or GLE1

134

overexpressing cells to generate polyribosome profiles. We observed defects in DED1-

135

overexpressing cells with a clear increase in the ratio of monosomes to polysomes (Figure 1C,
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136

E), a common shift observed in translation initiation mutants (27). Consistent with the effects on

137

growth, co-overexpression of GLE1 with DED1 (Figure 1F) significantly reduced the polysome

138

defect (M/P ratio of 1.9, compared to 3.1 for DED1 alone). GLE1 overexpression alone did not

139

have a significant effect compared to control cells (Figure 1D). In addition to its role in

140

translation, Gle1 has an important role in mRNA nuclear export (14), and Ded1 has also been

141

shown to shuttle between the nucleus and cytoplasm (28). However, we did not observe a change

142

in the cytoplasmic localization of GFP-tagged Ded1 upon GLE1 overexpression (Supplementary

143

Figure S1C). Furthermore, we directly tested whether mRNA export was affected by DED1

144

and/or GLE1 overexpression through in situ assays with labelled oligo-d(T). In contrast to

145

mex67-5 cells that contain a mutation in an mRNA export factor previously shown to have

146

defects (29), neither DED1 nor GLE1 overexpression resulted in significant nuclear

147

accumulation of mRNAs (Supplementary Figure S2), suggesting that bulk mRNA export is

148

unaffected in these cells. Taken together, these results indicate that Gle1 can serve as a

149

counterweight to Ded1 and further suggest that the Gle1:Ded1 interaction affects translation.

150
151
152

Gle1 counteracts the effects of Ded1 on translation in vitro
In vitro translation assays with translation-competent extracts are a proven method for

153

detailed examination of translation factors. Interestingly, different studies have reported different

154

results for the addition of excess Ded1 to in vitro translation reactions (7, 11). To begin to

155

elucidate this phenomenon, we added purified, recombinant Ded1 in a range of concentrations to

156

translation reactions containing extracts from wild-type cells and in vitro synthesized luciferase

157

mRNA (Figure 2A). We observed a clear dose-dependent effect of Ded1 in this assay. At lower

158

concentrations, Ded1 significantly stimulated translation of the reporter, but as the concentration
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159

increased, the stimulation decreased, eventually resulting in inhibition of translation compared to

160

controls. In contrast, addition of a control recombinant protein (MBP) did not have a significant

161

effect at the same concentrations (Supplementary Figure S3A). We conclude that the effect of

162

Ded1 depends, at least in part, on its concentration. This in vitro result is consistent with the

163

observed effects of altering Ded1 levels in vivo (Figure 1 and (9, 12)).

164

To further resolve the disagreement in the literature concerning the effect of Ded1 in

165

translation assays in vitro, we prepared translation extracts using a modified protocol (described

166

in (7)). Interestingly, these extracts yielded a higher level of basal activity compared to the

167

extracts in Figure 2A (data not shown). Furthermore, the addition of low concentrations of Ded1

168

to these high-activity extracts was sufficient to induce repression of translation (Supplementary

169

Figure S3B). This result suggests that the modified extracts have a higher basal level of Ded1

170

activity or are less dependent on Ded1 than the standard preparations, thus increasing the

171

effective concentration of Ded1. However, Ded1 abundance was in fact slightly lower in the

172

modified, high-activity extracts (Supplementary Figure S3C, top). In contrast, Gle1 levels were

173

more substantially reduced in the high-activity extracts (Supplementary Figure S3C, bottom).

174

This result suggests that changes in the Ded1 to Gle1 ratio may be at least partly responsible for

175

the difference between extract preparations both in activity and in the effect of Ded1 addition.

176

We have shown previously that addition of recombinant Gle1 inhibits translation in vitro

177

(8). Here we examined whether Gle1 exerts this effect through Ded1. In Figure 2B, we added

178

Ded1 to translation reactions (using conditions in which Ded1 will stimulate translation) in the

179

presence or absence of recombinant Gle1. When added together with Ded1, Gle1 reversed the

180

stimulation of translation, resulting in activity levels close to the control level. This indicated that

181

Gle1 could counteract the effects of Ded1 on translation. Demonstrating the specificity of this
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182

effect, addition of MBP control protein did not significantly change the effect of Ded1 on

183

translation (Supplementary Figure S3A). To show that Gle1 works specifically through Ded1, we

184

immunodepleted Ded1 from cell extracts containing Protein A-tagged Ded1. The

185

immunodepletion protocol substantially reduced Ded1-ProtA levels in the extract, although some

186

Ded1 remained (Supplementary Figure S3D). Consistent with previous reports (7, 9), depletion

187

of Ded1 caused a significant inhibition of translation (Figure 2C). If Gle1 primarily works

188

through inhibition of Ded1, this reduction in Ded1 levels would lower the ratio of Ded1 to Gle1

189

and make the translation activity in the depleted samples more sensitive to additional

190

recombinant Gle1. Indeed, when Gle1 was added to Ded1-depleted extracts (at either 200 and

191

400nM), translation was inhibited to a greater extent than for mock-treated extracts (Figure 2D).

192

These results indicate that Gle1 inhibits Ded1 in translation, likely to keep its activity within

193

acceptable levels for maximal translation.

194
195

The molecular mechanism of Gle1 modulation of Ded1 in translation

196

Ded1 has previously been shown to play a role in the assembly of translation initiation

197

complexes, specifically the formation of the 48S pre-initiation complex (PIC) (7). To examine

198

this step of translation, we performed sucrose density fractionation of translation-competent

199

extracts incubated with a radiolabeled MFA2 mRNA reporter. Addition of a non-hydrolyzable

200

GTP analog (GMP-PNP) to these in vitro reactions causes accumulation of 48S PIC complexes,

201

observable as a peak of radioactivity in the fractions (Figure 2E, untreated (-)). As previously

202

reported (7), we observed a significant decrease in the 48S PIC upon the addition of a large

203

excess (10 M) of Ded1 protein (data not shown). However, addition of smaller amounts of

204

Ded1 significantly stimulated 48S PIC formation (Figure 2E, Ded1), consistent with the increase
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205

in translation activity in vitro (Figure 2A, B). Likewise, addition of recombinant Gle1 reduced

206

48S PIC formation, consistent with its repression of translation in vitro. When both Ded1 and

207

Gle1 were added to the reactions, Gle1 largely reversed the effect of Ded1 stimulation, returning

208

48S PIC levels close to wild-type. These results suggest that Gle1 may modulate Ded1 function

209

in a step upstream of 48S PIC formation, such as pre-initiation complex assembly itself.

210

Previously, we showed that ded1 and gle1 mutants have complementary and mutually

211

suppressing defects in translation start site selection (8). To extend this finding, we determined

212

whether start site defects are also present in DED1 and GLE1 overexpressing cells by utilizing

213

two different reporter sets (Supplementary Figure S4A): one that measures “leaky scanning”

214

defects (left), where the 40S ribosome fails to initiate at the first AUG codon encountered during

215

start site scanning (8, 30), and a second set (right) where the start site for the coding region is

216

mutated to a near-cognate codon (AUG to UUG), which is used to assess perturbations in start

217

site fidelity (8, 31). We did not observe any effects from overexpression of DED1 or GLE1 in the

218

leaky scanning assay (Supplementary Figure S4B), but for the second set of reporters,

219

overexpression of GLE1 induced a small but significant increase in translation of the mutant

220

reporter (Supplementary Figure S4C). Consistent with Gle1 and Ded1 having opposing

221

functions, this effect was suppressed when DED1 was co-expressed with GLE1. These results

222

are consistent with the start site defects observed previously (8), but the magnitude of the defect

223

is small, suggesting that the growth and translation defects caused by DED1 are primarily due to

224

other processes.

225

Gle1 binds to Ded1 and modulates its ATPase activity in vitro (8, 28), strongly

226

suggesting that Gle1 directly regulates Ded1 activity. Two other modes of Ded1 regulation have

227

been reported: through the translation factor eIF4G and through oligomerization of Ded1 itself
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228

(7, 13). We therefore examined whether Gle1 affected binding to eIF4G or Ded1 oligomerization

229

through co-immunoprecipitations in vivo. We performed immunoprecipitations from cells with

230

Protein-A-tagged eIF4G1 (TIF4631), and blotted for Ded1 (Supplementary Figure S4D). We

231

were able to specifically pull down Ded1 with eIF4G-ProtA, and this association was not

232

significantly affected by overexpression of GLE1. To test Ded1 oligomerization, we

233

immunoprecipitated GFP-tagged DED1 from cells that also containing untagged DED1. We

234

observed significant untagged Ded1 pulled down by the GFP-Ded1, and overexpression of GLE1

235

did not affect the level of Ded1 self-association (Supplementary Figure S4E). In both pull-

236

downs, treatment of the lysates with RNase reduced the overall levels of association but did not

237

change the effect of Gle1 (data not shown). These results suggest that the effect of Gle1 on Ded1

238

is not mediated through eIF4G or Ded1 oligomerization.

239
240

Mutations in DED1 that are resistant to GLE1 expression affect RNA-dependent ATPase

241

activity

242

To further elucidate the effect of Gle1 on Ded1, we sought to generate mutations in

243

DED1 that make it unable to bind to Gle1. Structures of Ded1 have not been reported, but

244

structures of a crystallized Dbp5:Gle1 complex have shown that Gle1 binds to the helicase core

245

of Dbp5 as a “soft clamp” resembling the interaction of eIF4G with eIF4A, another member of

246

the DEAD box helicase family (21, 32). Reasoning that Gle1 was likely to bind Ded1 in a similar

247

manner, we generated a deletion mutant of Ded1 lacking the auxiliary N- and C-terminal

248

domains, leaving only the two RecA-like domains comprising the central helicase core. The

249

ded1-NC protein was still able to pull down MBP-tagged Gle1 in vitro at levels similar to the

250

full-length Ded1 protein, as did mutant versions of Ded1 lacking either the N- or C-terminal
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251

domains individually (Figure 3A and data not shown). That the Ded1 helicase core is sufficient

252

for Gle1 binding suggests that the mode of Gle1 binding to Ded1 is similar to its binding to

253

Dbp5.

254

Next, we produced a rough model of the Ded1 structure, based primarily on the partial

255

structures of its human homolog, DDX3X, using the Phyre2 structure prediction program (33,

256

34). Alignment of the predicted Ded1 structure with Dbp5 from the Gle1:Dbp5 structure

257

generated a model of the Ded1:Gle1 interaction (Supplementary Figure S5). We then took a

258

candidate approach to mutate amino acids in Ded1 that might be important for the interaction

259

with Gle1. As an initial screen for whether the Ded1:Gle1 interaction was affected, we used the

260

overexpression growth assay shown in Figure 1A, reasoning that if the Ded1 mutant no longer

261

interacted with Gle1, cells overexpressing the mutant would no longer be rescued by expression

262

of GLE1. Additionally, this method would eliminate complete loss-of-function ded1 mutants

263

since these would not inhibit growth upon overexpression. Furthermore, given that the growth

264

defect in an ATPase-deficient mutant (ded1-E307A) is still suppressed by GLE1 (Figure 1A), this

265

screening method should not simply identify Ded1 enzymatic mutants. We tested a number of

266

different point mutants suggested by the predicted structure as well as a set of small deletion

267

mutants generated by Hilliker et al. (7). Most of the ded1 mutants behaved similarly to wild-type

268

DED1 in this assay, but in two sets of mutants, GLE1 was unable to reverse the observed

269

phenotype (Table 1 & Figure 3B). These mutants included candidates from the structure model, a

270

triple point mutation in the C-terminal RecA-like domain (N423A/F424A/R425A) and a

271

derivative of that mutant (N423A/F424A). We also identified one of the previously-described

272

deletion mutants in the N-terminal RecA-like domain (125-134) as a candidate.
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273

We then undertook further testing of the candidates from the mutation analysis. When

274

expressed at endogenous levels as the sole copy of DED1 in the cell, the ded1-125-134 mutant

275

has been reported to be lethal (7), and we confirmed this finding (data not shown). In contrast,

276

both of the point mutations (ded1-N423A/F424A/R425A and –N423A/F424A) were able to

277

complement a ded1-null mutant at 30C (Figure 4A). However, the mutant cells were also

278

temperature-sensitive, growing poorly at 37C. Furthermore, both also displayed translation

279

defects by polysome analysis at the elevated temperature (Figure 4B and data not shown). These

280

defects were not the result of reduced levels of the mutant protein. Indeed, the

281

N423A/F424A/R425A and N423A/F424A mutants remained at similar levels at 30C and 37C

282

while wild-type Ded1 levels appeared to decrease somewhat (Figure 4C and data not shown).

283

To determine whether the cellular defects observed in the mutant cells are indeed due to a

284

loss of Gle1 binding, recombinant His-tagged Ded1 proteins containing the mutations were

285

tested for in vitro binding to Gle1. As shown previously (Figure 3A and (8)), Gle1 was pulled

286

down with His-tagged wild-type Ded1 at levels above background (Figure 4D). Interestingly, the

287

ded1-N423A/F424A and ded1-125-134 mutant proteins were also able to pull down Gle1,

288

indicating that the mutants do not affect Gle1 binding as was suggested by the overexpression

289

assay (Figure 3B). To further explore the defects in the GLE1-resistant mutants, we performed in

290

vitro ATPase assays in the presence of total cellular RNA. As expected, wild-type Ded1 had low

291

activity in the absence of additional RNA but was highly stimulated when RNA was added

292

(Figure 4E). However, the three mutants all had a severely reduced response to RNA, resulting in

293

low ATPase activity compared to wild-type Ded1 in the presence of RNA. The mutants also

294

displayed a several-fold increase in activity over wild-type in the absence of RNA. Together,
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295

these results indicate that the GLE1-resistant Ded1 mutants are defective in RNA-dependent

296

ATPase activity, which may account for the in vivo phenotypes.

