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DEAD-box proteins utilize ATP to bind and remodel RNA
and RNA-protein complexes. All DEAD-box proteins share a
conserved core that consists of two RecA-like domains. The core
is flanked by subfamily-specific extensions of idiosyncratic
function. The Ded1/DDX3 subfamily of DEAD-box proteins is
of particular interest as members function during protein trans-
lation, are essential for viability, and are frequently altered in
human malignancies. Here, we define the function of the sub-
family-specific extensions of the human DEAD-box protein
DDX3. We describe the crystal structure of the subfamily-spe-
cific core of wild-type DDX3 at 2.2 Å resolution, alone and in the
presence of AMP or nonhydrolyzable ATP. These structures
illustrate a unique interdomain interaction between the two
ATPase domains in which the C-terminal domain clashes with
the RNA-binding surface. Destabilizing this interaction acceler-
ates RNA duplex unwinding, suggesting that it is present in solu-
tion and inhibitory for catalysis. We use this core fragment of
DDX3 to test the function of two recurrent medulloblastoma
variants of DDX3 and find that both inactivate the protein in
vitro and in vivo. Taken together, these results redefine the
structural and functional core of the DDX3 subfamily of DEAD-
box proteins.

DEAD-box proteins are ATP-dependent RNA-binding pro-
teins that remodel RNA structures and RNA-protein com-
plexes, stably clamp RNA, and promote fluidity within RNA
granules (1–3). The human DEAD-box protein DDX3
(encoded by DDX3X) and its yeast ortholog Ded1p have been
implicated in numerous functions including translation initia-
tion (4 –12). Messenger RNA molecules containing especially
long or structured 5� leader sequences are particularly sensitive

to DDX3 activity (6, 7, 12, 13). DDX3X is frequently mutated in
numerous cancer types (5), such as chronic lymphocytic leuke-
mia (14 –16), natural killer/T-cell lymphoma (17), head and
neck squamous cell carcinoma (18, 19), and lung cancer (20).
DDX3X is also one of the most frequently mutated genes in the
highly malignant brain tumor medulloblastoma (21–24). In
medulloblastoma, many mutations are predicted to inactivate
DDX3, and some have been demonstrated to diminish activities
in vitro (17, 25).

DEAD-box proteins are defined by 12 different motifs that
function in ATP binding or hydrolysis and RNA binding, or
couple ATP and RNA binding (1). Outside of these conserved
motifs, each DEAD-box protein subfamily has unique tails that
lie N- or C-terminal to the helicase core and contain elements
that define the unique properties of that subfamily. For exam-
ple, DDX21 has a GUCT domain in its C-terminal extension
(26, 27), DDX5 has tandem P68HR domains in its C-terminal
extension, and DDX43 has a KH1 domain in its N-terminal
extension. However, as the tails of each DEAD-box protein sub-
family are idiosyncratic, whereas the cores are very similar (28,
29), it is essential to study individual subfamilies of DEAD-box
proteins in detail to understand the role of subfamily-specific
tails.

DDX3 is a member of the Ded1/DDX3 subfamily, along with
the Saccharomyces cerevisiae ortholog DED1, and Vasa/DDX4
(5, 30). The tails of Ded1/DDX3 subfamily members are
thought to be largely unstructured and contain diverse motifs
with different functions. For example, the N-terminal tail of
DDX3 contains a Crm1-dependent nuclear export sequence
(31) and an eIF4E-binding motif (10, 11), whereas the C-termi-
nal tail contains conserved sequences of unknown function that
are essential for oligomerization (5, 32). The tails of DED1 addi-
tionally contain assembly domains that modulate translation
and alleviate lethality associated with protein overexpression
when deleted (10). The minimal functional core of DEAD-box
proteins has been defined as the isolated phenylalanine
upstream of the Q-motif through roughly 35 residues beyond
Motif VI (29). However, this analysis does not consider subfam-
ily-specific extensions. Similarly, prior structural work has
truncated one (25) or both (33) of the Ded1/DDX3 subfamily-
specific regions down to the boundary of the helicase core, but
it is unknown how active these truncations are when compared
with full-length DDX3. Moreover, previous structures of DDX3
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are of either inactive constructs (33) or point mutants (25), so
the relevance of the crystallized conformations is unclear.
Therefore, crucial details of the regions uniquely conserved
within the Ded1/DDX3 subfamily and the conformational
landscape of active, wild-type DDX3 remain incompletely
understood.

