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Here, we have characterized a step in translation initiation

of viral and cellular mRNAs that contain RNA secondary

structures immediately at the vicinity of their m7GTP cap.

This is mediated by the DEAD-box helicase DDX3 which

can directly bind to the 50 of the target mRNA where it

clamps the entry of eIF4F through an eIF4G and Poly

A-binding protein cytoplasmic 1 (PABP) double interac-

tion. This could induce limited local strand separation of

the secondary structure to allow 43S pre-initiation com-

plex attachment to the 50 free extremity of the mRNA. We

further demonstrate that the requirement for DDX3 is

highly specific to some selected transcripts, cannot be

replaced or substituted by eIF4A and is only needed in

the very early steps of ribosome binding and prior to 43S

ribosomal scanning. Altogether, these data define an

unprecedented role for a DEAD-box RNA helicase in

translation initiation.
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Introduction

Recruitment of the 43S pre-initiation complex (PIC) at the

50 end of an mRNA is the rate-limiting step during translation

initiation in eukaryotes. During the early events of this

process, the recognition of the m7GTP cap moiety by eIF4F

allows the recruitment of the 40S small ribosomal subunit

(together with several initiation factors and the met-tRNAi)

onto the mRNA (Pestova and Kolupaeva, 2002; Jackson et al,

2010). The multimeric complex eIF4F is composed of the

cap binding protein eIF4E, the DEAD-box RNA helicase

eIF4A and the scaffold protein eIF4G (Jackson et al, 2010).

Upon cap structure recognition, the ATP-dependent RNA

helicase activity of eIF4A is thought to be responsible for

the unwinding of secondary structures that favour the

movement of the 43S PIC along the 50-UTR during

ribosomal scanning (Parsyan et al, 2011). Indeed, the

requirement of the eIF4A activity is directly correlated to

the amount of secondary structures present within the 50-UTR

(Svitkin et al, 2001; Pestova and Kolupaeva, 2002). However,

several cellular and viral transcripts harbour unusually long

50-UTRs composed of multiple stem-loop (SL) structures

sufficiently stable to resist the unwinding activity of eIF4A

(Kozak, 1991; Pickering and Willis, 2005). This may account

for the requirement of additional RNA helicases such as Ded1

in yeast or the DEAH-box proteins DHX29 and RNA helicase

A (RHA or DHX9) in mammals, which cooperate with eIF4A

to enhance the processivity of ribosomal scanning on

structured mRNAs (Parsyan et al, 2011). While Ded1 and

RHA act by unwinding secondary structures present within

the 50-UTR (Berthelot et al, 2004; Hartman et al, 2006;

Marsden et al, 2006), DHX29 has the unique ability to

remodel the 40S ribosomal subunit to assist its scanning

over RNA structures (Pisareva et al, 2008; Parsyan et al,

2009; Abaeva et al, 2011).

In contrast to RHA, which is recruited by binding to a

specific post-transcriptional control element (PCE) present in

its selected mRNA targets (Hartman et al, 2006), other RNA

helicases are delivered to the 50 end of the mRNA indirectly as

a component of eIF4F (eIF4A and Ded1) or together with the

40S ribosomal subunit (DHX29) (Imataka and Sonenberg,

1997; Pisareva et al, 2008; Hilliker et al, 2011). Indeed, the

affinity of eIF4A for RNA is very low and its ATPase and

helicase activities are strongly stimulated when present in the

eIF4F complex or when it is associated with its co-factors

eIF4B and eIF4H (Lorsch and Herschlag, 1998a, b; Rajagopal

et al, 2012). This indicates that the helicase activity of eIF4A

needs to be delivered to the 50 end of the mRNA by eIF4E/

eIF4G upon cap recognition. Consistent with this idea, RNA

structures located close to the 50 end such as the trans-

activation response element (TAR) present in the transcripts

of the human and simian immunodeficiency viruses impair

translation by interfering with cap recognition and thus, the

recruitment of the eIF4A helicase activity (Parkin et al, 1988;

Kozak, 1989; Sagliocco et al, 1993; Pestova and Kolupaeva,

2002; Babendure et al, 2006).

By studying the mechanism of translation initiation of the

human immunodeficiency virus type-1 (HIV-1) genomic RNA

(gRNA), we came across a molecular mechanism of viral and

cellular translational control mediated by the DEAD-box RNA

helicase DDX3, a host factor essential for HIV-1 replication

(Bushman et al, 2009). Although the precise role of DDX3 in

translational control remains ambiguous, it was proposed

either to assist translation of mRNAs carrying complex

50-UTRs in an ATP-dependent manner by an unknown

mechanism or to promote ribosomal subunit joining in an

ATP-independent manner (Lai et al, 2008, 2010; Geissler et al,

2012). In this manuscript, we have further investigated the

ATP-dependent role of DDX3 in viral and cellular translation

and we have characterized a molecular mechanism for initial

43S ribosomal binding.
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We show that DDX3 is not essential for general translation

but is required for translation driven by cellular and viral

transcripts that contain secondary structures within their

50-UTR. By using the HIV-1 50-UTR as a model, we could

show that DDX3 is not required to assist the unwinding of

secondary structures during ribosomal scanning as it could

have been anticipated. In fact, DDX3 is associated within the

eIF4F complex by an eIF4G–PABP (Poly A-binding protein

cytoplasmic 1) double interaction but it is also able to directly

bind to RNA. As such, DDX3 could be anchored to the 50

terminus of the mRNA where it allows the entry of the eIF4F

complex by performing local destabilization of RNA structures

located close to the m7GTP cap moiety. With the assistance of

eIF4A, this complex unwinds 50 terminal RNA structures to

allow the entry of the 43S ribosomal subunit. Our results

provide a rationale explanation on how some viral and cellular

mRNAs that contain very stable RNA structures immediately

at their 50 extremity can still be efficiently translated by a

cap-dependent ribosomal scanning mechanism.

Results

DDX3 is required for translation of the HIV-1 gRNA

Our initial goal was to analyse the role of DDX3 on HIV-1

gRNA translation. For this, we depleted DDX3 from HeLa

cells by siRNA (Figure 1A) that we further transfected with a

complete molecular clone HIV-1 NL4-3-Renilla (NL4-3R)

developed in our laboratory. This encodes the entire HIV-1

genome modified in the Gag coding region to accommodate

the Renilla luciferase reporter gene in order to quantify viral

protein synthesis during the replication cycle (Soto-Rifo et al,

2012). Interestingly, accumulation of the gRNA in the

cytoplasm was not affected after DDX3 knockdown

indicating that the latter is not limiting for gRNA nuclear

export under the knockdown conditions used in this

manuscript (Supplementary Figure 1A, see left graph); this

is in agreement with recent data showing that the concentra-

tion of DDX3 remaining after siRNA knockdown was suffi-

cient to ensure HIV-1 gRNA export (Naji et al, 2012).