297
298
299

Gle1 inhibits the RNA binding affinity of Ded1
Although the Ded1 mutants we generated were not the Gle1 binding mutants we

300

originally sought, the inability of GLE1 to suppress the growth defect caused by their

301

overexpression suggested that the mutants shared properties that might give insight into the

302

regulation of Ded1 by Gle1. The ATPase defect in the mutants further suggested that they might

303

have alterations in RNA binding, so we tested this directly with filter binding assays and a

304

labeled RNA oligomer. In general, the affinity of DEAD-box proteins for RNA is greatly

305

affected by the nucleotide bound to the protein, being higher in the ATP-bound form than when

306

ADP-bound (1). Therefore we tested the RNA binding of Ded1, the N423A/F424A mutant, and

307

the 125-134 mutant in the presence of a non-hydrolyzable ATP analog (ADP-BeFx), ADP, and

308

the absence of additional nucleotide. The RNA binding curves for wild-type Ded1 and the

309

mutants were similar in the absence of additional nucleotide (Figures 5A & D). In contrast, the

310

affinity for RNA was 6- and 11-fold lower in the mutants in the presence of ATP analog, and

311

surprisingly, the affinity in the presence of ADP was significantly higher in both mutants than in

312

wild-type Ded1 (Figures 5B – D). These results suggest that the ded1 mutations cause a

313

conformational change in the protein that partially uncouples the affinity for RNA from the

314

nucleotide bound. The differences in the presence and absence of ATP analog are also consistent

315

with a defect in ATP binding in the mutants; however, filter-binding assays with labeled ATP

316

show a slight increase in relative binding in the mutants compared to wild-type (Supplementary

317

Figure S6A), suggesting that nucleotide binding per se is not greatly affected.
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318

The alterations in RNA affinity in the Ded1 mutants, combined with the inability of

319

GLE1 expression to suppress their growth inhibition, suggested to us that Gle1 might regulate

320

Ded1 activity by altering its RNA binding affinity. To address this question, we utilized a

321

fluorescence anisotropy assay with recombinant Ded1, Gle1, and a fluorescein-labeled RNA

322

oligomer, which helped overcome technical limitations in the filter-binding assay. In this assay,

323

the apparent Kd with Ded1 alone in the presence of ATP was similar to that from the filter-

324

binding assay (Figure 5E). However, the affinity for RNA was reduced approximately three-fold

325

when Gle1 was added to the samples. In contrast, addition of a control protein had no effect on

326

RNA binding by Ded1 (Supplementary Figure S6B). Interestingly, the decrease in RNA binding

327

caused by Gle1 is independent of the nucleotide bound to Ded1, as Gle1 also reduced binding in

328

the presence of ADP and the absence of added nucleotide (Supplementary Figure S6C & D).

329

This result suggests that Gle1 regulates RNA binding by Ded1 directly, rather than through

330

affecting nucleotide binding. Thus these results indicate that Gle1 modulates the activity of Ded1

331

by reducing its affinity for RNA.

332
333
334

DISCUSSION
Our previous work showed that the DBP regulatory factor, Gle1, has roles in translation

335

in addition to its more established function in mRNA nuclear export. Specifically, Gle1 binds

336

Ded1 and modulates its activity in translation initiation (8, 23). Here we have made advances in

337

understanding the mechanism by which Gle1 regulation of Ded1 controls initiation. Our data

338

suggest a model wherein Ded1 can either promote or repress translation initiation, depending on

339

its levels and activity, and Gle1 serves to check the effects of Ded1 by affecting its binding to

340

RNA, thus modulating translation in a context-dependent manner. In support of this model, we
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341

show genetic and functional data that Gle1 can suppress the growth and translation defects

342

caused by DED1 overexpression (Figure 1). We also demonstrate that Gle1 counteracts the

343

effects of Ded1 in translation reactions in vitro (Figure 2). Further, consistent with a role for

344

Ded1 in promoting pre-initiation complex assembly (7), Gle1 also affects formation of the 48S

345

PIC in vitro (Figure 2E). Finally, analysis of ded1 mutations that are refractory to GLE1

346

suppression in vivo suggested that Gle1 affects RNA binding of Ded1, which we confirmed by

347

binding assays in vitro (Figures 3 – 5).

348

Previous results showing the effects of Gle1 on Ded1 ATPase activity in vitro indicated

349

that Gle1 targeted Ded1 activity directly (8). This conclusion is supported here by the finding

350

that Gle1 does not appear to affect Ded1 oligomerization or interactions with eIF4G in cells

351

(Supplementary Figure S4), but it does inhibit RNA binding by Ded1 in vitro (Figure 5).

352

Together, the data suggest that Gle1 regulation of Ded1 in vivo is likely due to inhibition of RNA

353

binding (Supplementary Figure S7A). Interestingly, this model is quite similar to that proposed

354

by Montpetit et al. for Gle1 regulation of Dbp5 (21). In that case, Gle1 binds to both the N- and

355

C-terminal helicase domains of Dbp5, holding them in a partially open configuration that is

356

inhibitory for RNA binding since the RNA interface spans the two domains. Since Gle1

357

stimulates Dbp5 activity, Montpetit et al. suggested that the conformational change induced by

358

Gle1 aids in RNA substrate release after ATP hydrolysis, although others have interpreted these

359

results differently, taking into account additional in vitro and in vivo studies on Gle1 and Dbp5

360

(21, 35). Similar modes of binding, though with distinct effects, have also been observed for

361

other regulators of DEAD-box proteins (32, 36, 37). Given our results, it is likely that Gle1

362

interacts with Ded1 in a manner similar to Dbp5, and it decreases Ded1 activity by binding it in

363

an open conformation that is inhibitory for RNA binding. Additionally, this mode of regulation
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364

leaves open the possibility that Gle1 might stimulate Ded1 activity through an RNA release

365

mechanism in certain conditions. Indeed, a previous study on Ded1-interacting factors reported

366

that Gle1 moderately stimulated the ATPase activity of Ded1 in vitro, in contrast to our previous

367

results (28). Significantly different conditions were used in this assay, including saturating levels

368

of RNA and large molar excesses of Gle1, making it difficult to compare directly to our results,

369

but the stimulation observed might reflect an effect on RNA substrate release. Nonetheless, the

370

multitude of in vivo and in vitro effects we have observed (here and in (8)) argue strongly that

371

Gle1 generally opposes Ded1 activity.

372

Previous work has shown that Ded1 is critical for translation initiation, but mounting

373

evidence suggests that its role may be more complex than simply promoting translation. Cells

374

with hypomorphic or temperature-sensitive ded1 mutations have severe translation defects, and

375

depletion of Ded1 from translation extracts reduces their activity (7, 9). On the other hand,

376

DED1 overexpression causes defects in growth in vivo, and excess Ded1 represses translation in

377

vitro (7, 12). At a minimum, these findings suggest that Ded1 activity needs to be within a

378

certain range for optimal translation. Hilliker et al., taking this idea further, proposed that Ded1

379

serves as a “gatekeeper” for translation, either promoting translation or inducing repression (7).

380

They further suggested that enzymatically-active Ded1 is required for stimulating translation

381

while inactive Ded1 promotes translation repression (Supplementary Figure S7B). This is

382

supported by the persistence of growth inhibition in cells overexpressing the ded1-E307A

383

ATPase-dead mutant and “hyper-repression” by ded1-E307A when added to in vitro translation

384

assays (7). Interestingly, the effects of Gle1 on translation in vivo and in vitro largely mirror

385

those of Ded1, as shown here and in our previous work (Figures S1A, 2B & C and (8, 23)).

386

Therefore, we propose that Gle1 serves to control Ded1 activity during translation initiation, and
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387

perturbations to either Gle1 or Ded1 can lead to non-optimal translation. Gle1 would thus

388

function as a sort of gatekeeper to the gatekeeper, Ded1.

389

Given that GLE1 expression suppresses the effects of DED1 overexpression (Figure 1)

390

and that Gle1 inhibits RNA binding by Ded1 (Figure 5), we suggest that Ded1 mediates

391

translation repression at least in part through binding to RNA. Inactive or excess Ded1 may also

392

cause sequestration of mRNAs and possibly other RNA-binding factors, preventing proper

393

translation. Gle1 would thus suppress this effect by reducing Ded1 binding to the mRNAs,

394

keeping them in the actively-translating pool. This model is supported by the observation that

395

GLE1 still suppresses the growth defect from overexpression of the ded1-E307A mutant (Figure

396

1A), which still binds RNA (38). Further, it provides an explanation for the lack of suppression

397

of the ded1-N423A/F424A/R425A and ded1-125-134 mutants by GLE1. In wild-type Ded1,

398

ATP binding promotes the closed conformation of the helicase domains, stimulating RNA

399

binding; however, this coupling of RNA affinity to nucleotide status is disrupted in the mutants

400

(Figure 5A – D). These results suggest that mutations in the two sets of amino acids (AAs#125-

401

134 are highly conserved, while N423/F424/R425 are not) cause conformational changes in

402

Ded1 that allow it to bind RNA while still in the open configuration. Thus, the mutants are not

403

refractory to GLE1 suppression because of an effect on binding to Gle1, as we confirmed in

404

Figure 4C. Rather, this occurs because Gle1 stabilization of an open configuration in the ded1

405

mutants would have little effect on their binding to mRNAs, which would lead to translation

406

repression and growth inhibition.

407

It remains somewhat unclear to what extent wild-type Ded1 can induce translation

408

repression at physiological levels, as opposed to blocking initiation upon mutation or

409

overexpression. However, consistent with a dual role for Ded1 in translation, even low amounts
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410

of recombinant Ded1 are sufficient to cause repression in some preparations for translation

411

assays in vitro ((7) and Supplementary Figure S3B). While this response differs between

412

different extract preparations, the ratio of Ded1 to Gle1 is also altered between them. It is not

413

known why this occurs, although it is presumably related to the proteins’ biophysical

414

characteristics during the grinding and centrifugation of the extracts. Since these are cellular

415

extracts containing many different factors, it is not possible to state with certainty whether one is

416

more reflective of the translation process in vivo. Further supporting the gatekeeper model and

417

dual role for Ded1 in translation, Ded1 affects the assembly and disassembly of stress granules,

418

concentrated foci of mRNPs that occur during various cellular stress conditions (7, 39).

419

Consistent with the regulation of Ded1 by Gle1, knock-down of the human ortholog of Gle1 was

420

also recently reported to cause defects in stress granule assembly (40), and we have observed that

421

GLE1 partially suppresses formation of stress granule-like bodies induced by DED1

422

overexpression (T.M.M., unpublished observation). However, because stress granule dynamics

423

and translation are highly linked processes, it is difficult to disentangle whether the role of Ded1

424

(or Gle1) in stress granule regulation is a direct effect or a downstream one resulting from

425

changes in translation.

426

The molecular mechanism for Ded1’s positive role in promoting initiation also appears

427

complex, with proposed functions for Ded1 in several different sub-steps, including start site

428

scanning, PIC assembly, and possibly start site recognition (7, 8, 41). It is possible that each

429

reported function of Ded1 is distinct, or it may be that one or more of the observed phenotypes

430

are indirect consequences of a primary Ded1 function. For instance, it is possible that the defects

431

in start site recognition in ded1 mutants (8) are a result of a reduced scanning rate rather than a

432

recognition defect per se. An indirect effect on start site recognition is also consistent with the
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433

very moderate phenotype we observed with GLE1 and DED1 overexpression (Supplementary

434

Figure S4A – C). There may also be some specificity for Gle1 regulation of Ded1, supported by

435

the lack of effects in gle1 mutant cells in a reporter assay for scanning defects (8). This

436

specificity may thus reflect a requirement for Gle1 only during specific sub-steps when Ded1

437

activity needs to be more precisely controlled. Indeed, proteome-wide cellular abundances

438

indicate that Ded1 levels are likely several-fold higher than Gle1 (42), suggesting that Gle1

439

might interact only transiently with Ded1 in vivo or affect only a subset of Ded1 mRNA targets.

440

Furthermore, in its gatekeeper role, Gle1 is in a position to promote or repress translation

441

depending on the state of Ded1 (Supplementary Figure S7B). This suggests that upstream

442

regulation of Gle1 is also needed, although such regulation has not been identified to date. Ded1

443

also has additional modes of regulation, including binding to the translation factor eIF4G and

444

homo-trimerizing, both of which also affect its activity (7, 13). Both of these interactions are

445

mediated through the C-terminal tail of Ded1, rather than the helicase core, and we did not

446

observe any changes in Ded1 association with eIF4G or oligomerization upon overexpression of

447

GLE1 (Supplementary Figure S4D & E). A complete model of Ded1 function and regulation in

448

the cell would need to account for all of these interactions, requiring additional studies of Ded1

449

regulatory factors.