Here, we assay the function of the tails of human DDX3 by
generating a series of truncations and exploring their activity in
vitro and in vivo. We define an active but truncated construct of
DDX3 and solve its crystal structure at 2.2 Å resolution in a
partially closed state, representing the highest resolution struc-
ture of active, wild-type DDX3 to date. We find that this par-
tially closed state is autoinhibited and demonstrate that muta-
tions predicted to destabilize this conformation accelerate
RNA duplex unwinding by DDX3. Using molecular dynamics
simulations, we show that the ATP-binding loop of DDX3 sam-
ples transient interactions with ATP and that the partially
closed state is stable in solution. Lastly, we test two recurrent
medulloblastoma variants of DDX3 and find that they inacti-
vate duplex unwinding by up to 3 log units. Our work defines a
functional truncation of DDX3 that purifies to high yield, elu-
cidates the function of the signature tails found in the Ded1/
DDX3 subfamily of DEAD-box proteins, presents high-resolu-
tion structural information of active DDX3 of utility for
molecular modeling and drug design, and demonstrates the
consequences of two medulloblastoma-associated DDX3
variants.

Experimental Procedures

Recombinant Protein Purification—The Ded1/DDX3 sub-
family core of DDX3 was expressed using a construct contain-
ing Escherichia coli codon-optimized, human DDX3X amino
acids 132– 607 fused to a His6-MBP (maltose-binding protein)
tag and expressed in E. coli BL21 Star by induction with isopro-
pyl-1-thio-�-D-galactopyranoside at 16 °C for 18 h. Cell pellets
were lysed by sonication, clarified by centrifugation at
�30,000 � g, and purified by nickel chromatography including
a 1 M NaCl wash to remove bound nucleic acids. The His6-
MBP tag was cleaved using tobacco etch virus protease dur-
ing dialysis into 200 mM NaCl, 10% (v/v) glycerol, 20 mM

HEPES, pH 7, and 0.5 mM TCEP.3 The sample was then puri-
fied using heparin affinity chromatography, eluted at 400
mM NaCl, 10% glycerol, 20 mM HEPES, pH 7, and 0.5 mM

TCEP, and applied to a Superdex 75 gel filtration column
equilibrated in 500 mM NaCl, 10% glycerol, 20 mM HEPES,
pH 7.5, and 0.5 mM TCEP. Fractions were then concentrated
and supplemented with 20% (v/v) glycerol and flash-frozen
for kinetics, or used directly for crystallization. Typical yield
was �10 mg of purified protein per liter. Point mutants were
generated by site-directed mutagenesis.

Full-length DDX3X with a His6 tag was cloned into a pET-
29a vector and expressed in E. coli BL21 (37 °C). Cells were
processed as described previously for the purification of Ded1p
(34). Lysates were passed through pre-equilibrated nickel-aga-

rose beads and washed with increasing imidazole concentra-
tions (5– 60 mM) (34). DDX3X was eluted in 250 mM imidazole.
The His6 tag was cleaved using tobacco etch virus protease in 50
mM Tris-Cl (pH 8.0), 0.5 mM EDTA, 1 mM DTT, and 40% (v/v)
glycerol. DDX3X was further purified by adsorption to phos-
phocellulose resin (P11, Whatman) and elution with NaCl, as
described for Ded1p (34). Eluted fractions were analyzed by
SDS-PAGE and Western blotting using anti-His antibody to
confirm removal of the His6 tag. DDX3X fractions were supple-
mented to 40% (v/v) glycerol, flash-frozen in liquid nitrogen,
and stored at �80 °C.