However, we observed that HIV-1 translation was strongly

repressed in DDX3-depleted cells indicating a critical role for

the RNA helicase in this process (Figure 1B, compare siCtrl

and siDDX3; Supplementary Figure 1A, right graph). It is

noteworthy that the knockdown of DDX3 did not have any

significant impact on global translation as evidenced by

incorporation of 35S-methione on de novo synthesized pro-

teins nor on the translational efficiency of a Renilla luciferase

reporter gene (Supplementary Figures 1B and C), suggesting

that DDX3 is not an essential factor for translation as pre-

viously proposed (Fukumura et al, 2003; Lai et al, 2008, 2010;

Abaeva et al, 2011).

Ectopic expression of an siRNA resistant version of DDX3

(DDX3R in Figure 1B) fully restored HIV-1 translation ruling

out the possibility of an off-target effect of the anti-DDX3

siRNA. Interestingly, a DDX3R mutant in the putative eIF4E-

binding motif (Y38A/L43A in Figure 1B) as described (Shih

et al, 2008) was as active as the wild-type protein indicating

that DDX3 did not promote HIV-1 translation through the

binding of the cap-binding protein.

DDX3 was proposed either to promote translation of

mRNAs carrying complex 50-UTRs by an ATP-dependent

mechanism or to promote ribosomal subunit joining in an

ATP-independent manner (Lai et al, 2008, 2010; Geissler et al,

2012). To discriminate between these two possibilities, we

performed rescue experiments using DDX3R point mutants in

motif I (K230E), motif II (DQAD) or the Q-motif (Q207A) as

they are all involved in ATP binding and/or hydrolysis

(Cordin et al, 2006). As observed, none of these mutants

could reverse the inhibition of HIV-1 translation upon

knockdown indicating that DDX3 promotes HIV-1

translation in an ATP-dependent manner (Figure 1B).

However, we were surprised to observe that a mutation in

motif III (S382L) was able to restore HIV-1 translation to the

level of the control. Although the SAT motif III was suggested

to link ATP hydrolysis with the unwinding activity (Cordin

et al, 2006), the S382L point mutant of DDX3 (and its

equivalent in Ded1) can still bind ATP while presenting

limited unwinding activity suggesting that it may exhibit

local strand separation but it would be unable to unwind

RNA duplexes in a more processive manner (Yedavalli et al,

2004; Liu et al, 2008; Banroques et al, 2010). This is rather

unexpected as it implies that DDX3 would not be needed for

the unwinding of secondary structures during ribosomal

scanning as it could have been anticipated. Such an

assumption was strengthened by the fact that HIV-1

translation was not fully restored upon expression of a

plasmid encoding the yeast Ded1 or human eIF4A RNA

helicases (Figure 1C), which are expected to be more proces-

sive during ribosomal scanning (Berthelot et al, 2004;

Marsden et al, 2006).

To further address a putative role for DDX3 in RNA

secondary structures unwinding, we have transfected control

or DDX3-depleted cells with a reporter mRNA in which

translation of the Renilla luciferase was driven by the highly

structured HIV-1 50-UTR. As a control, we included a reporter

mRNA harbouring the short and simple 50-UTR from the

human b-globin transcript (Supplementary Figure 1D).

Consistent with a role of DDX3 in assisting translation of

complex mRNAs, we observed that only HIV-1-driven trans-

lation (but not b-globin) was inhibited by DDX3 knockdown

(Supplementary Figure 1D). This result further confirms that

under our experimental conditions, DDX3 is not involved in

the general process of translation initiation but rather, it

promotes translation of complex mRNAs. Interestingly,

increasing the stability of the HIV-1 50-UTR by the insertion

of an SL with a thermal stability of � 22.4 kcal/mol at

position 263 that inhibited translation by two-fold did not

further impact the requirement for DDX3 (Supplementary

Figure 1D). These data are very intriguing as they suggest a

specific role for DDX3 in HIV-1 translation that appears not to

be mediated through the unwinding of RNA secondary

structures during ribosomal scanning as was shown for

eIF4A (Svitkin et al, 2001; Pestova and Kolupaeva, 2002).

Thus, if DDX3 is not involved in ribosomal scanning or

ribosomal subunit joining it could be required for an earlier

event occurring most probably during cap structure recogni-

tion. Therefore, we reasoned that facilitating cap structure

recognition by the introduction of an unstructured RNA

spacer between the m7GTP cap and the HIV-1 50-UTR would

abolish the need for DDX3. To investigate this, we have

engineered synthetic transcripts in which the distance

between the m7GTP cap and the HIV-1 50-UTR was length-

ened by introducing 5, 10 or 20 repeats of the CAA triplet (see

cartoon in Figure 1D). These constructs still possess the
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entire viral 50-UTR, with the same free energy, GC content

and RNA folding but they start with an unstructured spacer

(Pestova and Kolupaeva, 2002). As controls Renilla luciferase

reporter mRNAs carrying the b-globin 50-UTR or 16 repeats of

CAA were included. Remarkably, displacement of the HIV-1

50-UTR by only 15 nucleotides (the length necessary to

accommodate a 43S PIC) away from the cap completely

abolished the need for DDX3 confirming that DDX3 is not

involved in a mechanism requiring RNA unwinding as it is

not needed once the 43S PIC has been engaged in ribosomal

scanning.

DDX3 acts on a specific RNA motif that interferes with

cap structure recognition

In order to gain insights into the molecular mechanism by

which DDX3 promotes translation, we continued to use

translation driven by the HIV-1 50-UTR as a model study

case. This is justified by the fact that the structure of the

50-UTR has been extensively characterized and modelled over

the past years (Paillart et al, 2004; Wilkinson et al, 2008;

Watts et al, 2009), which would facilitate the identification of

specific RNA motifs involved in DDX3 activity.