450

Gle1 has been identified as playing roles in mRNA nuclear export, translation initiation,

451

and translation termination (14, 23). In general, Gle1 serves to promote gene expression through

452

regulation of a DEAD-box protein, Dbp5 for export and termination, and Ded1 for initiation (8,

453

17, 23). Consequently, alterations in Gle1 activity would be expected to result in coordinated

454

regulation of gene expression, suggesting that Gle1 may be an important node in the control of

455

gene expression. It is currently unknown, however, whether Gle1 activity is specific to particular
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456

mRNAs or mRNA subsets. While Ded1 and Gle1 perturbations both have a general effect on

457

translation, certain mRNAs, such as those with more structured 5’ UTRs, have been shown to be

458

more sensitive to ded1 mutations (6). Since the only known function of Gle1 in initiation is

459

regulating Ded1, Gle1 would likely be limited to these same targets (or a smaller subset of them)

460

in its initiation role. Although gle1 mutations cause general defects in mRNA export (14), certain

461

sets of target mRNAs may likewise be sensitive to Gle1 in export, which may or may not be the

462

same set as in translation. The ability of Gle1 to regulate multiple steps of gene expression also

463

make it a likely target to be perturbed in disease. Indeed, the mutations in human Gle1 identified

464

in ALS and LCCS1/LAAHD are consistent with this, although thus far the mutations appear to

465

primarily cause defects in mRNA export rather than translation (24, 25, 43). Interestingly, while

466

the Ded1 ortholog DDX3 has been heavily implicated in both cancer and viral infection (2, 4,

467

44), human Gle1 has not, despite at least some evidence that the interaction with Ded1/DDX3 is

468

conserved (40). Future studies will be needed to reveal whether there is any overlap in disease

469

pathology between Ded1/DDX3 and Gle1.

470
471

MATERIALS AND METHODS

472

Strain and plasmid construction

473

Yeast strains and plasmids used are listed in Supplementary Tables S1 and S2. SWY4274

474

and TBY2 were constructed by integration of sequences encoding a Protein-A tag marked with

475

spHIS5 at the DED1 and TIF4631 loci, respectively, in a W303 strain background, followed by

476

selection on His- media. The ded1 mutant strains (TBY5, 40 and 89) were constructed by

477

plasmid shuffle of the relevant CEN/HIS3 plasmid into SWY4093, a ded1-null strain covered by

478

DED1/CEN/URA3 (8). The galactose-inducible GLE1 plasmid (pTB4) was generated by

79

479

standard methods and contains the GLE1 coding region plus 3’ sequences inserted into the

480

BamHI and NotI sites in pBJ245, a derivative of pRS425 containing the GAL1/10 promoter

481

(provided by C. Hug). The Gal-inducible ded1 mutant plasmids (Table 1) were generated via

482

standard site-directed mutagenesis of pRP2086. The plasmids for recombinant His-tagged Ded1

483

mutants (pTB7, 14, 20, and 130) were cloned into the NdeI and EcoRI sites of the pET28a

484

expression vector. The DED1-GFP plasmid (pSW2621) contains the DED1 promoter and coding

485

region cloned into XhoI and HindIII in pRS316 with GFP cloned in frame immediately

486

downstream. For yeast growth assays, the indicated strains were initially cultured in selective

487

media with 2% glucose, then plated on media containing glucose or 2% galactose to induce

488

overexpression by successive five-fold serial dilutions as previously described (45).

489
490
491

Ded1 and Gle1 protein levels
For checking expression of galactose-inducible Ded1 and Gle1, cells containing the

492

indicated overexpression plasmids were cultured in selective media containing 2% galactose for

493

12 hours. Samples were harvested and normalized by pellet wet weight; then crude cell extracts

494

were prepared as in (46). Briefly, cells were lysed in 1.85M NaOH and 7.4% -mercaptoethanol,

495

proteins were precipitated via trichloroacetic acid, and samples were resuspended in SDS sample

496

buffer. Samples were then separated by SDS-PAGE and blotted with specific antibodies to Ded1,

497

Gle1, and -tubulin (Novus) (8, 23). Band intensity was quantitated via ImageJ. For checking for

498

depletion of Ded1, SDS sample buffer was added to untreated, mock, and depleted extracts, and

499

following SDS-PAGE, membranes were blotted with anti-Ded1. For analysis of Ded1 levels in

500

mutant cells, the relevant strains were grown at 30C in rich media, then shifted to 37C for 1 hr

80

501

before harvest. Blotting was performed as above with antibodies to Ded1 and Pgk1

502

(Novex/ThermoFisher) as loading control.

503
504
505

Polysome profiles
For polyribosome analysis of DED1 and/or GLE1 overexpression, cells containing the

506

indicated plasmids were initially grown in selective media containing 2% sucrose and then

507

shifted to 2% galactose-containing media for 12 hours. For polyribosomes of ded1-

508

N423A/F424A/R425A and -N423A/F424A, cells were grown at 30C and then shifted to 37C for

509

1 hour. Cell extracts were prepared and subjected to sucrose density fractionation essentially as

510

in (23). Briefly, mid-log cells were incubated on ice with 100g/ml cycloheximide, spun down

511

and resuspended in buffer (20mM HEPES-KOH pH7.5, 100mM potassium acetate, 5mM

512

magnesium acetate, 1mM EDTA, 1mM DTT, 100g/ml cycloheximide, and protease inhibitors).

513

Cells were lysed by vortexing with glass beads, supernatants were loaded on 7-47% sucrose

514

gradients, and samples were centrifuged at 38,000 rpm for 2.5 hours in a SW41-Ti rotor.

515

Fractions from the gradients were then removed with continuous monitoring of absorbance at

516

254 nm with a Brandel density fractionator. Monosome/polysome ratios were determined by

517

comparing the area under the curve for the 80S peak to the sum of the polyribosome peaks in

518

ImageJ (National Institutes of Health). For the polysome profiles of the ded1-

519

N423A/F424A/R425A mutant, the absorbance reading of the top portion of the monosome peak

520

exceeded the maximum measurable by the fractionator. Thus the true monosome area is slightly

521

larger than the measured one, and the M/P ratio for the mutant is a minimum value. Note that the

522

difference between the wild-type and mutant is still significant despite this limitation.

523
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524
525

Protein purification
Recombinant His-Ded1 protein and mutant derivatives were generated essentially as in

526

(8). Rosetta cells (Novagen) containing the DED1 plasmid were induced with 1mM IPTG

527

overnight at 23C. Cells were harvested and lysed via sonication. His-Ded1 was then purified on

528

Ni-NTA agarose (Qiagen) by conventional methods and dialyzed into buffer containing 50mM

529

HEPES pH7.5, 150mM NaCl, and 40% glycerol. Recombinant Gle1 was purified as in (45).

530

Briefly, Rosetta cells containing pMal-TEV-GLE1 were induced with 0.2mM IPTG overnight at

531

16C. Cells were lysed via sonication, and the sample was purified on an amylose column. After

532

elution, MBP-Gle1 was cleaved by TEV, and MBP and Gle1 were separated on a SP-sepharose

533

column (Sigma Fast Flow). Gle1 was then dialyzed into buffer containing 20mM HEPES pH7.5,

534

150mM NaCl, and 20% glycerol. For the pull-down experiment in Figure 3A, the MBP tag was

535

not cleaved. For MBP purification (used as control protein), cells containing pMAL-cRI (NEB)

536

were used with the same purification procedure as Gle1.

537
538

Preparation of translation extracts and RNA

539

For in vitro translation assays, translation competent extracts were generated similarly to

540

(47) for most assays. Briefly, wild-type cells or cells with Protein-A-tagged Ded1 were grown to

541

late log phase. Cells were spun down, washed, resuspended in Sarnow A buffer (30mM HEPES,

542

100mM potassium acetate, 2mM magnesium acetate, 2mM DTT), and flash frozen in liquid

543

nitrogen. Extracts were finely ground by mortar and pestle while still frozen and then thawed and

544

centrifuged twice, at 4000 x g for 5 min and 38,000 x g for 15 min to remove cell debris.

545

Extracts were then run through a Zeba desalting column (7K MWCO, Thermo Scientific) and

546

aliquoted for use.
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547

For Ded1 depletion experiments, extracts made from cells expressing Protein-A-tagged

548

Ded1 were incubated with 40% by volume of IgG-sepharose beads (or glutathione-sepharose for

549

mock controls) at 4C for 1 hour, then supernatants were transferred to new tubes and the

550

depletion was repeated. Depleted and mock extracts were then used immediately in translation

551

reactions.

552

RNA for in vitro assays was prepared using the mMessage mMachine Ultra kit

553

(Ambion/Life Technologies). For translation assays, pLucA50 was linearized with DraI, treated

554

with Proteinase K and SDS, then gel purified. Luciferase reporter RNA was transcribed, capped

555

with ARCA, and poly(A) tailed according to the kit protocol, and RNA was purified by the

556

MegaClear Kit (Ambion/Life Technologies). For PIC assembly assays, XbaI-linearized pRP803

557

was processed similarly, except that -32P-UTP was added to the reaction as a tracer.

558
559
560

In vitro translation assays
In vitro translation assays were performed essentially as described (48). Extracts (half of

561

total volume), and RNA (5-10 ng/l) were mixed in the presence of 1mM ATP, 250M GTP,

562

10M amino acids, 25mM phosphocreatine, and 63g/ml CPK in buffer containing 10mM

563

HEPES pH7.4, 100mM potassium acetate, 2.25mM magnesium acetate, 1mM DTT, and RNase

564

inhibitor. Recombinant proteins were added as indicated. Reactions were incubated for 50 min at

565

room temperature. Translation was assessed by luciferase assay using 100l of standard luciferin

566

reagent (Promega) either on a Synergy 2 plate reader (BioTek) or a Glomax 20/20 luminometer

567

(Promega).

568

48S PIC assembly assays were performed essentially as in (7). Translation reactions were

569

assembled as above except that 5 ng/l labeled MFA2pG RNA was used, and 3.5mM GMP-PNP

83

570

was added instead of GTP to stop reactions after 48S PIC assembly. After incubation at room

571

temperature for 20 min, reactions were separated on sucrose gradients as above. 500l fractions

572

were collected by pipet, and the amount of radioactivity was assayed by Cerenkov counting.

573
574
575

In vitro pull-downs
Pull-downs of recombinant Ded1 and Gle1 were performed as in (8). The indicated

576

proteins were incubated in modified His lysis (MHL) buffer (50mM NaHPO 4 pH7.4, 150mM

577

NaCl, 10% glycerol, 10mM imidazole) at room temperature for 1-1.5 hours, then transferred to

578

new tubes, washed with MHL buffer, and resuspended in SDS sample buffer for SDS-PAGE and

579

Coomassie staining.

580
581

ATPase assays

582

ATPase assays were performed using a PK/LDH-coupled colorimetric system as in (8,

583

19). 150nM His-Ded1 or mutants were used in the presence or absence of 10 g/ml total yeast

584

RNA. Absorbance at 340nm was read on a Versamax microplate reader (Molecular Devices),

585

and apparent Kcat was calculated from OD340 signal decline to measure steady-state ATPase

586

activity.

587
588
589

RNA binding assays
RNA filter-binding experiments were carried out similarly to (45). Briefly, a 41bp,

590

single-stranded RNA (5’-GCGUCUUUACGGUGCUUAAAA(CA4)4-3’ from (49)) was end-

591

labeled with 32P-ATP, and 2nM was incubated with different concentrations of wild-type Ded1

592

or the indicated mutant for 20 minutes in buffer containing 20 mM HEPES (pH 7.5), 50 mM

84

593

NaCl, and 20% glycerol. ADP-BeFx (2mM, prepared as in (49)) or ADP (8mM) and equivalent

594

concentrations of MgCl2 were also added as indicated. Samples were then added to a slot blotter

595

with a nitrocellulose membrane above a nylon membrane. The membranes were exposed to a

596

phosphor screen and then visualized on a Typhoon FLA 7000 (GE). Fraction of RNA bound was

597

then determined via densitometry. Curve fitting was done via Graphpad Prism. Each data point

598

represents the mean of 3 to 5 independent trials performed in duplicate.

599

For RNA binding by fluorescence anisotropy, a 16-bp RNA oligomer (5’-

600

AGCACCGUAAAGACGC-3’) labeled at the 5’ end with 6-carboxyfluorescein (IDT) was used.

601

Ded1 was pre-incubated in the presence or absence of 100nM Gle1 and the indicated nucleotide

602

in buffer containing 20 mM HEPES (pH 7.5), 50 mM NaCl, and 20% glycerol, then 2nM of the

603

labeled RNA was added to the samples for 30 minutes. The polarized fluorescence was then read

604

on a Synergy 2 plate reader (BioTek) and anisotropy values calculated. Data are plotted as (A –

605

A0)/A0, where A0 is the anisotropy value in the absence of Ded1 for each set of samples. Curve

606

fitting was done as above via Prism. Data represent the means of three independent experiments

607

performed in triplicate. For Supplementary Figure S6C and D, graphs shown are from

608

representative assays.

609
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TABLE LEGEND

756

Table 1. Growth phenotypes of ded1 mutants and rescue by GLE1. Cells expressing the indicated

757

Gal-inducible ded1 mutant with or without Gal-inducible GLE1 were plated on selective media

758

as in Figure 1 and then assessed for GLE1-mediated suppression of the growth inhibition by the

759

ded1 mutant. “Yes” indicates that GLE1 rescued growth (as with wild-type DED1), “no”

760

indicates rescue was not observed. * These mutants have partially compromised ability to inhibit

761

growth as shown by (7). GLE1 still suppressed this phenotype, although less dramatically than in

762

other “yes” cases.