X-ray Crystallography—Purified protein was concentrated to
�5 mg ml�1 and mixed 1:1 with precipitant solution containing
from 6 to 12% PEG 3000 and 100 mM sodium citrate, pH 5.0,
and crystallization was achieved by hanging drop vapor diffu-
sion at 18 °C within 24 h. Nucleotide-bound crystals were
grown identically but supplemented with 10 mM of the nucleo-
tide in solution. Homogeneous pieces of branched crystals were
harvested for data collection, which was conducted at Beamline
8.3.1 of the Advanced Light Source. Data were indexed, inte-
grated, and scaled using XDS (35), phased using molecular
replacement with PHASER (36) with both domains from Pro-
tein Data Bank (PDB) 2I4I (33) as independent search models,
and refined and built using PHENIX (37) and Coot (38). High
resolution was determined by CC1⁄2 � 10% (39). Structures were
visualized with PyMOL (40).

RNA Duplex Unwinding Assays—Assays were performed as
described (41) with minor modifications. Briefly, duplex RNAs
containing a 3� overhang were formed by radiolabeling a single-
stranded RNA, annealing, and using gel purification. The two
RNA sequences are 5�-AGCACCGUAAAGACGC-3� and
5�-GCGUCUUUACGGUGCUUAAAACAAAACAAAACAA-
AACAAAA-3�. Reactions contained trace duplex RNA and 1 �M

protein and were initiated by the addition of 2 mM MgATP.
Yeast Complementation Assays—A yeast strain containing

the genomic region surrounding DED1 on a centromeric plas-
mid was used for all experiments (10). Mutations were made in
a HIS3-marked plasmid and exchanged for the wild-type allele
by plasmid shuffling using counterselection with 5-fluoroorotic
acid. Growth assays show 10-fold dilution from an optical den-
sity of 1 and were conducted using rich medium (YPD) plates at
the temperature indicated.

Multiple Sequence Alignments—Sequences for Drosophila
melanogaster Vasa, Homo sapiens DDX4, Danio rerio PL10,
Mus musculus PL10, M. musculus DDX3Y, H. sapiens DDX3Y,
M. musculus DDX3X, H. sapiens DDX3X, D. melanogaster
belle, S. cerevisiae DED1, and Schizosaccharomyces pombe
sum3 were retrieved from the National Center for Biotechnol-
ogy Information (NCBI) and aligned using MUSCLE (42).
Sequence alignments were visualized using Jalview (43). The
DEAD-box protein motifs shown in Fig. 6A were generated
using WebLogo with input from all human DEAD-box protein
sequences aligned with MAFFT (44).

Molecular Dynamics Simulations—Molecular dynamics sim-
ulations were performed using Gromacs version 4.6.5 (45). The
apo structure was used as the starting point for all simulations
(PDB 5E7I) with missing loops built using UCSF Chimera ver-
sion 1.8.1 (46) and Modeller version 9.12 (47). A rhombic

3 The abbreviations used are: TCEP, tris(2-carboxyethyl)phosphine; AMPPNP,
5�-adenylyl-�,�-imidodiphosphate; CTE, C-terminal extension; NTE, N-ter-
minal extension; ABL, ATP-binding loop; CC, correlation coefficient.
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dodecahedral, periodic simulation box was used with a buffer of
12 Å between the solute and the boundary. Na� and Cl� ions
were added for charge neutralization followed by vacuum and
solvent equilibration using transferable intermolecular poten-
tial 3 point (TIP3P) water (48). The production simulation
length was 100 ns, and the step size was 2 fs. For modeling, the
ATP-bound, Vasa closed-state domains of the AMPPNP struc-
ture (PDB 5E7M) were superposed onto the corresponding
domains of the Vasa structure using PyMOL. Then, missing
loops were added using UCSF Chimera and Modeller. Initial
energies were high, likely reflecting a clash due to imperfect
alignment, but quickly equilibrated in vacuum. Interatomic dis-
tances along trajectories were calculated using VMD version
1.9.1 (49).

Results

The Ded1/DDX3 Subfamily Contains Conserved Regions out-
side the Helicase Core—To define the minimal active construct
of human DDX3X, we aligned Ded1/DDX3 family members
from diverse species. In addition to the RecA-like core domains,
five regions of sequence conservation unique to this family are
apparent (Fig. 1A). The N-terminal conserved sequences cor-
respond to a Crm1-dependent nuclear export sequence (31)and
an eIF4E-binding site (10, 11), and the C terminus contains an
RDYR motif and an invariant WW dipeptide motif (Fig. 1) (5).
In addition, there are regions adjacent to the helicase core
conserved between DDX3, Ded1, and Vasa/DDX4 (Fig. 1A)
(5, 25). The N-terminal extension (NTE; residues 132–168;
Fig. 1B) is predicted by PSIPRED (50) to form a short �-helix
from residues 145 to 151, whereas the C-terminal extension
(CTE; residues 582– 607; Fig. 1B) has no predicted structure

but is highly positively charged (pI �12). Recent structural
and biochemical work demonstrated that DDX3 constructs
containing the NTE are competent for ATP hydrolysis (25),
but it is unknown how this activity compares with full-length
human DDX3.