The first question to answer was whether the need for

DDX3 was a conserved feature among different members of

the Retrovirus family. This is important since most

Retroviruses contains an RHA-responsive PCE in their

50-UTR (Bolinger and Boris-Lawrie, 2009). By using Renilla

luciferase reporter mRNAs, we observed that translation of

the Human immunodeficiency virus type-2 (HIV-2) and

Simian immunodeficiency virus (SIV) was also sensitive to

DDX3 knockdown (Figure 2A). This sharply contrasts with

translation of the Feline immunodeficiency virus (FIV),

Human T-cell lymphotropic virus (HTLV-I) and Murine

Leukaemia virus (MLV), which were refractory to DDX3

depletion. Once again, it is noteworthy that absolutely all

retroviral derived 50-UTR are long, structured and GC rich

(see Supplementary Figure 6A). This confirms that the pre-

sence of stable RNA secondary structures within the 50-UTR

did not determine the requirement for DDX3 and this must be

due to the presence of a particular RNA feature that can be

found and conserved among the primate lentiviruses HIV-1,

HIV-2 and SIV. Consistent with this idea, the secondary

structure of the 50-UTR from the feline lentivirus FIV differs

from that of primate lentiviruses (Kenyon et al, 2011). This
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Figure 1 DDX3 promotes translation of complex mRNAs. (A) Western blotting showing knockdown of DDX3 from HeLa cells transfected with
a control siRNA (siCtrl) or an anti-DDX3 siRNA (siDDX3). eIF4E was used as a loading control. (B) Schematic representation of DDX3 helicase
core indicating the sites that were mutated for functional analysis (upper cartoon). Control (siCtrl) and DDX3-depleted (siDDX3) HeLa cells
were transfected with 0.3mg of HIV-1-Renilla proviral DNA together 1mg of a control vector coding for EGFP (in siCtrl and siDDX3). For rescue
of siDDX3 cells, 1 mg of vectors encoding wild-type DDX3R or the indicated mutants were included. Translation of the HIV-1 genomic RNA
(gRNA) was determined at 24 h.p.t. by reading the Renilla luciferase activity normalized to cytoplasmic gRNA levels. Results were normalized
to the siCtrl/EGFP transfection (indicated as siCtrl in the figure, arbitrary set to 100%) and are presented as mean±s.d. of three duplicated
experiments. (C) Control (siCtrl) and DDX3-depleted (siDDX3) HeLa cells were transfected with 0.3 mg of HIV-1-Renilla proviral DNA together
with 1mg of vectors expressing EGFP (siCtrl and siDDX3) or DDX3R, yeast Ded1 or human eIF4A (in siDDX3). HIV-1 gRNA translation was
determined at 24 h.p.t. by reading the Renilla luciferase activity normalized to cytoplasmic gRNA levels. Results were normalized to the siCtrl/
EGFP DNA transfection (siCtrl in the figure, arbitrary set to 100%) and are presented as mean±s.d. of three duplicated experiments.
(D) Control (siCtrl) and DDX3-depleted (siDDX3) HeLa cells were transfected with 0.125 pmol of Renilla luciferase reporter mRNAs carrying
the indicated 50-UTR (see cartoon on the left). Renilla luciferase activity was analysed at 3 h.p.t. Results were normalized to siCtrl (arbitrary set
to 100%) and are presented as mean±s.d. of three duplicated experiments.
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result also confirms that DDX3 function could not be related

to the activity of RHA on PCEs during ribosomal scanning

(Hartman et al, 2006).

A hallmark of the 50-UTR of primate lentiviruses is the

presence of the TAR RNA motif, which is located immediately

at position þ 1 of the mRNA (Berkhout, 2000). While this

motif corresponds to a single SL in HIV-1, it forms a forked

structure composed of three SLs in HIV-2 and SIV. As a

consequence of TAR folding, the m7GTP cap moiety is

embedded within the structure through base pairing with a

C residue located several dozens of nucleotides downstream

(Figure 2B). As structures located close to the cap were

shown to represent a strong barrier for attachment of eIF4F

and the subsequent recruitment of the 43S PIC (Parkin et al,

1988; Kozak, 1989; Sagliocco et al, 1993; Pestova and

Kolupaeva, 2002; Babendure et al, 2006), the TAR motif

appears to be a likely candidate to justify the need for

DDX3 activity. To investigate this, we have deleted TAR

from the 50 end of the HIV-1 50-UTR (DTAR mRNA) together

with a control deletion at the 30 end part of the HIV-1 50-UTR,

as several SL structures are also present in this region

(Supplementary Figure 2A). Transfection of the resulting

reporter Renilla mRNAs in control and DDX3-depleted cells

revealed that deletion of TAR completely abolished the

requirement for DDX3 (Figure 2C, see DTAR) whereas dele-

tion of other structured regions of the HIV-1 50-UTR had no
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Figure 2 DDX3 acts on structures located close to the m7GTP cap. (A) Control (siCtrl) and DDX3-depleted (siDDX3) HeLa cells were
transfected with 0.125 pmol of Renilla luciferase reporter mRNAs carrying the indicated 50-UTR. Renilla luciferase activity was analysed at
3 h.p.t. Results were normalized to siCtrl (arbitrary set to 100%) and are presented as mean±s.d. of three duplicated experiments.
(B) Schematic representation of the HIV-1 and HIV-2 TAR structures. In HIV-1, the m7GTP cap is base paired with the C residue at position
57 while in HIV-2 it is base paired with the C residue at position 123. (C–E) Control (siCtrl) and DDX3-depleted (siDDX3) HeLa cells were
transfected with 0.125 pmol of Renilla luciferase reporter mRNAs carrying the indicated 50-UTR. Renilla luciferase activity was analysed at
3 h.p.t. Results were normalized to siCtrl (arbitrary set to 100%) and are presented as mean±s.d. of three duplicated experiments. (F) Control
(siCtrl) and DDX3-depleted (siDDX3) HeLa cells were transfected with 0.125 pmol of the indicated Renilla luciferase reporter mRNA. Renilla
luciferase activity was analysed at 3 h.p.t. Results were normalized to siCtrl (arbitrary set to 100%) and are presented as mean±s.d. of three
duplicated experiments.
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impact (see TAR-PBS mRNA). Such data were confirmed by

deletion of TAR from the HIV-2 50-UTR, suggesting that the

presence of this RNA structure at the 50 end determines the

requirement for DDX3 (Figure 2D).

To confirm this, we have inserted the HIV-1 TAR structure

(nts 1–57 of the HIV-1 50-UTR) at the 50 terminal extremity of

a synthetic reporter mRNA. In order to avoid any possible

interaction between TAR and non-specific sequences in the

50-UTR of the reporter gene, we have chosen to use CAA

repeats for the remainder of the 50-UTR. Interestingly,

while translation of the CAA mRNA was not inhibited and

rather stimulated by DDX3 knockdown, the addition of TAR

switched towards a DDX3-dependent mechanism (Figure 2E).

Because TAR is known to bind many cellular proteins

(Bannwarth and Gatignol, 2005), we wanted to check

whether dependence on DDX3 was due to some specific

feature of TAR or if it could be triggered by any RNA

structure placed at the 50 end. This is why we have

engineered an SL structure of random sequence that is not

related to any viral TAR and whose predicted stability is even

lower than that of HIV-1 TAR (Supplementary Figure 2B).

Interestingly, the insertion of this SL at the 50 end of the

CAA mRNA was sufficient to render it dependent on the

presence of DDX3 (Figure 2E). This indicates that the require-

ment for DDX3 is not given by specific RNA sequences of

viral origin nor to the binding of specific cellular proteins but

is due to the presence of a stable hairpin loop at the 50 end of

the mRNA. It is noteworthy that some other helicases may

also be recruited for the unwinding of the SL.

Another possibility that could explain the need for DDX3

would be an indirect effect by activation of the PKR pathway

(Edery et al, 1989) or the generation of miRNAs due to

processing of TAR by the RISC machinery (Ouellet et al,

2008). To check these hypotheses, we have inserted the

TAR structure at the 30 end of the globin-Renilla luciferase

reporter mRNA that was transfected in control and DDX3-

depleted cells (Figure 2F). However, the presence of TAR at

this position had no effect whatsoever in the requirement for

DDX3 indicating that its requirement is determined by the

presence of the structure at the 50 end of its target mRNAs.

Thus, these results suggest that the presence of an RNA

structure immediately at the 50 end of a given mRNA is

sufficient to render translation dependent on DDX3.