763
764

FIGURE LEGENDS

765

Figure 1: GLE1 suppresses growth and translation inhibition caused by overexpression of DED1.

766

(A) Wild-type (W303) cells transformed with Gal-inducible GLE1, DED1, and/or ded1-E307A

767

were serially diluted, plated on selective media containing galactose or dextrose, and incubated

768

at 30°C. (B) Western blots of cell extracts from strains in (A). Cells were grown up in selective

769

media containing glucose and shifted to galactose-containing media for 12 hours before harvest.

770

Samples were blotted using antibodies specific to Ded1, Gle1, and -tubulin (Tub1). Relative

771

intensity of the Ded1 bands is shown, normalized to Tub1, for three trials. (C-F) Cells

772

transformed with Gal-inducible GLE1 and/or DED1 were shifted to galactose-containing media

773

for 12 hours, and cell extracts prepared. Polyribosomal profiles were generated by subjecting

774

extracts to sucrose density centrifugation, followed by reading the absorbance at 254nM as the

775

gradient was removed. Representative profiles are shown. Monosome to polysome (M/P) ratios

776

were determined by calculating the area under the curve for the monosome (80S) peak versus the

93

777

sum of the polysome peaks. Each M/P ratio presented is the mean of six independent trials 

778

SEM. ** p < 0.01 vs. wild-type cells; ++ p < 0.01 vs. DED1 overexpressing cells.

779
780

Figure 2: A balance of Ded1 and Gle1 activity is required for efficient translation and PIC

781

assembly. (A & B) In vitro-transcribed luciferase mRNA was incubated with translation-

782

competent extracts, followed by luciferase assays to determine the extent of translation. (A)

783

Recombinant Ded1 was added to reactions with extracts from wild-type cells at 0.25, 0.5, 1, 2, 4,

784

or 8 M. (B) 500nM Ded1 and/or 250nM recombinant Gle1 was added to translation-competent

785

extracts from wild-type cells alone or in combination. * p < 0.05 vs. untreated (-), ** p < 0.01 vs.

786

untreated (-), + p < 0.05 vs. Ded1 sample. (C & D) Extracts from cells expressing Protein A-

787

tagged Ded1 were depleted of Ded1 with IgG-sepharose resin or mock-treated with glutathione-

788

sepharose. In vitro translation and luciferase assays were then performed with Gle1 added at 200

789

or 400nM. (C) The activities in mock and depleted samples are directly compared. ** p < 0.01

790

vs. mock. ++ p < 0.01 vs. Ded1-depleted. (D) Activities in mock and depleted samples without

791

Gle1 added are independently set to 100% in order to compare response to Gle1. * p < 0.05 vs.

792

mock +200nM Gle1, + p < 0.05 vs. mock +400nM Gle1. For (A – D), data represent the means

793

of 3-7 independent experiments performed in duplicate. Error bars represent standard error of

794

means (SEM). (E) In vitro-transcribed, 32P-labeled MFA2p(G) mRNA was incubated with

795

translation-competent extracts from wild-type cells in the presence of GMP-PNP to block

796

initiation after 48S PIC assembly. Recombinant Gle1 (1 M) and/or Ded1 (500nM) were added

797

as indicated. Samples were subjected to sucrose density fractionation and radioactivity

798

quantitated by scintillation counting. Arrow marks the peak corresponding to the 48S PIC. Each
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799

data point represents the mean percentage at that fraction in three independent experiments. * p <

800

0.05 vs. untreated (-), + p < 0.05 vs. Ded1 sample).

801
802

Figure 3: Targeted mutations in ded1 affect suppression by GLE1. (A) In vitro pull-downs were

803

conducted with recombinant His-tagged Ded1 and a ded1-NC deletion mutant (containing

804

AAs 126-538) from bacterial lysate. MBP-tagged Gle1 was incubated with samples as indicated.

805

Samples were run on SDS-PAGE and Coomassie-stained. (B) Effect on growth of the indicated

806

mutants with or without GLE1 overexpression. Cells containing Gal-inducible DED1(wt), ded1-

807

N423A/F424A/R425A, ded1-N423A/F424A, ded1-125-134, GLE1, and/or control plasmids

808

were serially diluted on selective media containing galactose or glucose and incubated at 30°C

809

as in Figure 1A.

810
811

Figure 4: The GLE1-resistant ded1 mutants have defects in vivo and in vitro but still bind to

812

Gle1. (A) Low-copy plasmids containing wild-type DED1, ded1-N423A/F424A/R425A, or ded1-

813

N423A/F424A were introduced into ded1-null cells, and cells were serially diluted on YPD and

814

grown at a range of temperatures. (B) Cells containing wild-type DED1 or ded1-

815

N423A/F424A/R425A as the only copy of DED1 were grown at 30°C before shifting to 37°C for

816

60 min prior to harvest. Polysome profiles were then generated as in Fig 1B. * p < 0.05 vs. WT

817

(C) Cell extracts from the same conditions as (B) were blotted with antibodies to Ded1 and

818

PGK1 (loading control). Note that wild-type Ded1 levels decrease slightly at 37°C. (D) In vitro

819

pull-downs were performed with His-tagged, recombinant wild-type Ded1, ded1-N423A/F424A

820

and ded1-125-134. Untagged Gle1 was incubated with samples as indicated. The proteins alone

821

are shown in the “inputs” lanes (right). Samples were run on SDS-PAGE and Coomassie-stained.
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822

(E) ATPase activity of purified recombinant wild-type Ded1, ded1-N423A/F424A/R425A, ded1-

823

N423A/F424A, and ded1-125-134 was determined with a colorimetric PK/LDH-coupled assay

824

in the absence or presence of total cellular RNA (10g/ml). Values shown are the means of 4

825

independent experiments performed in duplicate.

826
827

Figure 5: Gle1 inhibits the RNA binding activity of Ded1. (A-D) Equilibrium RNA binding

828

assays were performed with wild-type Ded1, ded1-N423A/F424A and ded1-125-134. Filter

829

binding onto nitrocellulose and nylon was assessed with radiolabeled RNA oligonucleotides

830

incubated with recombinant protein in the presence of: (A) no additional nucleotide (apo), (B)

831

ADP-BeFx, or (C) ADP. (D) Apparent binding affinities in the different conditions were

832

calculated via a single-binding site model. (E) Fluorescence anisotropy was used to assess the

833

RNA binding affinity of Ded1 in the presence of ADP-BeFx with or without 100nM Gle1.

834

Curve-fitting and apparent binding affinities were determined as above.

835
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TABLE 1:
ded1 mutation

GLE1 rescue

ded1 mutation

GLE1 rescue

D126/D127/D131

yes

N423/F424/R425

no

I128/P129/V130

yes

N423/F424

no

L152/L153/L154

yes

N423/R425

yes

E155/K158

yes

N423

yes

E155

yes

F424/R425

yes

I157/L159

yes

F424

yes

K158

yes

R425

yes

R161/K164

yes

21-27

yes

F162/T163

yes

31-40

yes

E307

yes

91-100

yes*

Q338/E342

yes

101-110

yes*

T398/D399

yes

111-118

yes*

T398

yes

125-134

no

D399

yes

497-504

yes*
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SUPPLEMENTAL MATERIAL CONTENTS
Supplementary Methods (& References): Methods descriptions for assays presented in
Supplementary Figures.
Supplementary Table S1: List of yeast strains used
Supplementary Table S2: List of plasmids used
Supplementary Figure S1: Effects of DED1 and GLE1 overexpression. Supports and
extends Figure 1.
Supplementary Figure S2: Cells overexpressing DED1 or GLE1 do not have mRNA
export defects. Supports and extends Figure 1.
Supplementary Figure S3: The effect of excess Ded1 on translation. Supports and
extends Figure 2.
Supplementary Figure S4: GLE1 and DED1 overexpression does not have a substantial
effect on start site selection or other protein-protein interactions. Supports and extends
Figure 2E.
Supplementary Figure S5: A predicted structural model of the Ded1-Gle1 interaction.
Support for mutants made in Table 1 and Figure 3B.
Supplementary Figure S6: Gle1 inhibition of Ded1 RNA-binding is not dependent on
nucleotide status. Supports and extends Figure 5.
Supplementary Figure S7: Model for Gle1 regulation of Ded1. Model diagram to
support the Discussion section.

SUPPLEMENTARY METHODS
Growth curves
To determine the growth curves in Supplementary Figure 1B, mid-log phase cells
transformed with GAL-DED1, GAL-GLE1, and/or control plasmids were centrifuged,
washed, and resuspended in selective media containing 2% galactose. Cells were than
incubated for 24 hours at 30C, diluting the cells when necessary to keep them in log
phase growth. Cell concentration monitored via spectrophotometer. Results from three
independent trials were plotted, and exponential growth curves were fitted in Graphpad
Prism.
In situ hybridization
Wild-type cells carrying pGAL-DED1, pGAL-GLE1, or both were grown in selective
medium containing 1.75% galactose + 0.25% glucose and incubated for 12 hours.
Temperature-sensitive mex67-5 cells were grown at 30°C in rich medium, then
transferred to 37°C for 1 hour. Cells were fixed for 10 minutes at 25°C in 1/10th volume
fixative (0.1 M KPO4, pH 6.5, 3.7% formaldehyde, 10% methanol). Fixed cells were
pelleted, washed twice with 0.1 M KPO4, pH 6.5, washed once with SCP (1.2 M sorbitol,
25 mM citric acid, 0.1 M K2HPO4, pH 5.9), resuspended in 0.2 ml per ml of culture in
spheroplast buffer (1 mg/ml zymolase, 20 mM vanadyl ribonucleoside complexes (VRC),
2% -mercaptoethanol, 4% RNase OUT (Invitrogen, Carlsbad, CA) in SCP), and
incubated for 30 to 60 minutes at 30°C with gentle shaking. Spheroplasts were harvested,
washed twice with SCP, and spotted onto concanavalin A-treated slides. After 10
minutes, the slides were dipped into 4°C methanol for 6 minutes followed by 25°C
acetone for 30 seconds, briefly dried, and rehydrated in 2X SSC (0.6 M NaCl, 0.06 M
Na-citrate, pH 7.0). Prehybridization was for 1 hour at 37°C in block buffer (0.125 mg/ml
tRNA, 0.5 mg/ml salmon sperm DNA, 1.0 mg/ml BSA, 5 mM vanadyl ribonucleoside
complexes, 5% dextran sulfate, 50% formamide, 2X SSC), followed by hybridization
overnight at 37°C in block buffer plus 85 nM oligo dT25-FITC LNA probe (Exiqon,
Denmark). Samples were then washed in 2 XSSC, 50% formamide, 0.1% NP-40, 1X
SSC, and 1X PBS. Slides were coverslipped using SlowFade Diamond Antifade
Mountant with DAPI (Invitrogen, Eugene OR).
Ded1-GFP localization
Cells expressing Ded1-GFP containing pGAL-DED1, pGAL-GLE1, or both were grown
to late-log phase in selective medium containing 2% sucrose. Cultures were then shifted
into selective medium containing 1.75% galactose + 0.25% glucose and incubated for an
additional 6 hours before imaging Ded1-GFP. DED1 or DED1+GLE1 overexpression
phenotypes were verified using the serial dilution assay shown in Figure 1A.
Microscopy
Images were captured using a DeltaVision Elite inverted microscope (Applied Precision,
a GE Healthcare Company, Issaquah, WA) with an Olympus 100× plan apo NA 1.4
objective and appropriate filter sets. Z-series datasets were collected with a pco.edge
sCMOS camera (Kelheim, Germany)at a step size of 0.4 μm. Post-acquisition
deconvolution was performed using SoftWorx software (Applied Precision, LLC,

Issaquah, WA). Z-series processing, quantitation, cropping and sizing were completed in
ImageJ/Fiji or Adobe Photoshop (Adobe Systems Inc., San Jose, CA).