The CTE Is Essential for RNA Duplex Unwinding and Affects
Yeast Growth—To compare the activity of full-length DDX3
with truncated variants, we expressed and purified full-length
DDX3 and truncations of the NTE, CTE, or both and then mea-
sured RNA duplex unwinding activities. Truncation of 131 res-
idues from the N terminus and 55 residues from the C terminus
yields a functional core of DDX3 that robustly unwinds RNA
duplexes, although this construct has a roughly 5-fold lower
functional affinity for RNA when compared with the full-length
protein (Fig. 2A). Both full-length and truncated protein show
sigmoidal functional binding isotherms, suggesting that DDX3
functions as an oligomer, as yeast DED1 (32).

Removal of the CTE containing the RDYR motif severely
diminishes duplex unwinding, independent of the presence of
the NTE (Fig. 2A). It is possible that removal of this positively
charged region in the CTE negatively impacts RNA binding, as
suggested by weaker binding to heparin resin (data not shown)
and by the RNA binding defect caused by deletion of the entire
C-terminal tail of Ded1p up to the helicase core (29). Alterna-
tively, or in addition, this region might be critical for oligomer-
ization (32).

To assess the biological function of the truncated proteins,
we tested the ability of truncated versions of DED1 to support
yeast growth. We generated truncations of DED1 in a plasmid
and shuffled these into a yeast strain containing the sole copy of
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FIGURE 1. Conserved regions specific to the Ded1/DDX3 subfamily of DEAD-box proteins. A, a linear diagram of the features of the Ded1/DDX3 family,
including the core helicase DEAD and HELICc RecA-like domains, the Crm1-dependent nuclear export sequence (NES), and the eIF4E-binding site. Conserved
regions specific to the Ded1/DDX3 subfamily are indicated in gray; GINF, RDYR, and WW refer to amino acid motifs. The NTE and CTE are indicated. B, sequence
alignments showing the N- and C-terminal extensions found in the Ded1/DDX3 family and indicating construct boundaries used in this study and two previous
crystal structures. Numbers correspond to human DDX3X.
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DED1 on a plasmid under control of its endogenous promoter
(10). Under normal growth conditions, DED1 truncations lack-
ing both the nuclear export sequence and the eIF4E-binding
site complement yeast growth fully. Truncation up to the
boundary of the NTE is viable but confers a slow growth phe-
notype (Fig. 2B). It is intriguing that this strain fully comple-
ments DED1 because Ded1p is thought to be primarily nuclear
localized when the nuclear export sequence is deleted (51). We
were unable to generate strains lacking the ATP-binding loop
(ABL; DED1130 – 604; data not shown). The DED130 – 604 and
DED185– 604 strains are cold-sensitive, indicating a special
requirement for the N-terminal tail at cold temperatures. Sim-
ilarly, truncation up to the boundary of the CTE is tolerated, but
deletion of the CTE results in slowed growth (Fig. 2B), whereas
further truncation into the CTE exhibits cold sensitivity (10) or
very weak complementation (29). These data demonstrate that
the activity of the Ded1/DDX3 subfamily of DEAD-box pro-
teins is surprisingly resilient to truncation of the subfamily-
specific tails, but only up to conserved regions adjacent to the
helicase core. Furthermore, inclusion of the CTE is essential for
activity in vitro and in vivo.