DDX3 binds to RNA in a non-specific manner

Given its low affinity for RNA (Lorsch and Herschlag, 1998a,

b), the RNA helicase eIF4A could only be recruited to the

mRNA as a component of eIF4F upon cap structure

recognition (Parsyan et al, 2011). As data above suggest that

DDX3 acts on RNA structures located at the 50 end of the

mRNA that interfere with cap structure recognition by eIF4F,

we reasoned that unlike eIF4A, DDX3 must be able to bind

directly its RNA targets. As we have identified the HIV-1 TAR

RNA as a natural target for DDX3 activity during translation,

we examined whether recombinant DDX3 (rDDX3) could

interact with a [32P]-TAR RNA in vitro. In fact, incubation

of TAR with rDDX3 resulted in the formation of high

molecular weight complexes (Figure 3A, lanes 4–6).

Addition of ATP (lane 5) or AMP-PNP (lane 6) to the binding

reactions did not change the ability of DDX3 to bind TAR

indicating that DDX3 could bind its RNA targets in an ATP-

independent manner. This was further confirmed by the

ability of the K230E mutant to bind to the HIV-1 50-UTR

(data not shown). Nevertheless, we cannot rule out the

possibility that small amounts of ATP coming from our

protein or RNA preparations are sufficient to stimulate bind-

ing. Consistent with its low affinity for RNA (Lorsch and

Herschlag, 1998a, b), recombinant eIF4A was not able to bind

TAR under our experimental conditions (lanes 7–9).

DEAD-box helicases bind to RNA through the sugar back-

bone and thus, binding is non-specific at least in vitro (Bono

et al, 2006; Sengoku et al, 2006). This prompted us to

examine whether RNA binding by DDX3 was also non-

specific. In fact, we observed that DDX3 could bind the

HIV-1 50-UTR regardless of the presence of TAR (Figure 3B).

As the HIV-1 50-UTR is composed of several biologically

functional SL RNA motifs (Supplementary Figure 3A), we

wanted to map putative additional binding sites at the

nucleotide resolution by toeprinting. It should be mentioned

that, under our experimental conditions, any toeprint corre-

sponding to DDX3 bound to TAR would be masked by the

full-length signal due to its position at the very 50 end.

However, we repeatedly detected two specific toeprints

downstream to TAR (Figure 3C, see toeprint #1 and #2 and

Supplementary Figure 3A). The presence of these additional

binding sites could be in agreement with the local strand

separation mechanism proposed for DEAD-box proteins in

which the binding close to the target duplex RNA would be a

way to increase the loading of the protein and to stimulate

unwinding (Yang and Jankowsky, 2006; Yang et al, 2007).

Due to the lack of eIF4G (de Breyne et al, 2009) and its

inability to bind to the HIV-1 50-UTR, no toeprints were

observed with eIF4A (data not shown).

To our surprise, DDX3 was also able to bind different

50-UTRs including globin and HTLV-I (Figure 3D) for which

we clearly showed that translation does not rely on DDX3. As

observed above, recombinant eIF4A was unable to bind any

of the 50-UTRs. In order to further investigate the specificity of

DDX3 binding, we have competed out the DDX3-HIV-1

50-UTR interaction with an excess of cold ssRNAs or

dsRNAs and this showed that ssRNAs were better competi-

tors than dsRNAs (Supplementary Figure 3B and C).

Taken together, these in-vitro biochemical assays reveal

that DDX3 has the ability to bind to the 50-UTR irrespectively

to its role in promoting, or not, translation of these given

transcripts. However, it is also noteworthy that toeprinting

reveals the presence of, at least, two specific motifs in the

HIV-1 50-UTR that are bound by DDX3.

DDX3 cooperates with eIF4A during TAR unwinding

Given the ability of DDX3 to bind and act on TAR (Figures 2C

and 3A), its most likely function during translation would be

to catalyse the ATP-dependent remodelling of this RNA motif.

Although it is well known from previous work that DDX3 is

able to unwind short RNA duplexes in vitro (Yedavalli et al,

2004; Garbelli et al, 2011), we reasoned that DDX3 would

only be able to locally destabilize TAR as the latter has more

than two helical turns. Therefore, we have developed a

system to monitor TAR unwinding in a cellular context. For

this, we have engineered a TAR-Renilla mRNA (named TAR

wt, see Supplementary Figure 4), which does not contain an

AUG initiation codon and thus, only produces background

levels of protein product (Figure 4A). However, the introduc-

tion of a single nucleotide mutation (C29A) in the loop of TAR

Translation initiation mediated by DDX3
R Soto-Rifo et al

5&2012 European Molecular Biology Organization The EMBO Journal



that should not influence its structure, as it is not in a

nucleotide paired region, creates an in-frame AUG codon

(TAR-AUG) that can be used to synthesize the downstream

luciferase reporter gene. Therefore, the reading of luciferase

activity indicates that TAR unwinding has occurred in the

system. From a functional point of view, insertion of this AUG

results in a 20-fold increase in Renilla luciferase synthesis to a

level comparable to the positive control which consists of the

same reporter gene in which the TAR stem was destabilized

by replacement of the 50 branch with CAA repeats (see CAA-

AUG-TAR in Supplementary Figure 4). Such an increase is

due to initiation at the AUG codon embedded within the SL

and that can only be reached by the 43S PIC if TAR gets

unwound (Figure 4A, left graph). Thus, to assess the role of

DDX3 in this process, we have performed these experiments

in control or siDDX3-treated cells in the presence of the HIV-1

and globin controls. Interestingly, translation of the TAR-AUG

mRNA was compromised by DDX3 knockdown indicating

that the RNA helicase is required for TAR unwinding in cells

(Figure 4A, right graph). As was expected, translation of the

destabilized CAA-AUG-TAR mRNA did not show any level of

dependence towards DDX3.