Alternate polysome preparation
For the alternate method used in Supplementary Figure 3B, cells grown and frozen as
above were ground in a planetary ball mill (Retsch) at 250rpm for 2 min with 1 min
intervals. Extracts were then processed as above except that the second spin was done at
16,000 x g for 10 min (this change had little effect on activity). In general, the extracts
prepared by this method gave higher basal activity.
Start site recognition assays
The leaky scanning and start site fidelity assays were carried out as in (1), except that the
indicated yeast strains were inoculated from freshly grown colonies into selective media
containing 2% galactose and incubated at 30C overnight to induce expression of DED1
and GLE1. Reporter plasmid pM226Z (uORF1x-lacZ) was used for leaking scanning and
p391 (UUG-HIS4-lacZ) for start site fidelity, with data normalized to pM199Z (uORF1lacZ) and p367 (HIS4-lacZ) as controls (2, 3).
Immunoprecipitations
For co-immunoprecipitations of eIF4G and Ded1, strains with Protein-A tagged TIF4631
were transformed with pGAL-GLE1 plasmid or control and induced with 2% galactose
overnight. Cells were lysed by bead beater in buffer containing 20 mM Tris-HCl (pH
8.0), 5 mM MgCl2, 150 mM NaCl, 2% Triton X-100, and protease inhibitors. Lysates
were then incubated with IgG-conjugated magnetic Dynabeads (Invitrogen) for 3 hours at
4C, washed 3x with lysis buffer, and resuspended in SDS sample buffer. Samples were
then subjected to SDS-PAGE and blotted using anti-IgG (for eIF4G) and anti-Ded1. For
Ded1 self-interaction IPs, low-copy plasmids expressing GFP-DED1 and pGAL-GLE1
plasmids or controls were transformed into wild-type cells. Cells were processed as
above except that anti-GFP antibodies (Roche) and Protein G-conjugated Dynabeads
(Invitrogen) were used to immunoprecipitate Ded1.
Structure model
For the predicted structure of the Ded1:Gle1 interaction, the model of Ded1 was
generated by entering the Ded1 sequence into the Phyre2 online engine
(http://www.sbg.bio.ic.ac.uk/~phyre2/) using standard parameters (4). Subsequent
manipulations were then performed in PyMol. The predicted Ded1 structure was broken
into two halves (AA#1-372 and #368-604) so that the two RecA-like helicase domains
could rotate independently, and the Ded1 model was aligned with that of Dbp5 from the
crystal structure (PDB# 3RRN) of Dbp5 in complex with Gle1 and IP 6 (5). Dbp5 and IP6
were deleted, leaving a Ded1:Gle1 complex with the same orientation as Dbp5:Gle1. The
model was then visually examined for Ded1 side-chains that were closest to Gle1.
ATP relative binding

Nucleotide binding was performed similarly to RNA filter-binding, except that 1 M
Ded1 or the indicated mutant was incubated with 12.5nM 32P()-ATP for 1 hour at room
temperature. Samples were bound to nitrocellulose in a slot blotter, imaged via
phosphorimager, and quantified via densitometry. Percent binding could not be calculated
due to the inability to retain free nucleotide; however published affinities indicate that the
conditions used are well below saturation (6).
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Table S1: Yeast strains used in this study
Strain Name
W303
SWY2287
BY4742
SWY4274
TBY2
TBY5
TBY40
TBY89

Genotype
MAT ade2-1 ura3-1 his3-11,15 leu2-3,112 trp1-1 can1-100
MATa mex67::HIS3 ade2 his3 leu2 trp1 ura3 +pCEN/TRP1/mex67-5
MAT his3Δ1 leu2Δ0 ura3Δ0 lys2Δ1
MAT DED1-PROTA::spHIS5 ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100
MAT TIF4631-PROTA::spHIS5 ded1::KANr ade2-1 ura3-1 his3-11,15
leu2-3,112 trp1-1 can1-100 +pCEN/URA3/DED1
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100
(+pCEN/HIS3/DED1)
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100
(+pCEN/HIS3/ded1-N423A/F424A/K425A)
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 trp1-1 leu2-3,112 can1-100
(+pCEN/HIS3/ded1-N423A/F424A)

Source
(7)
(8)
Research Genetics
This study
This study
This study
This study
This study

Table S2: Plasmids used in this study
Plasmid Name
pRP2086
pTB4
pRS423
pBJ245
pSW3576
pSW3242
pMAL-cRI
pETTEV

Description
pRS423-GAL1/10prom::DED1-6xHis-HA-ProtA/2/HIS3
pRS425-GAL1/10prom::GLE1/2 /LEU2
2/HIS3
pRS425-GAL1/10prom/2 /LEU2
pET28a-DED1
pMAL-TEV-GLE1
MBP expression plasmid
pET-MBP-TEV

pLucA50
pLuc-A50
pM199Z
uORF1, GCN4-lacZ with uORF1 at uORF4 position
pM226Z
uORF1x, derivation of pM199Z, uORF1 extended into GCN4 cds
p367
HIS4-AUG, HIS4-lacZ with AUG start codon
p371
HIS4-UUG, HIS4-lacZ with UUG at 1st and 3rd codons
pRP803
pUC18-T7-MFA2-p(G)
pSW3621
pCEN/URA3/DED1-GFP
pRS316
pCEN/URA3
pTB7
pET28-ded1-ΔNΔC (AA#126-537)
pTB14
pET28-ded1-Δ125-134
pTB20
pET28-ded1-N423A/F424A/K425A
pTB130
pET28-ded1-N423A/F424A
Mutants of GAL-DED1 (pRS423-GAL1/10prom::DED1-6xHis-HA-ProtA/2/HIS3):
pTB131
D126A/D127A/D131A
pTB37
I128A/P129A/V130A
pTB33
L152A/L153A/L154A
pTB35
E155A/K158A
pTB22
E155A
pTB34
I157A/L159A
pTB23
K158A
pTB32
R161A/K164A
pTB36
F162A/T163A
pRP2118
E307A
pTB132
Q338A/E342A
pTB13
T398A/D399A
pTB9
T398A
pTB11
D399A
pTB19
N423A/F424A/R425A
pTB28
N423A/F424A
pTB26
N423A/R425A
pTB31
N423A
pTB27
F424A/R425A
pTB29
F424A
pTB25
R425A
pRP2088
21-27
pRP2096
31-40
pRP2102
91-100
pRP2103
101-110
pRP2104
111-118
pP2106
125-134
pRP2110
497-504

Source
(9)
This study
(10)
C. Hug
(1)
(11)
New England Biolabs
Vanderbilt Center for
Structural Biology
(12)
(2)
(2)
(3)
(3)
(13)
This study
(14)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(9)
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
(9)
(9)
(9)
(9)
(9)
(9)
(9)
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Supplementary Figure S1: Effects of DED1 and GLE1 overexpression. (A) Cells containing Galinducible GLE1
or a control plasmid were serially diluted, plated on selective media containing galactose or dextrose,
and
incubated at 30°C overnight. Plates were scanned at an earlier time point than Figure 1A to show
slower growth from GLE1 overexpression. (B) Strains from Figure 1A in log phase in liquid culture
were shifted to media containing galactose for the indicated time periods, and the cell growth was
assessed. Data points represent the means from three trials, and curves were fitted to a exponential
growth model. All curves are significantly different from each other via the extra-sum-of-squares F
test. (C) Cells transformed with plasmids expressing Ded1-GFP and Gal-inducible DED1 and/or GLE1
were grown in selective media containing galactose for 6 hrs. Note that DED1 overexpression led to
accumulation of Ded1-containing granules as shown previously (10). GLE1 overexpression did not
significantly affect Ded1-GFP localization in the presence or absence of DED1 overexpression.
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Supplementary Figure S2:
Cells overexpressing DED1
or GLE1 do not have mRNA
export defects. Wild-type
(W303) cells transformed
with Gal-inducible DED1,
GLE1, or both, were grown in
selective medium containing
galactose for 12 hours. The
temperature-sensitive
mex67-5 strain, defective in
mRNA export from the
nucleus, was grown in rich
medium at 30°C, then shifted
to 37°C for 1 hour. Cells were
fixed and probed with oligo
dT25-FITC (green) and
stained with DAPI (blue). In
the wild-type, GAL-DED1, and
GAL-GLE1 panels, arrows
point to cells containing
cytoplasmic mRNA. In the
mex67-5 panel, arrows point
to cells in which mRNA
accumulated in the nucleus,
which was not observed in
the Ded1 or Gle1overexpressing cells. Scale
bars are 5 μm.
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Supplementary Figure S3: The effect of excess Ded1 on translation. (A) In vitro-transcribed
luciferase mRNA was incubated with translation-competent extracts, followed by luciferase
assays to determine the extent of translation. Recombinant Ded1, control MBP protein, or both
were added to reactions at 0.5, 1, 2, and 4 μM. ND = not determined. (B) Extracts were prepared
by an alternate method compared to Figure 2 and (A) and generally had a much higher basal
level of activity. Recombinant Ded1 was added to reactions at 0.1, 0.2, 0.5, 1, and 2 μM. Data
represent the means of 4-7 independent experiments performed in duplicate. Error bars
represent standard error of means (SEM). (C) Translation extracts prepared by either the standard
preparation method (as in Figure 2) or the modified preparation (as in (B)) were blotted for Ded1
and Gle1 using specific antibodies. Blots from two independently prepared extracts are shown for
each method. (D) Protein A-tagged Ded1 was depleted from translation-competent extracts as in
Figure 2C and D, and samples were immunoblotted with Ded1-specific antibodies. Lower panel is
a longer exposure of the same blot; note the visible band in the depleted lane.
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Supplementary Figure S4: GLE1 and DED1 overexpression does not have a substantial effect on start site
selection or other protein-protein interactions. (A) Schematic of the constructs used in leaky scanning (uORF1
and uORF1x) and start site fidelity (H4-AUG and H4-UUG) assays. (B) Leaky scanning reporter assays were performed
by determining β-galactosidase activity in cells transformed with uORF1x-lacZ plasmids as well as GAL-GLE1 and/or
GAL-DED1 compared to activity from a control uORF1-lacZ plasmid, after incubation in 2% galactose overnight. (C)
Start site fidelity reporter assays were performed by determining β-galactosidase activity in cells transformed with
HIS4-lacZ(UUG) plasmids as well as GAL-GLE1 and/or GAL-DED1 compared to activity from a control HIS4-lacZ(AUG),
after incubation in 2% galactose overnight. For (B & C), data represents the mean of 4 independent trials, and error
bars represent standard error of means (SEM). * p < 0.05 vs. cells without GAL-GLE1 or GAL-DED1, + p < 0.05 vs. cells
containing GAL-GLE1 alone. (D) Cells with Protein-A tagged eIF4G (TIF4631:PROTA) or wild-type cells were
transformed with GAL-GLE1 or a control plasmid and grown in 2% galactose. Tagged eIF4G was immunoprecipitated
from cell lysates with IgG-conjugated magnetic beads. Immunoprecipitates and cell lysates were blotted for
eIF4G-ProtA, Ded1, and Gle1 using α-rabbit IgG, α-Ded1, and α-Gle1 antibodies, respectively. (E) Cells transformed
with DED1-GFP, GAL-GLE1, and/or control plasmids were grown in 2% galactose overnight. Tagged Ded1 was
immunoprecipitated from cell lysates with α-GFP antibodies and Protein G-conjugated magnetic beads.
Immunoprecipitates and cell lysates were blotted for Ded1-GFP, untagged Ded1, and Gle1 using α-Ded1 and α-Gle1
antibodies.
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Supplementary Figure S5: A predicted structural model of the Ded1-Gle1 interaction. The
structure of the Ded1 central core (AA128-540) was predicted using PHYRE2 modeling server.
This Ded1 structure was then aligned with that of Dbp5 from a crystallographic model showing
Dbp5 in complex with the C-terminal region of Gle1 (Montpetit et al. 2011). The two RecA-like
helicase domains of Ded1 were aligned separately to Dbp5 in order to account for differences in
bound nucleotide. Dotted ovals denote likely interaction regions.
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Supplementary Figure S6: Gle1 inhibition of Ded1 RNA-binding is not dependent on
nucleotide status. (A) Filter binding assay measuring relative nucleotide binding. Recombinant
Ded1, ded1-N423A/F424A, or ded1-Δ125-134 was incubated with labeled ATP and then bound to
nitrocellulose. Amount of bound nucleotide was then quantitated via phosphorimager. (B-D)
Fluorescence anisotropy was used to assess the RNA binding affinity of Ded1 in the presence or
absence of 100nM BSA or Gle1. Ded1 was incubated with fluoresceinlabeled RNA and: (B) ADP-BeFx in the presence or absence of 100nM BSA, (C) no nucleotide in the
presence or absence of 100nM Gle1, and (D) 2mM ADP in the presence or absence of 100nM Gle1.