The 2.2 Å Crystal Structure of Wild-type DDX3 132– 607—To
better understand the role of the NTE and CTE, we solved the
crystal structure of AMP-bound wild-type DDX3 132– 607 to
�2.2 Å resolution (Table 1). The DEAD-domain is oriented
uniquely with respect to the HELICc domain when compared
with two other structures of DDX3 (25, 33) (Fig. 3A). Interest-
ingly, the orientation of the present structure and DDX3 135–
582 (�CTE; PDB 4PXA) is more similar than DDX3 168 –582
(�NTE and �CTE; PDB 2I4I), suggesting that inclusion of the
NTE biases crystallization toward this conformation. However,

the interdomain orientation between the present structure and
4PXA is different, likely because PDB 4PXA contains a D354V
mutation, which is located at the interdomain interface in both
structures. Comparison of the present crystal structure with the
structure of Vasa bound to RNA shows that the crystallized
conformation of DDX3 is refractory to RNA binding, as the
HELICc domain overlaps with the bound RNA in the Vasa
structure (Fig. 3B; PDB 2DB3) (52). The CTE is predicted to be
disordered by PSIPRED, and we observe no density past residue
584 in any of our structures, despite the obvious requirement
for this region for protein function in vitro and in vivo (Fig. 2).
Therefore, DDX3 preferentially crystallizes in a partially closed
conformation with interdomain interactions between the
DEAD and HELICc domains that are refractory to catalysis.

We observe a short �-helix from residues 146 –151 (the 150�s
helix) in the NTE as predicted by PSIPRED and seen in the
DDX3 135–582 structure (25). The NTE additionally contains
the ABL, which is disordered in our structure and 4PXA (25)
but forms a short �-helix in the structure of Vasa bound to RNA
(52). Therefore, we crystallized DDX3 132– 607 in the presence
of no ligand, ADP, or AMPPNP to see whether the conforma-
tion of the ABL was altered (Table 1). In all cases, the ABL was
disordered and difficult to model robustly. We elected to not
build residues 155–165 of the NTE in any of these structures as
repeated model building and refinement indicated insufficient
density in this region to specify a unique structure. Thus, the
ABL is dynamic in the presence of adenosine phosphates, and
may fold into an �-helix cooperatively with interdomain clo-
sure and RNA binding, as seen in the Vasa structure bound to
ssRNA (52).
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FIGURE 2. Subfamily-specific extensions to the DEAD-box core are essential for DDX3 function. A, RNA duplex unwinding rates at the indicated concen-
trations for four truncations of DDX3. Error bars indicate S.D. B, yeast growth assays for strains containing truncated copies of the essential gene DED1
demonstrate a requirement for the region conserved in the Ded1/DDX3 family. DED1 residues 16, 30, 85, 543, 561, and 604 correspond to DDX3 residues 23, 47,
122, 592, 607, and 661, respectively. Strains containing truncations of both tails were nonviable (data not shown).
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Mutation of an Interdomain Interacting Residue Accelerates
Duplex Unwinding—If the crystallized conformation of DDX3
is present in solution, then it should inhibit duplex unwinding
by DDX3 because it is refractory to RNA binding (Fig. 3). The
interdomain interface buries �560 Å2, suggesting that it may be
stable in solution. Therefore, we hypothesized that mutation of
the interdomain interface should accelerate duplex unwinding.
Four residues make apparent interdomain contacts: Asp-354
and Glu-388 form a salt bridge with His-527 (separated by 4.0
and 2.7 Å, respectively), and Asp-506 hydrogen-bonds to the
backbone of Arg-276 and caps an �-helix (Fig. 4A; 2.8 Å dis-
tance). We targeted residues Asp-354 and Glu-388 for muta-
tion because Asp-506 and His-527 are members of conserved
motifs Va and VI, respectively (1). Mutation of residue Asp-354
to either alanine or tryptophan (to sterically block formation of
the partially closed state) results in decreased activity (Fig. 4B).
Although Asp-354 is not part of a pan-DEAD-box motif, it is
conserved within the Ded1/DDX3 subfamily, including Vasa.
Interestingly, the structure of DDX3 with a D354V mutation
shows a different closed state (25), supporting the role of this
residue in interdomain interactions. In contrast, mutation of
Glu-388 to alanine, arginine, or tryptophan accelerates duplex
unwinding by a factor of two (Fig. 4B). In the closed, RNA-
bound structure of D. melanogaster Vasa, residue Glu-438
(DDX3 Glu-388) is solvent-exposed and distal to the RNA-
binding site, making it unlikely that these mutations increase
activity by altered RNA or interdomain interactions. As a com-
parison, we tested mutation of the conserved GINF motif in the
NTE (Fig. 1A) and found that it decreases duplex unwinding by

a factor of two, supporting the conclusion that the ABL is nec-
essary for catalysis (Fig. 4B) (25). In sum, mutations predicted to
destabilize the crystallized interdomain interface accelerate
duplex unwinding by DDX3, consistent with the presence of
the partially closed structure in solution and its inhibitory
nature.