From results presented above, it could be speculated that

DDX3 could either substitute or synergize with eIF4A during

HIV-1 translation by destabilizing TAR. Indeed, eIF4A is the

prototype for DEAD-box RNA helicases whose function in

translation is thought to both participate in ribosome binding

and scanning (Parsyan et al, 2011). Thus, we blocked eIF4A

activity by treating HeLa cells with the highly specific eIF4A

inhibitor hippuristanol (Bordeleau et al, 2006) and we looked

at translation driven by a spectrum of 50-UTRs including

globin, HCV, HIV-1, TAR-AUG and CAA-TAR-AUG in these
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Figure 3 DDX3 binds RNA in a non-specific manner. (A) 1.5% agarose gel showing results from an EMSA. In vitro transcribed, [32P]-labelled
TAR RNA was incubated in buffer (lanes 1–3), recombinant DDX3 (lanes 4–6) or eIF4A (lanes 7–9) in the absence (lanes 1, 4 and 7) or presence
of ATP (lanes 2, 5 and 8) or AMP-PNP (lanes 3, 6 and 9). TAR and TAR/DDX3 complexes are indicated at the left of the image. Binding reactions
were carried out at a 1:12 RNA:protein ratio. Result shown is representative of at least three independent experiments. (B) 1.5% agarose gel
showing results from an EMSA. In vitro transcribed, [32P]-labelled HIV-1 50-UTR or DTAR 50-UTR was incubated in buffer (lanes 1 and 6) or with
increasing amounts of rDDX3 (lanes 2–5 and 7–10). The free RNA is indicated on the left and the RNA/DDX3 complexes are indicated at the
right. Binding reactions were carried out at 1:0.2 (lanes 2 and 7); 1:0.6 (lanes 2 and 8); 1:3 (lanes 4 and 9) and 1:6 (lanes 5 and 10) RNA:protein
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experiments. (D) 1.5% agarose gel showing results from an EMSA. In vitro transcribed, [32P]-labelled 50-UTR was incubated in buffer
(lanes 1, 4, 7, 10 and 13), with recombinant DDX3 (lanes 2, 5, 8, 11 and 14) or with recombinant eIF4A (lanes 3, 6, 9, 12 and 15). Only DDX3 is
able to form complexes with RNA. Binding reactions were carried at a 1:1.5 RNA:protein ratio. Results shown are representative of at least
three independent experiments. Binding with the globin RNA was carried out in the same experiment but run in a different gel. Figure source
data can be found with the Supplementary data.
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cells (Figure 4B). Translation of all these constructs, with the

exception of HCV (which does not require eIF4A for transla-

tion; Pestova et al, 1998) was severely impaired by the

addition of hippuristanol. This implies that eIF4A is an

essential factor for HIV-1 translation and suggests that

DDX3 and eIF4A play distinct roles in translation initiation.

This is particularly evidenced with translation of globin and

CAA-AUG-TAR mRNAs, which are DDX3 independent but

eIF4A dependent whereas HIV-1 and TAR-AUG constructs are

dependent on both RNA helicases (Figures 4A and B). This

double dependence suggests that the DDX3 and eIF4A may

have additive effects on translation initiation. To verify this,

we have added hippuristanol to DDX3-depleted cells and

looked at translation driven by the globin or the HIV-1

50-UTR. Remarkably, whereas addition of hippuristanol was

drastically inhibitory to protein synthesis from both mRNAs,

the additional knockdown of DDX3 only further affected

HIV-1 translation with an additive effect to hippuristanol

(Figure 4C). Such a result confirms that eIF4A and DDX3

exert different roles in translation with the latter being only

needed for selected transcripts whereas eIF4A fulfills the role

of an essential initiation factor.

DDX3 is associated with eIF4F for translation of complex

mRNAs

As DDX3 appears to be needed to promote the initial steps of

ribosome binding on mRNAs harbouring secondary struc-

tures at their 50 termini, we reasoned that it could be involved

in the process of cap recognition and initial 43S PIC binding.

Interestingly, while this work was in progress Lorsch and

colleagues have shown that the binding of eIF4F to mRNAs is

greatly facilitated by the presence of a free 50 end (Rajagopal

et al, 2012). Along this line, DDX3 has been shown to interact

with several translation initiation factors (Lai et al, 2008; Lee

et al, 2008; Shih et al, 2008, 2011), suggesting that DDX3

could be an active component of the translation initiation

machinery.

Thus, we first looked at a possible colocalization of DDX3

with components of the translation initiation machinery. For

this, we induced an oxidative stress in HeLa cells expressing a

GFP–DDX3 fusion protein together with different HA-tagged

members of the eIF4 group. Confocal microscopy analyses

revealed that DDX3 was found together with eIF4F compo-

nents eIF4E, eIF4G, eIF4A but also eIF4B and PABP in

cytoplasmic stress granules, confirming its ability to be

associated with the translation initiation machinery under

these conditions (Figure 5A). However, we wanted to go

further and search for any physical interaction between

DDX3 and some of the eIF4F components in non-stressed

cells. By performing immunoprecipitation from HeLa cells

expressing HA–DDX3, we observed that eIF4G and PABP but

not other members of eIF4F were associated with DDX3

(Figure 5B). This suggests that DDX3 has the ability to

associate with PABP and eIF4G. To validate such a hypoth-

esis, S7 nuclease-treated HeLa cells extracts were passed

through an m7GTP Sepharose affinity matrix and, after

extensive washes, the resin was eluted and the bound mate-

rial was revealed by western blotting. Interestingly, DDX3

was retained together with eIF4E, eIF4G and PABP on the

m7GTP affinity matrix further confirming the presence of

DDX3 together with eIF4F components in an RNA-indepen-

dent manner (Figure 5C, left panels). Retention was specific

for eIF4F components as pre-incubation of cell extracts with

m7GpppG cap analogue completely abolished eIF4E and

DDX3 retention (Figure 5C, right panel). Then, we wanted

to determine whether interaction between DDX3 and eIF4G

was direct or mediated by PABP. For this, we have carried out

a GST-pull down assay in the rabbit reticulocyte lysate using

in-vitro translated fragments of eIF4G and recombinant GST-

DDX3 (Supplementary Figure 5). These data reveal that

DDX3 interacts both with PABP and with the middle domain

of eIF4G (682–1086) but not with the amino-terminus of

eIF4G (1–681). This is particularly interesting as it suggests

that the DDX3–eIF4G interaction is direct and not mediated
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Figure 4 DDX3 cooperates with eIF4A during TAR unwinding. (A) Indirect TAR unwinding assay ex vivo. Control (siCtrl) or DDX3-depleted
(siDDX3) HeLa cells were transfected with 0.125 pmol of the indicated Renilla luciferase reporter mRNA and Renilla luciferase activity was
analysed at 3 h.p.t. Efficiency of TAR unwinding (as determined by the Renilla luciferase activity) in siCtrl cells is showed on the left graph. The
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with 0.125 pmol of the indicated Renilla luciferase reporter mRNA and Renilla luciferase activity was analysed at 3 h.p.t. Results were
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by PABP as the middle fragment of eIF4G does not contain the

PABP binding site. Although the interaction between DDX3

and PABP has already been described (Shih et al, 2011), the

binding of DDX3 to eIF4GI was not. However, Ded1 was

recently shown to interact with the C-terminal RNA3

region of eIF4GI in yeast (Hilliker et al, 2011), suggesting an

evolutionary conserved interaction.

The association of DDX3 with eIF4F together with its

ability to bind RNA in a non-specific manner suggests that

a likely function for DDX3 could be to promote the entry of

eIF4F to the 50 end of mRNAs, which would be accompanied

by the local remodelling of the 50 end of the transcript to

promote 43S PIC entry. This is supported by the fact that

DDX3 is at least required for translation of the HIV-1 gRNA

(Figure 1) and the cyclin E1 transcript (Lai et al, 2010). This

prompted us to look whether DDX3 was a specific factor for

HIV-1 translation or if it could be needed for other cellular

mRNAs. For this, we have created a set of Renilla luciferase

reporter mRNAs in which translation was driven by the

50-UTR of several cellular transcripts that are expected to

be complex due to their length, GC content or both

(Supplementary Figure 6A). As such, all transcripts used

in this study were translated side by side in HeLa cells in

order to compare their relative efficiency (Supplementary

Figure 6B).