A

Aryanpur_Fig-S7

Hydrolysis
P

AD

ATP

Ded1

P

ATP

RNA

ADP

Gle1

D
P/A
AT
P

B

48S PIC
40S
AUG

40S

43S PIC

Scanning

Ded1

40S

(active)

Ded1

AUG

(active)
mRNA/eIF4F

AUG recognition

?
Ded1
OR

(inactive
or excess)

Gle1

Ded1
Ded1
Ded1
Ded1
Ded1
Ded1

Repressed
mRNP

Subunit Joining,
Initiation

Stress Granules,
P-Bodies

Supplementary Figure S7: Model for Gle1 regulation of Ded1. (A) The helicase core of Ded1 contains two RecA-like
domains. The “open” conformation is not conducive for RNA binding, whereas ATP and RNA bind cooperatively,
promoting the “closed” conformation, which then undergoes ATP hydrolysis. We propose that Gle1 stabilizes the open
conformation of Ded1, reducing binding to RNA. This effect is not dependent on the nucleotide bound. (B) The
“gatekeeper” model of Ded1 function in translation proposes that ATPase/helicase active Ded1 promotes assembly of
the 48S PIC as well as facilitating start site scanning. Inactive (but still ATP-bound) Ded1 or excess Ded1 is proposed to
promote translation repression. Gle1 can modulate both the activating and repressing functions of Ded1 by inhibiting
RNA binding.
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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 (UTRs) 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 TORC1 inhibition and identify a novel function of Ded1 as a
translation repressor. We show that C-terminal mutants of DED1 are defective in downregulating
translation 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 translational 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
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removes eIF4G1 from translation pre-initiation complexes, thus removing eIF4G1 from the translating
mRNA pool and leading to the co-degradation of both proteins. Shared features among DED1 orthologs
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, intricate 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 export, translation, and degradation (1).
The composition and structure of the mRNP is 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
(DBP’s) are the largest family (for a review see reference (2)). DBP’s utilize linked cycles of ATP binding,
hydrolysis and RNA binding to de-stabilize RNA duplexes, alter RNA-protein interactions, and/or act as
ATP-dependent binding proteins.
Ded1 is a DEAD-box RNA helicase in the DEAD-box family of RNA helicases that has an essential
role in translation initiation conserved from yeast to humans (3). The human ortholog, DDX3, has been
implicated in oncogenesis, most notably in the pediatric brain cancer medulloblastoma, where it is the
second most frequently mutated gene after -catenin (4, 5). DDX3 mutations have also been identified in
several other cancer types, and it has been linked to viral replication as well (6, 7). 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 has been shown to be necessary for scanning
through long and structured 5’ UTRs and for 48S preinitiation complex assembly (8, 9). 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 (10, 11). On the
other hand, a repressive function for Ded1 has also been proposed (9). Ded1 over-expression causes severe
growth inhibition, translation repression and the formation of stalled mRNPs in stress granules (9, 10, 12).
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Likewise, high Ded1 levels inhibit 48S PIC assembly in in vitro assays (9, 10). Nonetheless, it is currently
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 (3).
Deletion of this domain (amino acids #536-604) substantially rescues growth inhibition upon overexpression (9). Two functions have been described for the domain. First, in vitro assays have identified this
domain as essential for Ded1 association with the eIF4F complex scaffolding protein, eukaryotic initiation
factor 4G (eIF4G) (9, 13, 14). Second, Ded1 has been shown to homo-oligomerize through the C-terminal
domain, which is important for maximal helicase activity in vitro (14). Surprisingly, when expressed at
physiological levels, the deletion of the Ded1 C-terminus has not been associated with any deficiencies in
translation or growth. 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 efficiently manage limited resources and to ensure survival (15, 16). 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 resistance to the growth inhibitory effect of the small
molecule rapamycin (15). TOR can form two functionally different signaling complexes with other proteins
(TORC1 and TORC2), however, rapamycin specifically inhibits TORC1 (16). When amino acids and
nitrogen sources are abundant, TORC1 signaling stimulates cell division and anabolic processes such as
new protein, nucleotide and lipid biosynthesis. Conversely, when nutrients 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 cytoplasmic foci termed stress granules (17) others, including nitrogen
starvation, amino acid starvation, and specific inhibition of TORC1 with rapamycin, result in repression of
translation but do not drive stress granule assembly (18). This suggests that general inhibition of translation
and stress granule formation can be uncoupled and can be driven by distinct signaling pathways (19).
119

Ded1 mediates translation in stress
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 (eIF2), which is induced by a wide variety of stresses, including nutrient depletion,
DNA damage, and viral infection (20–22). In mammals, TORC1 inhibition also enhances the ability of
eIF4E binding proteins (4E-BP’s) to repress translation by binding to the cap-binding protein eIF4E,
although this mechanism seems to differ in yeast (16, 22–24).
In addition to these two mechanisms, TORC1 inhibition induces the degradation of some
translation components by both autophagy and the proteasome (25, 26). For example, eIF4G1 is rapidly
degraded by autophagy, whereas other factors such as Dcp2 are degraded via the proteasome (26, 27). Other
translation factors such as eIF4A and eIF3 remain relatively stable following stress (27, 28). The relatively
rapid degradation of eIF4G1 compared to other initiation factors suggests that this may be a regulatory
mechanism used to inhibit cap-dependent translation initiation, at least during sustained TORC1
downregulation. Thus, the tuning of eIF4G1 levels may play an important role in reprogramming gene
expression following stress (29, 30). However, few studies have explored how translation is affected by the
degradation of initiation factors such as eIF4G1, and the mechanism by which this occurs, and the factors
involved are not well understood. Here we investigate the role of the Ded1 C-terminus in the translational
response 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.
This domain has previously been observed to be necessary for interaction with eIF4G1 and for selfassociation and the formation of Ded1 oligomers (9, 14). Although in vitro studies have defined a
framework for understanding the effects of these interactions on Ded1 biochemical activity (14, 31), little
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is known about how these interactions affect Ded1 cellular function. Phosphoproteomic analyses under
different stress conditions identified four serine residues near the beginning of the C-terminal domain that
are phosphorylated in stress conditions where TORC1 signaling is inhibited (32–34). To test whether the
C-terminus of Ded1 or these phospho-sites are important for the function of Ded1 following TORC1
inhibition, we performed growth assays of a C-terminal deletion mutant (AA# 536-604) and
phosphorylation site mutants in the presence of rapamycin, a specific inhibitor of TORC1 (Figure 1A,
Supplementary Figure S1A). A control strain containing wild-type DED1 showed severe growth inhibition
in the presence of rapamycin, a well-known effect of TORC1 inactivation (16). Surprisingly, deletion of
the C-terminal tail of Ded1 (ded1-CT) resulted in significant resistance to rapamycin, as observed via
growth on plates and in liquid media (Figure 1, A and B). In both phosphorylation-incapable and phosphomimetic ded1 mutants, no growth phenotypes were observed in the presence of rapamycin or when treated
with vehicle control (Supplementary Figure S1A). These results suggest that Ded1 and its C-terminus have
roles in suppressing growth when TORC1 signaling is inactivated, and that this function does not require
phosphorylation at the identified residues.
To test whether this resistance phenotype was a result of a defect in TORC1 activity or rapamycin
efficacy, we examined phosphorylation of Sch9, a direct downstream target of TORC1 in Saccharomyces
cerevisiae. Sch9 is phosphorylated by TORC1 in conditions of nutrient abundance and is rapidly
dephosphorylated when TORC1 is deactivated during nutrient stress (16, 35). We used a chemical cleavage
band-shift assay (35) to assay the phosphorylation level of Sch9 over a 24-hour window following
rapamycin treatment (Supplementary Figure S1B). Both wild-type and ded1-CT strains showed similar
initial losses of Sch9 phosphorylation following treatment with rapamycin. Over a 24-hour period, the
relative phosphorylation of Sch9 slowly recovered to about 40% in both wild-type and mutant cells. This
suggested that the rapamycin resistance phenotype observed in the ded1-CT mutant was not driven by
loss of rapamycin efficacy or a result of TORC1 reactivation after long-term treatment, but by a different
mechanism.
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We next asked whether the C-terminal domain had a similar repressive function during natural
stresses in which TORC1 signaling is inhibited. Two such conditions in which TORC1 signaling is
attenuated are nitrogen deprivation and stationary phase growth. After depriving cells of nitrogen, the ded1-

CT cells showed a decreased ability to survive compared to controls (Figure 1C). Similarly, the ded1-CT
mutant also showed a decreased ability to survive prolonged stationary phase (Figure 1D). 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 contrast 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 downregulation following rapamycin
treatment
Ded1 has been described as having a role in both promoting and repressing translation, and these
roles correlate with the activity level of Ded1. Ded1 activity is essential for translation initiation; however,
above a certain threshold it becomes inhibitory towards translation (9, 10). High levels of Ded1
overexpression thus result in severe growth inhibition and translation downregulation. This effect is at least
partially dependent on the Ded1 C-terminus as deletion of the C-terminus partially rescues the observed
growth inhibition (9). Since Ded1 has been shown to be able to both activate and repress translation, and
we observed rapamycin resistant growth in the ded1-CT mutant, we hypothesized that Ded1 has a role in
translation downregulation following TORC1 inhibition. To test this, we measured new protein synthesis
after rapamycin treatment using 35S-Met labeling. Compared to untreated cells, new protein synthesis was
noticeably attenuated following one hour of rapamycin treatment in wild-type cells and more severely
inhibited after 20 hours of treatment (Figure 2A). In ded1-CT cells, however, after 1 hour of rapamycin
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treatment, there was 20% more new protein synthesis compared to wild-type. By 20 hours of rapamycin
treatment ded1-CT cells showed 2.2-fold more new protein synthesis (Figure 2A). To further test whether
Ded1 affects translation downregulation following rapamycin treatment, we analyzed polyribosomal
profiles 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 and ded1-CT cells, translation
was significantly less downregulated in the mutant cells compared to controls after 20 minutes and 1 hour
of rapamycin treatment (Figure 2, B and C). This suggests that Ded1 and its C-terminal domain may have
a novel function in translation repression following rapamycin treatment. Long term rapamycin treatment
(20h) resulted in massive translation downregulation and loss of ribosomes in both the wild-type and mutant
cells (Figure 2D). However, the monosome peak was significantly elevated in ded1-CT cells, indicating
higher ribosome levels and possibly continued low-level translation (36). Consistent with higher ribosome
levels, we also observed elevated levels of ribosomal RNA in ded1-CT cells after rapamycin treatment
(Supplementary Figure S1C). Together, this data suggests that Ded1 C-terminus has a role in repressing
translation during inhibition of TORC1 signaling.
A well-characterized mechanism of translation downregulation during stress is phosphorylation of
eukaryotic initiation factor 2 alpha (eIF2). Rapamycin treatment and other stresses have been shown to
result in the rapid phosphorylation of eIF2, which contributes to downregulation of translation of most
mRNAs (21, 23). It is possible that deletion of the Ded1 C-terminus could either directly or indirectly
reduce the phosphorylation of eIF2 by an unknown mechanism. This would result in impaired translation
downregulation and increased protein synthesis. To test whether the rapamycin resistant phenotype in ded1-

CT cells was a result of impaired eIF2 phosphorylation, we assayed the phosphorylation level of eIF2
following rapamycin treatment in wild-type and ded1-CT mutant cells (Supplementary Figure S1D).
Phosphorylation of eIF2 was not impaired in ded1-CT, and surprisingly, levels of phosphorylated eIF2
were slightly higher compared to 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 resistance
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phenotypes in ded1 mutants are due to a direct effect on translation and not a result of impaired
phosphorylation of eIF2.

Ded1 specifically affects the polysome distribution and degradation of eIF4G1 following rapamycin
treatment
Since the Ded1 C-terminus has been shown to physically associate with eIF4G1, we hypothesized
that the disruption of this interaction may contribute to the rapamycin growth resistance. In normal
conditions, Ded1 promotes preinitiation complex (PIC) formation (9, 10), therefore, we hypothesized that
during TORC1 inhibition Ded1 exerts its repressive role through stalling and/or disruption of PICs. If this
were the case, we would expect to observe altered association of translation initiation factors with these
complexes. To visualize these changes following rapamycin treatment, we utilized an established protocol
for crosslinking translation complexes (37), minimizing the formaldehyde treatment to halt translation and
prevent polysome runoff while preventing aberrant crosslinking of initiation factors and maintaining bona
fide physical interactions. We then performed sucrose density sedimentation and fractionation, followed by
western blotting for initiation factors (37). In wild-type cells, eIF4G1 shifted from heavier polysome
fractions to lighter fractions within 40 minutes of rapamycin treatment (Figure 3A). Quantitation of the
eIF4G1 distribution showed a decrease of eIF4G1 in polysome fractions and a corresponding significant
increase in pre-80S fractions (Figure 3B). Interestingly, the distribution of initiation factors eIF4A (Tif1)
and eIF3c (Nip1) did not significantly change (Figure 3, A and C), suggesting that a mechanism specific to
eIF4G1 alters its association with active translation complexes. However, in ded1-CT cells, the shift of
eIF4G1 into pre-80S fractions was much reduced, while the distributions of eIF3c and eIF4A still remained
unchanged (Figure 3, B and C). This result suggests that Ded1 modulates the association of eIF4G1 with
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 (26, 27). Higher cellular
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levels of eIF4G1 are correlated with higher levels of translation and cell growth (8, 38). Since ded1-CT
cells display an altered association 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. Supporting this idea, deletion of eIF4G1 in ded1-CT cells significantly
suppressed the rapamycin resistance phenotype, suggesting that this phenotype is dependent on cellular
levels of eIF4G1 (Supplementary Figure S2A). To further test this possibility, we monitored initiation factor
levels during a rapamycin time course in both wild-type and ded1-CT cells. Levels of eIF4G1 were
decreased following rapamycin treatment with a half-life of just over 1 hour, but this loss of protein was
substantially reduced in the ded1-CT mutant, with an increased half-life of 2.3 hours (Figure 4, A and B).
Consistent with these effects, blotting of polysome fractions after prolonged (18h) rapamycin treatment
revealed virtually undetectable levels of eIF4G1 in wild-type cells but higher levels and continued
association with translation complexes in ded1-CT mutants (Supplementary Figure S2B). In contrast,
degradation of the initiation factors eIF4A and eIF3c was similar in both wild-type and mutant cells (Figure
4, A and B), suggesting that the Ded1 C-terminus has a specific effect on eIF4G1 degradation following
rapamycin treatment.
Like eIF4G1, Ded1 was also degraded upon rapamycin treatment but to a lesser extent in the ded1-