The Partially Closed Structure Is Stable over 100 ns of Molec-
ular Dynamics Simulation—As the crystal structure was solved
at pH 5 and crystals can trap transient structures, we tested the
stability of the partially closed structure and the interactions of
the ABL with ATP at neutral pH by performing 100-ns molec-
ular dynamics simulations of apo DDX3 132– 607 apo and
ATP-bound DDX3 132– 607. The ATP-bound state was mod-
eled off the closed form of Vasa bound to RNA to attempt to
induce structure formation in the ABL, but instead quickly
equilibrated toward an unobserved, alternative closed state,
which was not pursued further. In contrast, the partially closed
interdomain interface remained stable for the full 100-ns sim-
ulation when started from the apo crystal structure (PDB 5E7I)
(Fig. 5A). Similarly, in both the partially closed and the ATP-
bound states, the 150�s helix remained stably docked to the side
of the DEAD domain (Fig. 5B). In contrast, the ABL is dynamic.
In the ATP-bound simulation, the ABL makes transient inter-
actions with the adenine moiety of ATP (Fig. 5C) involving
interactions between Lys-162 and ATP and Phe-160 cation-�
stacking with Lys-162 (Fig. 5D). In this state, Lys-162 forms a
bipartite hydrogen bond with �3 Å separation from both a
ribose oxygen and the adenine N3 of ATP and is separated from
the Phe-160 aromatic ring by �4 Å. These simulations show

TABLE 1
Data collection and refinement statistics
Statistics for the highest-resolution shell are shown in parentheses. RMS, root mean square.

DDX3 132– 607 AMPPNP (5E7M) DDX3 132– 607 AMP (5E7J) DDX3 132– 607 apo (5E7I)

Wavelength (Å) 1.115869 1.115869 1.115869
Resolution range 47.29–2.304 (2.386–2.304) 46.18–2.229 (2.309–2.229) 84.33–2.223 (2.303–2.223)
Space group P 21 21 21 P 21 21 21 P 1 21 1
Unit cell 53.93 100.28 107.26 90 90 90 51.35 89.91 107.65 90 90 90 92.71 105.38 94.61 90 114.544 90
Total reflections 198,184 (19,421) 96,467 (5247) 311,845 (18,681)
Unique reflections 26,335 (1930) 24,246 (1660) 79,732 (6607)
Multiplicity 7.5 (7.6) 4.0 (2.8) 3.9 (2.8)
Completeness (%) 0.97 (0.98) 0.96 (0.76) 0.98 (0.82)
Mean I/�(I) 10.80 (0.12) 16.59 (2.42) 8.24 (0.95)
Wilson B-factor 75.58 31.24 33
Rmerge 0.1274 (15.21) 0.06914 (0.5794) 0.1617 (1.306)
Rmeas 0.1372 (16.32) 0.07978 (0.7047) 0.1873 (1.593)
CC1⁄2 0.999 (0.111) 0.998 (0.931) 0.991 (0.362)
CC* 1 (0.447) 1 (0.982) 0.998 (0.729)
Reflections used in refinement 25,653 (1928) 24,004 (1644) 79,682 (6593)
Reflections used for Rfree 1281 (95) 1200 (81) 3985 (332)
Rwork 0.2279 (0.5683) 0.2328 (0.4521) 0.2270 (0.3966)
Rfree 0.2856 (0.5753) 0.2649 (0.4761) 0.2599 (0.4120)
CCwork 0.953 (0.377) 0.940 (0.556) 0.950 (0.446)
CCfree 0.942 (0.283) 0.950 (0.563) 0.940 (0.477)
Number of non-hydrogen atoms 3390 3446 10,060