Transfection of control and DDX3-depleted cells revealed

that siDDX3 impacted most of the selected complex 50-UTRs

tested with the exception of b-globin and PABP (Figure 5D).

Given the fact that the PABP 50-UTR is long and GC-rich (as

that of FIV, HTLV-I and MLV), this result further confirms that

specific RNA motifs, most probably located close to the cap

moiety, rather than the complexity of the 50-UTR per se
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Figure 5 DDX3 is associated with eIF4F and plays a role before ribosomal scanning. (A) HeLa cells transfected with vectors coding for GFP-
DDX3 and the indicated eIF4F member were treated with 0.5 mM sodium arsenite for 45 min and then fixed and subjected to indirect
immunofluorescence and confocal microscopy analyses. White arrows indicate colocalization between GFP-DDX3, HA-tagged eIF4F components
and endogenous PABP in cytoplasmic stress granules. Scale bars 25mm. (B) HeLa cells expressing HA-tagged DDX3 were subjected to IP using
mouse IgG (lane 2) or a mouse anti-HA antibody (lane 3) and associated proteins were analysed by western blotting. Input (lane 1) corresponds
to a 1/10 of the total cell extract. The asterisk (*) and the double asterisk (**) in the eIF4E and eIF4A panels show cross-reactivity of the anti-
rabbit secondary antibody with the mouse IgG light chain and heavy chain, respectively. Bands observed upper and lower eIF4B in lanes 2 and 3
most probably correspond to unspecific recognition of our anti-goat secondary antibody. (C) S7 nuclease-treated HeLa cell extracts (100mg) were
incubated with an m7GTP cap affinity matrix. Proteins retained after washing were analysed by western blotting (lane 2 in left panels). In the
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correspond to the same western blot and were cropped for simplicity. (D, E) Control (siCtrl) and DDX3-depleted (siDDX3) or DMSO and
Hippuristanol-treated HeLa cells were transfected with 0.125 pmol of the indicated Renilla luciferase reporter mRNA. Renilla luciferase activity
was analysed at 3 h.p.t. Results were normalized to siCtrl (set to 100%) and are presented as mean±s.d. of three independent experiments.
(F) HeLa cells previously treated with DMSO or 200 nM hippuristanol for 2 h were transfected with 0.125 pmol of the indicated Renilla luciferase
reporter mRNA and Renilla luciferase activity was analysed at 3 h.p.t. Results were normalized to DMSO (arbitrary set to 100%) and are
presented as mean±s.d. of three duplicated experiments. Figure source data can be found with the Supplementary data.
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determine the involvement of DDX3 in translation initiation.

To finally validate that RNA motifs located close to the cap

structure determine the requirement for DDX3, we used some

of the DDX3-sensitive 50-UTRs derived from cellular tran-

scripts that we characterized above and we inserted the 20

CAA repeats between the cap structure and the beginning of

their 50-UTR. As evidenced for HIV-1, insertion of CAA

triplets between the m7GTP cap and the NDUFA1 and IL-18

50-UTRs also abolished the requirement for DDX3 indicating

the conservation of the mechanism in DDX3-dependent cel-

lular transcripts (Figure 5E). Once again, inactivation of

eIF4A activity by hippuristanol inhibited translation of all

mRNAs tested further confirming its general function in

translation initiation (Figure 5F). Taken together, these results

show that DDX3 is needed for translation of selected tran-

scripts by acting prior to 43S ribosomal scanning.

Discussion

Almost all aspects of RNA metabolism from transcription to

decay involve the activity of DEAD-box proteins, a large

family of RNA helicases that use ATP to destabilize RNA

duplexes and remodel RNP complexes or to act as immobile

RNA clamps to nucleate the assembly of large macromole-

cular complexes (Linder and Jankowsky, 2011). Despite the

high structural conservation of the catalytic core, DEAD-box

proteins play non-redundant functions within the cell and

thus, macromolecular assemblies such as the spliceosome or

the nuclear export and translation initiation machineries hold

more than one RNA helicase to accomplish their activities.

For instance, the eukaryotic translation initiation apparatus

uses the DEAD-box proteins eIF4A, Ded1 (in yeast) and

DHX29 in mammals in order to resolve the structural

constraints encountered during 43S ribosomal scanning

(Parsyan et al, 2011). Recently, Parker and colleagues have

shown that the yeast homologue of DDX3, Ded1, was

involved in general translation by promoting the formation

and resolution of a complex between eIF4F and the mRNA

(Hilliker et al, 2011).

Several cellular and viral transcripts possess structures

located at the very 50 end that strongly reduce the accessi-

bility of the m7GTP cap structure and, as a consequence,

reduce 43S PIC binding. The best-characterized example is

the HIV-1 gRNA, which commences with a highly stable 57

nucleotides SL motif that acts as a transcriptional enhancer

(Berkhout, 2000). Despite this structural constraint, we, and

others, have recently shown that the HIV-1 gRNA was

efficiently translated in cells by a 50 end cap-dependent

mechanism (Berkhout et al, 2011; Soto-Rifo et al, 2012).

By using the HIV-1 50-UTR as a model, we have fully

investigated the molecular mechanism by which the cellular

translational apparatus can deal with an SL structure at the

vicinity of the m7GTP cap and we found that this involves the

intervention of the DEAD-box RNA helicase DDX3 that is

used in a specific and time-dependent manner. Data pre-

sented here are in agreement with results published by the

Tarn and Pestova groups proposing that DDX3 is not involved

in general translation (Lai et al, 2008, 2010; Abaeva et al,

2011). Rather, we found that DDX3 promotes translation

driven by complex 50-UTRs derived from a subset of viral

and cellular mRNAs carrying a 50 proximal SL structures. By

performing in-vitro biochemical assays, we gained evidence

that DDX3 can directly bind its target RNA duplex (Figure 3).

Interestingly, we could also characterize two DDX3 binding

sites on the HIV-1 50-UTR that correspond to single-stranded

regions (Figure 3). This confirms the ability of DEAD-box

RNA helicases to bind RNA non-specifically through the

sugar phosphates (Bono et al, 2006; Sengoku et al, 2006)

but it could also give biological significance to the proposed

mechanism of local strand separation in which binding close

to the target RNA duplex would be used as loading platforms

(Yang and Jankowsky, 2006; Yang et al, 2007).

In cells, we have obtained evidence suggesting that DDX3

could be preferentially used to locally unwind the base of the

TAR motif in a function that cannot be fulfilled by other

related RNA helicases such as eIF4A (Figures 1 and 4). Local

destabilization rather than complete unwinding mediated by

DDX3 is favoured by the fact that translation of HIV-1 and

HIV-2, which possess TAR structures with high differences in

length, stability and effects on translation (Soto-Rifo et al,

2012), were similarly dependent on DDX3 (Figure 2).