CT mutant with the half-life increasing from 2.5 to 4.4 hours (Figure 4, A and B). Since Ded1 itself is a
key activator of translation and cell growth, we asked if 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-CT, but these cells did not
show a rapamycin-resistant growth phenotype (Supplementary Figure S2, 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-CT mutant was not due to the presence of more Ded1 protein in the cell.
Additionally, when ded1-CT was co-expressed in cells also expressing wild-type DED1, the cells did not
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become resistant to rapamycin, indicating that the ded1CT phenotype is recessive and reflects a loss of
function (data not shown).
Collectively the data support a model wherein, Ded1 has a novel function during cellular stress,
specifically remodeling eIF4G1-containing translation complexes, which leads to degradation of eIF4G1
and downregulation of translation. This model suggests the catalytic activity of Ded1 would be required for
the rapamycin-resistant growth phenotype and the efficient degradation of eIF4G1 following rapamycin
treatment. To test this, we used cells containing a ded1 mutation (ded1-120) that is known to have defects
in activity in vivo (39). The ded1-120 strain is cold-sensitive; however, it has minor growth and translation
defects even at a permissive temperature of 30C (39, 40). In growth assays (at 30C), ded1-120 cells
showed nearly identical resistance to rapamycin as the ded1-CT mutant, suggesting that Ded1 enzymatic
activity is required for resistance to rapamycin-induced growth inhibition (Figure 4C). We next asked
whether Ded1 enzymatic activity was involved in eIF4G1 degradation following rapamycin treatment.
Again, similar to the ded1-CT mutant, the ded1-120 strain showed increased abundance of eIF4G1
following rapamycin treatment compared to wild-type cells (Figure 4D), linking Ded1 activity to the loss
of eIF4G1 following TORC1 inhibition.
To further test our model that Ded1 remodels eIF4G1 following TORC1 inhibition, we performed
an in vitro remodeling experiment (Figure 4E). Extracts were generated from ded1-CT cells (used to
maximize eIF4G1 levels) with or without rapamycin treatment for 40 minutes. RNA-binding proteins,
including eIF4G1, were then isolated using polyuridine-sepharose, and after washing, the beads were
treated with recombinant Ded1 for 1 hour. After further washes, remaining protein was eluted from the
beads by sample buffer and immunoblotted for eIF4G1 (Figure 4F). In the pull-downs from untreated cells,
eIF4G1 levels were unaffected by incubation with Ded1 (lanes 1 & 2). Strikingly, however, in pull-downs
from rapamycin-treated cells, the amount of eIF4G1 remaining after Ded1 incubation was reduced by 60%
(lanes 3 & 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 catalytic activity. Interestingly,

126

Ded1 mediates translation in stress
addition of recombinant ded1-CT 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 its 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 rapamycin resistance phenotype. Deletion of the last 14
amino acids (ded1-591-604) phenocopied the rapamycin resistance seen in the full deletion of the entire
C-terminus (CT), while the other deletions had no effect (Figure 5A). The last 14 amino acids in the Ded1
C-terminus comprise a low complexity sequence that is mostly poorly conserved in Ded1 orthologs
(Supplementary Figure S3, A and B). However, these orthologs all share the striking similarity in having
two conserved tryptophans near the C-terminus. 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 phenocopied the rapamycin resistance phenotype seen in
ded1-CT and ded1-591-604 (Figure 5B). These results suggest that the C-terminal tryptophans in Ded1
are key residues required for active translation downregulation 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 functions; interaction with eIF4G1 and
homo-oligomerization. We hypothesized that the C-terminal tryptophans are required for one or both of
these functions. We first analyzed the effects of the C-terminal tryptophans on Ded1 association with
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eIF4G1. We performed pulldowns with bacterially expressed GST-S-eIF4G1 bound to glutathione
sepharose, and incubated with recombinant purified WT Ded1, ded1-CT, ded1-591-604, or ded1W603/604A. Full-length Ded1 pulled down with GST-S-eIF4G1, whereas deletion of the entire C-terminus
(536-604) dramatically reduced this association (Figure 5C). The ded1-591-604 mutant also showed
reduced binding to GST-S-eIF4G1, similar to the complete deletion of the C-terminus. The ded1W603/604A mutant also showed reduced binding to GST-S-eIF4G1, albeit to a lesser extent than the larger
domain deletions. These results suggest that the last 14 amino acids in the Ded1 C-terminus are critical for
the physical interaction with eIF4G1. Furthermore, since deletion of these amino acids phenocopies the
ded1-CT strain, 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 to alanine, but not adjacent amino acids to alanine, induced phenotypes (data
not shown).
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 crosslinking recombinant wild-type Ded1
or C-terminal mutants with formaldehyde (Figure 5D). Consistent with previous studies, oligomerization
was observed with wild-type Ded1 and was severely reduced in the ded1-CT mutant. A smaller reduction
in oligomerization was also observed in the ded1-591-604 and ded1-W603/604A mutants. The magnitude
of the effect on oligomerization appeared to be dependent on 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 rapamycin resistance phenotype is, at best, only partially linked to a defect in oligomerization, since
deletion of the last 14 amino acids fully phenocopied the entire deletion of the C-terminus in growth assays.
We conclude that the major effect of the Ded1 C-terminus in the cell stress response is likely through
eIF4G1 association, though oligomerization may also play a role through affecting Ded1 catalytic activity
(14).
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Discussion
In this work, we have defined a repressive function for Ded1 in conditions that affect the TORC1
signaling pathway. We have shown that the Ded1 C-terminus is required for growth inhibition and efficient
translation downregulation 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 have
previously shown that this domain contributes to growth repression following Ded1 overexpression, and it
has been speculated that Ded1, as a “gatekeeper” of translation, may also possess the ability to repress
translation at physiological levels (9, 10). This work has elucidated a repressive function of Ded1 at
physiological levels in the context of inhibition of the TORC1 signaling pathway. Our data suggests the
following model for Ded1 function (Supplementary Figure S4). In steady-state growth conditions, Ded1
promotes initiation through PIC assembly and start site scanning as previously described. During stress
conditions, however, Ded1 represses translation, possibly first inhibiting 48S preinitiation complex
assembly. This is followed by the enzymatic removal of eIF4G1 from translation complexes and the codegradation of both eIF4G1 and Ded1. In ded1 mutant cells, this remodeling and degradation of eIF4G1 is
attenuated, resulting in continued eIF4G1 association with translation complexes and sustained translation
during TORC1 inhibition. In support of our model, we show genetic and functional data indicating that the
Ded1 C-terminus and enzymatic activity are required for growth inhibition and translation repression
following TORC1 inhibition (Figures 1, 2 and 4). We demonstrate that this is at least partially due to
enzymatic removal of eIF4G1 from translation complexes, and subsequent degradation (Figures 3 and 4).
Furthermore, our finding that Ded1 possesses the ability to dissociate eIF4G1 from RNA in vitro, but only
from extracts treated with rapamycin, is consistent with active remodeling of translation complexes as
proposed by our model (Figure 4, E and F). 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 requirements for Ded1’s role in the
cellular response during TORC1 inhibition. We first noted rapamycin-resistant phenotypes in a C-terminal
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deletion mutant of DED1 (Figure 1), suggesting that interaction with eIF4G1 and/or Ded1 oligomerization
is required for normal translation downregulation. We were able to map the rapamycin resistance phenotype
to a function of the last 14 amino acids of Ded1 (AA# 591-604) and even further to two highly conserved
C-terminal tryptophans (Figure 5). Interestingly, the ded1-591-604 mutant phenocopied ded1-CT in
rapamycin-resistant growth, while it also reduced eIF4G1 binding to an equal degree as the larger deletion.
On the other hand, we observed a severe oligomerization defect in ded1-CT and only a minor defect in
ded1-591-604. Thus, the stress phenotypes we observed directly correlate with eIF4G1 binding rather
than oligomerization, suggesting that eIF4G1 binding is likely the more critical interaction. Likewise, we
observed incomplete resistance to rapamycin in the ded1-W603/604A mutant, commensurate with the
partial reduction we observed in eIF4G1 binding (Figure 5). These findings fit with the effects on eIF4G1
shown in Figures 3 and 4, 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 unidentified factor during TORC1 inhibition. Interestingly,
in our in vitro remodeling experiments, Ded1 was only able remove eIF4G1 from RNA in cell extracts that
had been treated with rapamycin (Figure 4F). This suggests that upon inhibition of TORC1 signaling, there
are modifications to the components in the extract that affect Ded1 function. These could include
posttranslational modifications 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
(Supplementary Figure S2C). Notably, mutations in GLE1, a regulator of Ded1 activity (10, 40), also did
not have any effect (data not shown). Furthermore, our data argues against phosphorylation of Ded1 since

130

Ded1 mediates translation in stress
our phosphorylation site mutants did not show any phenotypes in the conditions we tested (Supplementary
Figure S1A). A different post-translational modification or phosphorylation of another translation factor or
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 eIF2 phosphorylation through its inhibition
of ternary complex formation and the rate of preinitiation complex assembly. As shown in Supplementary
Figure S1D, eIF2 phosphorylation is not reduced in ded1-CT cells. Further studies will be required to
determine if Ded1 is downstream of or a parallel supplement to eIF2 phosphorylation.
Bedwell et al. 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 deprivation (26). In this
work we have identified Ded1 as another translation factor that is degraded during TORC1 inhibition. Our
data indicates that degradation of eIF4G1 is linked to physical interaction with Ded1 (Figure 4, A and B),
suggesting that they may follow the same autophagic degradation program. Interestingly, both Ded1 and
eIF4G accumulate in stress granules following induction with sodium azide or glucose withdrawal (9, 12,
41, 42), and work by Buchan et. al. has shown that stress granule components, including Ded1, can be
degraded via autophagic pathways in a process termed granulophagy (43). Thus, although rapamycin does
not promote stress granule assembly, both cellular stress conditions still result in autophagic degradation 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 responses to cellular stress. We speculate that during TORC1 inhibition, 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.
Currently, it is unknown whether the translation repression function of Ded1 affects all mRNAs or
a subset of mRNAs. In non-stress conditions Ded1 activity has been shown to promote translation of
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mRNAs with long 5’ UTR’s and cap distal secondary structure (8, 44). In addition, a recent study showed
that Ded1 normally prevents translation initiation from near cognate start codons associated with RNA
secondary structure (11), thus mRNAs with these sites may be more affected by changes in Ded1 activity.
Guenther et. al 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 expression program. Given the degradation of Ded1
that we have observed (Figure 4A), 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 mRNA’s and 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 (38, 44). This is also in agreement with the observation that translation of the most
abundant proteins in ded1-CT cells was affected in the

35

S-Met labeling experiment. Testing these

hypotheses 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, (15, 16) so it
is not surprising that mutations affecting it have been implicated in cancer (6). Here we have shown that
mutations in Ded1 make cells partially refractory to regulation by the TORC1 signaling pathway. Mutations
in the Ded1 human ortholog, DDX3, are found frequently in cancer (4–6); however, an understanding of
how DDX3 contributes to cancer is lacking and often contradictory (45, 46). A recent paper by Oh et al.
(45) presented evidence that cancer associated DDX3 mutations can impair the translation of some mRNAs
while selectively preserving translation on other mRNAs during stress. Thus, it is possible that alterations
in DDX3 in cancer may promote TOR-independent growth. Indeed, at least one medulloblastomaassociated mutation generated in DED1 also results in rapamycin-resistant growth (data not shown). 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 disease-associated
mutations. Our findings may thus provide further context for functional studies that aim to understand the
complex role of 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 & 103 and TBY120 & 131 were generated by integrating a sequence
encoding a C-terminal 3x-HA tag marked with TRP1 at the SCH9 and TIF1 locus, respectively. TBY134137 were created by integrating a sequence encoding a protein conferring 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 (10).
Rapamycin (Santa Cruz Biotechnology) was dissolved in DMSO and was used at concentrations of
200ng/ml in YPD plates and 100ng/ml in selective auxotrophy plates. Rapamycin growth curves were
generated by diluting log-phase cells to an O.D. of 0.1 in liquid YPD, whereupon rapamycin was added to
a concentration of 200ng/ml. Cultures were incubated at 30C on a shaker and optical density measurements
were taken every 2-6 hours and converted to cells/ml.

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 2X, re-suspended
in SD media – amino acids and ammonium sulfate to an O.D. of 0.2, and incubated at 30C on a shaker.
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Cultures were incubated for 3, 6, and 10 days, after which time they were spun down, washed, and
resuspended to a concentration of 5 x 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 ml
of original culture was calculated. The percent survival was calculated by normalizing to the plating
efficiencies for each strain, which were virtually identical (data not shown). An unpaired t-test was used to
determine significance. The stationary phase survival assay was performed by growing cells to mid-log
phase in liquid SD media and allowing them to grow to stationary phase at 30C on a shaker. After 0, 7,
and 9 days 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 previously described
(10). For the rapamycin time-course polysomes, cells were grown to mid-log phase in YPD, and rapamycin
was added to a concentration of 200ng/ml. Cells were harvested before the addition of rapamycin, and after
20 minutes and 1 hour 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 monosome 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.
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S-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 200ng/ml and the cultures were incubated for 1 hour and 20 hours on a
30C shaker. 3 O.D units of cells were then spun down and resuspended in 1 ml of supernatant, whereupon
75 μCi 35S-Met was added, followed by 1-hour incubation at 30C with shaking. Cells were spun down and
washed with water before lysis in 1.85 M NaOH and 7.4% -mercaptoethanol. Proteins were precipitated
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with trichloroacetic acid, resuspended in SDS sample buffer and separated by SDS-PAGE. The
polyacrylamide gel was fixed and dried using a vacuum drier before autoradiographic detection of 35S-Met
incorporated proteins. In each lane of the gel, the total 35S-Met signal was quantitated using image J.