Macromolecules 3354 3446 10,060
Ligands 31 23 0

Protein residues 424 433 1272
RMS (bonds) 0.01 0.003 0.004
RMS (angles) 1.43 0.82 0.84
Ramachandran favored (%) 93 98 98
Ramachandran allowed (%) 6.5 2.1 2.1
Ramachandran outliers (%) 0.48 0 0.24
Rotamer outliers (%) 2.7 0.27 1
Clashscore 16.42 4.22 5.37
Average B-factor 100.35 37.4 46.72

Macromolecules 100.18 37.4 46.72
Ligands 118.05 42.53
Solvent 102.92
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that the partially closed state of DDX3 (Fig. 3) is stable in silico
and suggest that the ABL becomes structured in a cooperative
manner with RNA binding.

Medulloblastoma Variants of DDX3 Inactivate the Protein—
DDX3 is among the most frequently mutated genes in the
highly malignant brain tumor medulloblastoma (21–24). Most
variants are predicted to inactivate the catalytic activity of
DDX3, and some have been shown to decrease the ATPase
activity (25). The truncated construct of DDX3 containing the
CTE and NTE is highly active and easy to purify, facilitating
analysis of disease-associated variants of DDX3. We therefore
selected three recurrent variants found in the DEAD-box
motifs Ia and VI, R276K, R276Y, and R534H (Fig. 6A) (21–23),
and additionally tested alanine substitutions and made these
mutations in the DDX3 132– 607 construct. The corresponding
residue of Arg-276 in Vasa is Arg-328, which binds to the RNA

backbone, and Arg-534 is Vasa Arg-582, which interacts with
the �-phosphate of ATP. All mutant proteins purified to high
yield (�5 mg l�1) and decreased the rate of duplex unwinding,
from 1-fold to 1000-fold (Fig. 6B). In concert with the in vitro
results, mutations R276A and R276K support yeast growth (Fig.
6C), whereas the other three mutations could not complement
DED1 (data not shown). Similarly, mutation of the residue cor-
responding to Arg-534 in S. cerevisiae PRP28 causes dominant
negative lethality in vivo (53). In sum, medulloblastoma vari-
ants of DDX3 at Arg-276 or Arg-534 are inactivating, further
confirming that full-length, inactive DDX3 is selected for by
this tumor (21–23, 25), as well as demonstrating the utility of
DDX3 132– 607 in determining the functional consequences of
disease-associated variants of DDX3.

Discussion

DEAD-box proteins consist of two RecA-like domains that
comprise the “helicase” core surrounded by variable regions
that are unique to individual subfamilies (1, 29). Here, we stud-
ied the role of the N- and C-terminal extensions that are essen-
tial for function in the Ded1/DDX3 subfamily of DEAD-box
proteins (5). We found that removal of the N-terminal 131 and

DDX3 168-582 (PDB 2I4I)

DDX3 135-582 D354V (PDB 4PXA)

DDX3 132-607

DEAD domain

AMP/ADP

HELICc domain

RNA

Vasa/DDX4 (D. melanogaster; 2DB3)

A

B

RNA

FIGURE 3. The 2.2 Å crystal structure of the conserved core of wild-type
DDX3. A, the structure of DDX3 132– 607 bound to AMP (blue) is shown along
with the structure of DDX3 135–582 D354V (green; PDB 4PXA) and 168 –582
(yellow; PDB 2I4I). Structures are aligned by the DEAD domain, highlighting
the rotation of the C-terminal HELICc domain between the three structures. B,
the partially closed state of DDX3 (blue) clashes with the RNA-binding site
based on a comparison with the DEAD-box protein Vasa bound to RNA (Vasa:
pink; RNA: gray).
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from His-527 by 4.0 and 2.7 Å, respectively, and Asp-506 is separated from the
backbone of Arg-276 by 2.8 Å. B, RNA duplex unwinding conducted at 1 �M

protein with DDX3 132– 607 and mutations indicated. GINF is a mutation of
the GINF motif to AAAA (residues 157–160). Error bars indicate standard error
of the fit parameter.
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C-terminal 55 residues yields an active construct of DDX3, but
further truncation is deleterious (Fig. 2). We then solved the
highest resolution crystal structure of an active construct of
DDX3 to date (Fig. 3), illustrating a unique autoinhibited state
of the protein (Fig. 4) and providing an excellent starting struc-
ture for molecular dynamics simulations (Fig. 5). We find that
two untested variants found in the highly malignant brain
tumor medulloblastoma inactivate the protein in vitro and are
lethal in yeast (Fig. 6). In sum, our data characterize the essen-
tial, conserved core of the Ded1/DDX3 subfamily, which will
prove useful when interpreting variants found in human
malignancies.