Besides its RNA binding properties, we also show that

DDX3 is associated with the eIF4F complex through an

eIF4G and PABP double interaction in an RNA-independent

manner (Figure 5). Therefore, it suggests that DDX3 can be

delivered to the target mRNA either by direct binding

(Figure 3) or associated with components of eIF4F

(Figure 5) or both. Given these data, it is tempting to

speculate that DDX3 is a core constituent of eIF4F and

becomes only required if it ‘meets’ an SL at the 50 end of

the mRNA. Such a hypothesis is in agreement with results

presented in Figure 5 showing that introduction of an RNA

spacer between the m7GTP and the target RNA renders all

tested transcripts resistant to DDX3 knockdown despite the

fact that they remained highly sensitive to eIF4A inhibition by

hippuristanol. Once again, this argues towards a specialized

role for DDX3 in the translation of selected mRNAs whereas

eIF4A is needed for all transcripts. Due to the inability of

DEAD-box proteins to unwind RNA duplexes with more than

two helical turns, it is more likely that DDX3 may only locally

destabilize the RNA structure to generate a single-stranded

region large enough to allow the recognition of the m7GTP

cap or loading onto the 40S subunit. As such, this fits well

with recent data from the Lorsch group showing that entry of

the eIF4F complex is greatly facilitated by the presence of a

free 50 end on the mRNA (Rajagopal et al, 2012).

Alternatively, it may be possible that DDX3 reduces the

50 RNA secondary structures and removes the proteins

bound to the 50 extremity to facilitate 43S ribosome binding.

Then, the helicase activity of eIF4A (together with its co-

factors eIF4B/4H), and perhaps DHX29, would be strong

enough to accomplish RNA unwinding during ribosomal

scanning. The understanding of how all these helicases are

kinetically recruited and utilized during the early steps of

translation will be a very interesting challenge for future work.

Materials and methods

DNA constructs
The pNL4-3-Renilla (NL4-3R) vector was previously described
(Soto-Rifo et al, 2012). All pRenilla-derived constructs were
obtained by inserting the selected region between the PvuII-
BamHI sites of the pRenilla vector as previously described (Soto
Rifo et al, 2007). The 50-UTRs inserted in the pRenilla construct
correspond to human b-globin (globin), B-cell CLL/lymphoma 3
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(BCL3), glyceraldehyde-3-phospahte dehydrogenase (GAPDH), NADH
dehydrogenase (ubiquinone) alpha subcomplex 1 (NDUFA1),
Interleukin 8 (IL-8), Interleukin 18 (IL-18), heat-shock protein of
70 kDa 1A (Hsp70), PABP, long interspread nuclear element 1 (Line-
1), HIV-1 and HIV-2, SIV, FIV, HTLV-I and Friend MLV. cDNAs for
DDX3, Ded1 and eIF4A were inserted into the EcoRI/NotI sites of the
pCIneo-HA vector previously described (Pillai et al, 2004). Site-
directed mutagenesis of pCIneo-HA-DDX3 was carried out with the
Quick change mutagenesis kit (Agilent Technologies). pET21-DDX3
was obtained by inserting the DDX3 cDNA into XhoI-NdeI sites of
the pET21 vector. pET21-eIF4A vector was previously described
(Pestova et al, 1998). pGST-DDX3 was obtained by subcloning
the EcoRI/NotI fragment from the pCIneo-HA-DDX3 vector into
the pGEX-6p vector. All DNA constructs were verified by
sequencing.

In-vitro transcription
Prior to in vitro transcription the desired pRenilla-derived vectors
were linearized by EcoRI digestion to obtain a 100 nt-long poly (A)
tail or with BamHI to obtain the desired 50-UTR for radiolabelling.
In-vitro transcription was carried as previously described (Soto Rifo
et al, 2007).

Cell culture, DNA, mRNA and siRNA transfections
HeLa cells were maintained as described (Soto-Rifo et al, 2012).
DNA transfection was carried out using JetPEI (Polyplus
Transfection) as previously described (Soto-Rifo et al, 2012).
mRNA transfection was carried using the Trans IT mRNA
transfection kit (Mirus) as previously described (Dieterich et al,
2007; Soto-Rifo et al, 2012).

Control or DDX3 siRNAs (50-GCAGCACGACUUCUUCAAGdTdT-30

and 50-GAUGCUGGCUCGUGAUUUCUdTdT-30, respectively) were
purchased from Eurogenetec, Inc and transfected at a 10 nM final
concentration using Intereferin (Polyplus Transfection) following
supplier’s indications. At 48 h.p.t., DNA or mRNA transfections
were carried as indicated above.

When indicated, cells were treated with 200 nM hippuristanol
(or the equivalent volume of DMSO) during 3 h prior mRNA
transfection.

For metabolic labelling, growing HeLa cells previously trans-
fected with siRNAs were incubated in methionine-free medium
(Gibco, BRL) for 30 min and then labelled with 35S-methionine
(Perkin-Elmer) which was added for an additional 30 min. Cell
extracts were subjected to 10% SDS–PAGE and quantification was
performed by using a Fuji Phosphoimager and the Fuji FLA 5000
software (Fuji).

Renilla luciferase activity
Renilla luciferase activity was measured using the Renilla Luciferase
Assay System (Promega Co, Madison, WI, USA) in a Veritas
Luminometer (Turner Biosystems) as previously described
(Dieterich et al, 2007; Soto-Rifo et al, 2012).

Immunofluorescence and confocal microscopy
HeLa cells were cultured in Lab-Tek Chamber Slides (Nunc) and
maintained and transfected with 0.2 mg of pEGFP-DDX3 together
with the HA-tagged DNA constructs as described above. Cells were
washed twice with 1� PBS and fixed for 10–15 min at room
temperature with 4% paraformaldehyde, quenched for 5 min at
room temperature with 50 mM NH4Cl and then permeabilized for
5 min at RT with 0.2% Triton X-100. Cells were blocked at RT with
1% BSA for 2–3 h. Mouse anti-HA (Covance) and rabbit anti-PABP
(a kind gift from Dr Simon Morley, University of Sussex, UK)
primary antibodies (1/100) in 1% BSA were added for 1–2 h at
RT. After two washes with 1% BSA (15 min each), cells were
incubated for 1 h with anti-mouse Alexa 545 and anti-rabbit Alexa
633 antibodies (Molecular Probes) diluted at 1/1000 in 1% BSA.
Cells were washed twice for 15 min with 1% BSA, twice with
1� PBS, incubated with Hoescht (1/10 000; Invitrogen Life
Technologies) for 5 min at RT, washed twice for 5 min with 1�
PBS, twice with water and mounted with Fluoromount (Invitrogen
Life Technologies). Images representative from hundreds of cells
were obtained with a TCS SP5 AOBS Spectral Confocal Microscope
(Leica Microsystems) and recovered and merged using the LAS AF
Lite software (Leica Microsystems).