Formaldehyde crosslinking and fractionation. Formaldehyde crosslinking and polysome fractionation
was performed as described with a few modifications (37). Briefly, after 40 minutes of rapamycin treatment
(200ng/ml), formaldehyde was added to the cultures to a final concentration of 0.25%, followed by
incubation on ice for 15 min, before quenching with 0.5mM glycine. Cell extracts were prepared by first
lysing cells by vortexing with glass beads (3x 2 minutes, with 30 cooling on ice), and then spinning twice
for 5 minutes at 13,000 rpm at 4C. Polysome profiling and fractionation was performed as previously
described. Protein was precipitated from each fraction by addition of 0.8 ml of ice-cold ethanol to 0.5 ml
of each fraction, vortexing, and incubation overnight at -20C. The samples were spun at full speed at 4C
washed once with 75% ethanol and the pellets re-suspended in 0.1 ml sample buffer (100mM Tris-HCl,15%
glycerol, 5% SDS, 100mM DTT)

Western blotting of polysome fractions. Fraction samples were heated to 95C prior to loading onto gel,
separated by SDS-PAGE and blotted with specific antibodies toward Ded1 (VU318), eIF4G1 (gift from R.
Parker), 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. Quantitation of eIF4G1 and eIF4A-HA in different
sub-fractions (pre-80S, 80S and polysome) was achieved by first calculating the percentage of the total
intensity for each individual fraction and summing the percentages for each sub-fraction. The mRNP
fractions (first two) were not included in the total intensity because the signal was beyond the linear range
of detection. A paired t-test was used to determine significance.
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Translation factor time courses. Cells were cultured in YPD and rapamycin was added to a concentration
of 200ng/ml. At the indicated time points post treatment an 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% mercaptoethanol, proteins were precipitated with trichloroacetic acid, and samples were resuspended in
SDS sample buffer. Samples were separated by SDS-PAGE and blotted for the indicated proteins as
described previously. Specific antibodies were used to detect PGK1 (Invitrogen) and Tubulin (Novus).
Phospho-eIF2 (Ser51) antibody was purchased from Cell Signaling Technology. eIF2 anti-sera was a
gift from Tom Dever. Band detection was accomplished with LI-COR secondary antibodies, in conjunction
with an Odyssey infrared imager. For half-life calculations, bands from 3 to 8 independent trials were
quantified via densitometry and degradation curves were fitted using the 0 to 8-hour timepoints in Graphpad
Prism. Similarity 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.

In vitro GST-pulldowns. Rosetta cells (Novagen) containing the pET41a(+)-GST-S or pET41a(+)-GSTS-eIF4G1-His plasmid (gift from E. Jankowsky) were induced with 1mM IPTG (isopropyl--Dthiogalactopyranoside) overnight at 15C. Cells were lysed by sonication and were spun down to clear cell
debris. The supernatants were incubated with glutathione-sepharose beads for 4 hours at 4C and then
washed 3 times with RIPA buffer (150nM NaCl, 1% nonidet-P40, 0.1% SDS, 50mM Tris-HCl; pH 7.4).
50l of protein bound beads was used for the different Ded1p pulldowns. Purified, recombinant WT or
mutant Ded1p was then added to each pulldown to a final concentration of 1M, along with 5 mg/ml BSA.
The pulldowns were incubated overnight at 4C on a rotator after which they were washed 4X with RIPA
buffer and resuspended in SDS sample buffer. Proteins were visualized by western blotting for eIF4G1 and
Ded1 as previously described.
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Remodeling assay. For the Ded1/eIF4G1 remodeling assay, ded1-CT 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 (10) and incubated with poly(U)-sepharose resin (GE Healthcare) at 4C for 2 hrs. 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-CT protein was added in the presence or absence of 2 mM ATP, and
the samples were incubated for 1 hr at 37C. Beads were then washed again, resuspended in sample buffer,
and immunoblotted for the presence of eIF4G1 as above. Bands were quantified via densitometry and
presented as the mean of 4 to 5 independent trials. Significance was assessed via Student’s t-test.

Oligomerization assay. WT Ded1p and mutant ded1p were purified as described previously (10). In-vitro
oligomerization of Ded1p was assayed as described by in (14). Briefly, purified recombinant Ded1p (1M),
ded1-CT (1M), ded1-591-604 (1M), or ded1-W603/604A (1M) were incubated in helicase reaction
buffer (40 mM Tris-HCl pH 8.0), 50 mM NaCl, 8.3% (v/v) glycerol, 0.01% (w/v) IGEPAL CA 630, 2 mM
DTT, and 0.5 mM MgCl2) for 1 hour at 19°C. Formaldehyde was added to a final concentration of 1% v/v,
and the reactions were incubated at room temperature for 30 minutes. 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 (Ded1).

Sch9-3xHA band-shift assay. Band-shift measurements were performed using a modified version of the
protocol developed by Urban and Loewith (35). Briefly, at the indicated time points after rapamycin
treatment (200 ng/ml), 47ml of culture was mixed with 3ml of 100% trichloroacetic acid and incubated on
ice for 1 hour. The cultures were spun down, washed with ddH2O and then acetone, and cells were disrupted
by sonication, followed by centrifugation at 8000 rpm for 30s. The pellets were then subjected to bead
beating (6 x 1 min) in urea buffer (6M urea, 50 mM Tris-HCl pH 7.5, 5mM EDTA, 1mM PMSF, 5mM
NaF, 5mM NaN3, 5mM NaH2PO4, 5mM p-nitrophenylphosphate, 5mM -glycerophosphate, 1% SDS)
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supplemented with additional protease and phosphatase inhibitors. The lysate was heated at 65C for 10
minutes and cleared by centrifugation at 15,000 rpm for 7 minutes. Chemical cleavage of the extracts was
accomplished by adding nitro-5-thiocyanatobenzoic acid (NTCB) for 12-16 hrs at room temperature (1mM
NTCB, in 100mM CHES, pH 10.5). Western blotting of the samples was performed with an anti-HA
antibody (Novus), LI-COR secondary antibodies, on a Odyssey infrared imager. Quantitation of Sch9
phosphorylation was performed using a MATLAB script written by James Hughes-Hallett (47).

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 200ng/ml and the cultures were incubated for 18 hours at 30C
with shaking. RNA was isolated by lysing cells with TRIZOL, chloroform extraction, followed by isopropyl
alcohol precipitation. The re-suspended 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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Supplemental Table S1: Yeast strains used in this study
Strain Name
SWY4093
TBY5
TBY21
TBY118

TBY130

TBY120

TBY131

SWY4277
TBY52
TBY121
TBY104
TBY105
TBY106
TBY107
TBY108
TBY110
TBY111
TBY132
TBY114
TBY101

Genotype
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/URA3/DED1
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/HIS3/DED1
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/HIS3/ded1-CT
MAT ded1::KAN NIP1-PROTA::spHIS5 ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100
+pCEN/LEU2/DED1
MAT ded1::KAN NIP1-PROTA::spHIS5 ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100
+pCEN/LEU2/ded1-CT
MAT ded1::KAN TIF1:3XHA:TRP1 ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100
+pCEN/HIS3/DED1
MAT ded1::KAN TIF1:3XHA:TRP1 ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100
+pCEN/HIS3/ded1-CT
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-120
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/DED1
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-CT
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-535-548
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-549-562
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-563-576
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-577-590
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-591-604
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/HIS3/ded1-W604A
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/HIS3/ded1-W603/604A
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-4SA
MAT ded1::KAN ade2-1 ura3-1 his3-11,15 leu2-3,112
trp1-1 can1-100 +pCEN/LEU2/ded1-4SD
MAT ded1::KAN SCH9:3XHA:TRP1 ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100
+pCEN/HIS3/DED1

Source
[38]
This study
This study
This study

This study

This study

This study

[38]
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study

TBY103

TBY133
TBY134
TBY135

TBY136

TBY137

MAT ded1::KAN SCH9:3XHA:TRP1 ade2-1 ura3-1
his3-11,15 leu2-3,112 trp1-1 can1-100
+pCEN/HIS3/ded1-CT
MAT ade2-1 ura3-1 his3-11,15 leu2-3,112 trp1-1 can1100 +2/URA3/DED1
MAT tif4631::HYG ded1::KAN ade2-1 ura3-1 his311,15 leu2-3,112 trp1-1 can1-100 +pCEN/HIS3/DED1
MAT tif4631::HYG ded1::KAN ade2-1 ura3-1 his311,15 leu2-3,112 trp1-1 can1-100 +pCEN/HIS3/ded1CT
MAT tif4631::HYG ded1::KAN ade2-1 ura3-1 his311,15 leu2-3,112 trp1-1 can1-100 +pCEN/HIS3/ded1591-604
MAT tif4631::HYG ded1::KAN ade2-1 ura3-1 his311,15 leu2-3,112 trp1-1 can1-100 +pCEN/HIS3/ded1W603/604A

This study

This study
This study
This study

This study

This study

Supplemental Table S2: Plasmids used in this study
Plasmid Name
DED1
pRP2044
pSW3619
ded1-120
pTB136
pTB111
pTB112
pTB113
pTB114
pTB115
pTB123
pTB124
pTB104
pTB122
pTB105
pSW3576
pTB6
pTB160
pTB161

Description
CEN/HIS3/DED1
CEN/HIS3/ded1-CT
CEN/LEU2/DED1
CEN/LEU2/ded1-120
CEN/LEU2/ded1-CT
CEN/LEU2/ded1-535-548
CEN/LEU2/ded1-549-562
CEN/LEU2/ded1-563-576
CEN/LEU2/ded1-577-590
CEN/LEU2/ded1-591-604
CEN/HIS3/ded1-W604A
CEN/HIS3/ded1-W603/604A
CEN/LEU2/ded1-4SA
CEN/LEU2/ded1-4SD
2/URA3/DED1
pET28a-DED1
pET28a-ded1-536-604
pET28a-ded1-591-604
pET28a-ded1-W603/604A

Source
[37]
[9]
[38]
[37]
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
This study
[38]
This study
This study
This study
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Supplementary Figure S1: Ded1 phosphorylation and/or mis-regulation of downstream TORC1
signaling are not the cause of ded1-∆CT rapamycin resistance. (A) Cells containing DED1, ded1-4SA
(S535/S539/541/543A: phos-pho-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. (B) 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 visual-ize the band-shift. A
representative blot is shown along with a graph of the means from 3 independent trials. (C) DED1 or ded1∆CT cells were treated with rapamycin for 18 hours, RNA extraction was performed, and 18S and 28S
ribosomal RNA was analyzed by gel electrophoresis. (D) DED1 or ded1-∆CT cells were treated with 200
ng/ml rapamycin for 1 hour, and cell extracts were prepared and blotted for with antibodies against eIF2α, peIF2α, and PGK1. Results are representative of 3 independent experiments.
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Supplementary Figure S2: Rapamycin resistance is dependent on eIF4G1 levels, not Ded1 levels.
(A) DED1, ded1-∆CT, ded1-∆591-604, or ded1-W603/604A 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. (B) DED1 and ded1-∆CT cells were grown in the presence of rapamycin for 18
hours. Polysome profiles were generated as in Figure 2, and fractions were collected for western
blotting using antibodies against Tif4631 (eIF4G1) and Ded1. Results are representative of 3
independent experiments. (C) Wild-type cells with an empty vector (WT), or cells containing high-copy
(2μ) plasmid with DED1 (WT + HC-DED1) were serially diluted and plated on selective media +/rapamycin (100 ng/ml), and incubated at 30˚C. (D) WT + vector or WT + HC-DED1 cells were
subjected to a time course of rapamycin treat-ment, and cell extracts were prepared and blotted for the
indicated translation initiation factors (and PGK1 as a loading control) as in Figure 3. Results are
representative of 2 independent experiments.
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Supplementary Figure S3: Multiple sequence alignment of the C-terminus of Ded1 orthologs. (A) The sequence alignment
was performed using Clustal Omega with Ded1 orthologs ranging from yeast to humans. Accession numbers for sequences are,
NP_015206.1 (S. cerevisiae), Q9VHP0 (Drosophila Belle/DDX3 variant), NP_034158.1 (mouse DDX3 variant), and
NP_001347.3 (human DDX3 variant). Conservation is shown by (*) for the same residue, (:) for strong conservation, and (.) for
weak conservation of residues as defined by Clustal Omega default parameters. Note the C-terminal tryptophans are conserved.
(B) The Ded1 C-terminal domain (aa’s# 536-604) is shown, marked with the location of amino acids 591-604.
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Supplementary Figure S4: Speculative model for Ded1 in the translational stress response. (A) In nonstress conditions Ded1 stimulates translation by promoting assembly of the 48S preinitiation complex. (B)
In stress, WT Ded1 may be directly involved in two steps of translation repression. First, Ded1 may stall the
assembly of the 48S preinitiation complex. In a second step, Ded1 promotes the removal of eIF4G from
stalled translation preinitiation complexes, which leads to the co-degradation of both factors. (C) In cellular
stress ded1 mutants (ded1-120/ded1-ΔCT) are not effective in stalling 48S preinitiation complex assembly.
The removal and degradation of eIF4G from preinitiation complexes is also impaired, as this step requires
Ded1 enzymatic activity and a functional interaction between the Ded1 C-terminus and eIF4G. Thus eIF4G
is retained in translation complexes and helps sustain translational activity.