DDX3 132– 607 crystallized with a unique interdomain
interface not seen in previous crystal structures (Fig. 4A). The
interface buries �560 Å2 of surface area and overlaps with the
RNA-binding surface, suggesting that it is inhibitory to RNA
duplex unwinding (Fig. 3B). Indeed, introduction of point
mutations predicted to destabilize the interdomain interface
accelerated the rate of duplex unwinding, despite being distal to
the RNA, ATP, or closed-state interdomain interface (Fig. 4). In
support of the presence of this state in solution at neutral pH, it
was stable during our molecular dynamics simulation (Fig. 5).
Therefore, DDX3 contains a cryptic second binding site for the
HELICc domain on the DEAD-domain, which is present in
solution and is inhibitory for function. S. cerevisiae Prp5p was
also crystallized in an inhibitory conformation, and destabiliza-
tion of this “twisted” state accelerated catalysis (54). It is possi-

ble that specific proteins may bind and stabilize inhibitory con-
formations of DEAD-box proteins to negatively regulate
catalysis, as opposed to the many MIF4G domains that bind and
activate catalysis (55–59).

Other DEAD-box subfamilies have different subfamily-spe-
cific NTE and CTEs. For example, the structure of RNA-bound
DDX19 (PDB 3GOH) (60) contains an NTE helix similar to
DDX3 and Vasa. However, this region forms part of a �-sheet in
the ADP-bound structure of DDX19 (PDB 3EWS) (60). In the
crystal structure of S. cerevisiae Prp5p, an NTE helix stabilizes
the twisted conformation by interacting with the DEAD and
HELICc domains (54). Therefore, structural plasticity at the
N-terminal boundary of the DEAD domain may be a feature
common to many DEAD-box proteins. Perhaps the most
extreme example characterized to date of a CTE is in the mito-
chondrial DEAD-box protein Mss116p, where the CTE forms
an entire domain essential for RNA binding and is a fundamen-
tal piece of the helicase core (61, 62), unlike most DEAD-box
proteins. Thus, to understand the function of an individual
DEAD-box subfamily, it is essential to characterize sequences
conserved within the subfamily and beyond the DEAD-box
helicase core.

Interestingly, the Ded1/DDX3 subfamily of DEAD-box pro-
teins multimerizes both in vitro and in vivo (32). Oligomerization
depends on the C-terminal tail of Ded1, and truncation of the
C-terminal 69 residues blocks multimerization and hinders duplex
unwinding (32). Our data show that removal of this region strongly
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suppresses duplex unwinding in vitro, but only if the conserved
RDYR motif is deleted (Figs. 1A and 2A). Future experiments will
test the role of the RDYR motif and C-terminal sequences in olig-
omerization of the Ded1/DDX3 subfamily.

Human DDX3X is altered in numerous malignancies, and
different disorders have unique mutation spectrums indicative
of their distinct requirements for DDX3 function. For example,
nearly all variants found in patients afflicted by the malignant
brain tumor medulloblastoma are nonsynonymous single
nucleotide variants yielding point mutants predicted to inacti-
vate the protein, yet there are no premature stop codons, frame-
shifts, or splice variants (21–24). Thus, full-length but inactive
protein is selected by this tumor type. In contrast, in blood
cancers such as natural-killer/T-cell lymphoma (17), Burkitt
lymphoma (63), or chronic lymphocytic leukemia (15, 16),
DDX3X variants include nonsynonymous single nucleotide
variants but also many premature stop codons, frameshifts, and
splice variants. The elucidation of the minimal conserved func-

tional core and the new, high-resolution structures of DDX3
presented here is of broad utility for molecular modeling and
when predicting the function of truncating variants of DDX3
present in patient samples.
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