Co-immunoprecipitation and western blotting
HeLa cells were transfected with the pCIneo-HA-DDX3 vector as
indicated above. Co-IP was carried out as described (Lykke-
Andersen et al, 2001). Briefly, transfected cells were washed with
PBS, recovered by centrifugation at 2500 r.p.m. for 10 min at 41C
and resuspended in 400ml of hypotonic gentle lysis buffer (10 mM
Tris–HCl pH 7.5; 10 mM NaCl, 10 mM EDTA; 0.5% Triton X-100 and
protease inhibitors cocktail). Cells were incubated for 10 min on ice,
NaCl was adjusted to 150 mM and the lysate was cleared by
centrifugation at 10 000 r.p.m. for 10 min at 41C. The supernatant
was incubated with 10 mg of a mouse anti-HA antibody (Covance) or
10mg of mouse IgG (Millipore) for 3–4 h at 41C, 10 r.p.m. rotation.
Protein–antibody complexes were recovered with 50 ml of
Dynabeads Protein G (Invitrogen) during 1 h at 41C, 10 r.p.m.
rotation and recovered complexes were washed extensively with
NET-2 buffer (50 mM Tris–HCl pH 7.5; 150 mM NaCl; 0.05%
Nonidet P40) and resuspended in 60ml of SDS-loading buffer. In
all, 30ml aliquots were subject to 7.5 or 10% SDS–PAGE, transferred
onto PVDF membrane and blotted using anti-DDX3 (Abcam),
eIF4GI, PABP, eIF4A, eIF4E, eIF4B (kindly provided by Dr Simon
Morley, University of Sussex, UK) or RPS6 antibodies as previously
described (Soto-Rifo et al, 2012).

m7GTP cap affinity matrix
Cytoplasmic extracts from HeLa cells (100 mg of total protein)
previously treated with S7 nuclease (Roche) were incubated for
10 min at 371C in cap binding buffer (50 mM Tris–HCl pH 7.5;
30 mM NaCl; 1 mM DTT; 2.5 mM MgCl2; 0.5% Glycerol) in the
absence or presence of 5 mM m7GpppG cap analogue (New England
Biolabs) as control. Extracts were incubated overnight at 41C with
15–20ml of m7GTP-Sepharose 4B (GE Healthcare) under gentle
shaking. Retained proteins were washed three times with cap
washing buffer (50 mM Hepes pH 7.5; 40 mM NaCl; 2 mM EDTA;
0.1% Triton), eluted by boiling in SDS-loading buffer and analysed
by western blot as indicated above.

Purification of recombinant proteins
E. coli BL21 cells expressing the pET21-DDX3 vector were grown
until A600 reached 0.6–0.8 and then, induced with 0.5 mM IPTG for
5 h at 151C. Pellets were resuspended in native lysis buffer (50 mM
NaH2PO4 pH 8.0; 300 mM NaCl and 10 mM imidazole) supplemen-
ted with 1 mg/ml Lysozyme (Sigma), 30 U/ml Nuclease S7 (Roche),
1 mM CaCl2, 1% Triton X-100 and protease inhibitor cocktail
(Roche). Cells were lysed with a French press at 1100 p.s.i. and
cleared at 5000 g for 15 min. The supernatant was recovered and
incubated with Ni-NTA resin (Qiagen) (previously equilibrated in
native lysis buffer) at 41C for at least 3 h under gentle shaking. The
mixture was applied into a 2-ml column (Bio-Rad) and flow-through
was obtained by gravity. The resin was then washed four times with
five volumes of native washing buffer (50 mM NaH2PO4 pH 8.0;
300 mM NaCl and 20 mM imidazole) and protein was eluted with
native elution buffer (50 mM NaH2PO4 pH 8.0; 300 mM NaCl;
500 mM imidazole and protease inhibitor cocktail). The protein
was salt washed with (25 mM Tris-Cl pH 7.5, 50 mM NaCl,
0.1 mM MgCl2, 25% glycerol and protease inhibitor cocktail) and
concentrated using Spin-X UF Concentrators (Corning). Samples
obtained during every step were analysed by 10% SDS–PAGE and
Coomasie blue staining.

E. coli BL21 Star (DE3) cells were transformed with the pET21-
eIF4A vector (Pestova et al, 1998). Expression of the recombinant
protein was induced for 4 h with 0.5 mM IPTG when culture reach
0.4oOD600o0.6. After centrifugation of bacterial cultures, pellets
were resuspended in 20 mM Tris–HCl pH 7.5, 300mM KCl and 10%
glycerol and then sonicated on ice. Supernatants derived from the
bacterial lysate by centrifugation were added to a Ni-NTA column
that has been prepared by adding 800ml of a 50% Ni-NTA suspension
(Qiagen) to a Bio-Rad Polyprep chromatography column. Washes and
imidazole elutions were done according to the manufacturer. The
eIF4A elution was then dialyzed and applied to an FPLC Hi-TrapQ
column (GE Healthcare). Samples obtained during every step were
analysed by 10% SDS–PAGE and Coomasie blue staining.

GST pull down
The rabbit reticulocyte lysate (Promega) was programmed with
RNAs coding for eIF4G fragments (1–681 or 682–1086) or PABP in
the presence of [35S]-methionine as described (Soto Rifo et al, 2007).
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Translation reactions were treated with RNAse A and then incubated
with GST or GST-DDX3 bound to Glutathione Sepharose 4B (GE
Healthcare) during 2 h at 41C. Retained material was washed three
times with PBS and resolved by SDS–PAGE. Gels were dried and
images acquired in a PhosphorImager FLA 5100 (Fuji).

EMSA
[32P]-UTP radiolabelled RNAs were obtained by in-vitro transcrip-
tion as above but using 0.5 mM rNTPs (without rUTP), 12.05mM
rUTP and [a-32P]-rUTP (40 mCi/reaction). RNAs were treated with
2 U of RQ1 RNase-free DNase (Promega), precipitated with three
volumes of 100% Ethanol and purified using Ilustra Microspin G25
column (GE Healthcare).

In all, 0.044 pmol (4.4 nM) of [32P]-RNA was incubated for 15 min
at 371C with recombinant DDX3 or eIF4A (or dialysis buffer as
control) in binding buffer (30 mM Tris–HCl pH 7.0; 0.5 mM MgCl2;
0.1 mM ZnCl2; 50 mM NaCl) in the presence of 40 U/reaction of
RNAsin (Promega). After incubation, samples were analysed on
1.5% Agarose TBE gels. Gels were dried and images acquired in a
PhosphorImager FLA 5100 (Fuji).

Toeprint assay
In all, 0.5 pmol of HIV-1 RNA was incubated for 15 min at 371C in a
40-ml reaction volume that contained 1 mM DTT; 100 mM KCl;
20 mM Tris pH 7.5; 2.5 mM MgOAc, 40 U RNasin (Promega),
recombinant DDX3 or eIF4A (2.5 and 7 pmol). [32P]-labelled primer
(nucleotides 416–440, HIV-1 NL4-3 strain) was added to the mixture
for 5 min and chilled on ice. Primer extension analysis was done by
adding 1ml of MgOAc (360 mM), 4ml of dNTPs (10 mM) and 5 units
AMV-RT to reaction mixtures, followed by incubation for 60 min at
37 or 301C. cDNAs were analysed by electrophoresis through 6%
polyacrylamide sequencing gels.

Supplementary data
Supplementary data are available at The EMBO Journal Online
(http://www.embojournal.org).
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