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DEXD/H-box RNA helicases couple ATP hydrolysis to RNA
remodeling by an unknown mechanism. We used x-ray crystal-
lography and biochemical analysis of the human DEXD/H-box
protein DDX19 to investigate its regulatory mechanism. The
crystal structures of DDX19, in its RNA-bound prehydrolysis
and free posthydrolysis state, reveal an a-helix that inserts
between the conserved domains of the free protein to negatively
regulate ATPase activity. This finding was corroborated by bio-
chemical data that confirm an autoregulatory function of the
N-terminal region of the protein. This is the first study describ-
ing crystal structures of a DEXD/H-box protein in its open and
closed cleft conformations.

RNA helicase activity is involved in all aspects of RNA
metabolism, including transcription, pre-mRNA splicing, ribo-
some biogenesis, nuclear export, translation initiation and ter-
mination, RNA degradation, viral replication, and viral RNA
detection. The DEXD/H-box RNA helicases couple hydrolysis
of ATP to cycles of RNA binding and release that typically result
in non-processive RNA duplex unwinding (1) or disruption of
RNP? complexes (2, 3). These proteins interact in a non-se-
quence-specific manner with the phosphoribose backbone of
single-stranded RNA. DEXD/H-box RNA helicases contain
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two «/B-RecA-like domains that both feature conserved
sequence motifs involved in RNA binding and ATP hydrolysis
(4, 5). Accessory proteins are involved in the regulation of RNA
binding and ATPase activities, although no general mechanism
has been demonstrated.

The DDX19 member of the DEXD/H-box RNA helicase fam-
ily performs an essential function in mRNA nuclear export by
remodeling RNP particles during passage of mRNA through
the nuclear pore complex (3, 6). Dbp5, the yeast orthologue of
DDX19 (7, 8), causes displacement of the RNP constituent,
Mex67, thereby preventing re-entry of mRNA into the nucleus
(9). Dbp5 is also involved in translation termination (10). A
specific function has been assigned to the ADP-bound form of
Dbp5, which displaces the RNA-binding protein Nab2, an event
that is required for mRNA export (3). In vivo, Dbp5 is activated
by the nuclear pore complex-associated protein, Glel (11, 12).

Crystal structures of DEXD/H-box proteins show two-lobed
proteins with the nucleotide binding site located in the lower
part of the cleft separating the conserved domains and the RNA
binding site across the upper cleft opening (13-17). DEXD/H-
box helicases in general share little homology in their coding
sequences upstream of the conserved domain-1. The N-termi-
nal extension of DDX19, however, shares significant homology
with that of DDX25/GRTH, a testis-specific protein that is
essential for spermatogenesis (18), supporting a functional sig-
nificance for this sequence. Herein, we present a crystal struc-
ture of human DDX19 that shows the ADP-bound protein with
an a-helical segment of the N-terminal extension wedged
between the core domains, preventing cleft closure. In the
structure of the ADPNP-bound protein in complex with RNA,
this a-helix has moved out of the way to allow formation of a
functional ATPase site. Our biochemical evidence supports a
model for DDX19 autoregulation where the N-terminal exten-
sion helix prevents ATP hydrolysis, unless the N terminus of
the protein is displaced by RNA binding, allowing cleft closure
to bring key side chains into position for catalysis.

EXPERIMENTAL PROCEDURES

Human DDX19 ¢cDNA was obtained from the Mammalian
Gene Collection (MGC; accession number BC003626) pro-
vided by the National Institute of Health. The sequences encod-
ing DDX19'"*”® (full-length protein), DDX19°*~ %7, and
DDX19°*"*”> were amplified by PCR and inserted into
pNIC28-Bsa4 by ligation-independent cloning. The expression
constructs included a tobacco etch virus protease-cleavable
N-terminal hexahistidine tag. Protein expression in Escherichia
coli strain BL21(DE3) (DDX19'~*7°), BL21(DE3) gold pRARE2
(DDX1954~%75), or BL21(DE3) R3 pRARE (DDX19°>%7%) was
done in Terrific Broth medium supplemented with 8 g/liter
glycerol and 50 ug/ml kanamycin, induction with 0.5 mum iso-
propyl-1-thio-3-p-galactopyranoside, and culture at 18 °C for
20 h. Cell pellets were resuspended in 50 mm HEPES, pH 7.8,
500 mm NaCl, 10 mm imidazole, 10% glycerol, 0.5 mm TCEP,
and Complete EDTA-free protease inhibitor (Roche Applied
Science). Cells were lysed by a freeze/thaw cycle followed by the
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addition of benzonase (Novagen) and sonication (Sonics
VibraCell).

Cleared and filtered lysates were loaded onto HiTrap chelat-
ing HP columns (GE Healthcare) pre-equilibrated with buffer 1
(30 mm HEPES, pH 7.5, 500 mMm NaCl, 10 mMm imidazole, 10%
glycerol, and 0.5 mm TCEP). The columns were washed with
buffer 1 containing 25 mMm imidazole. Bound protein was eluted
with buffer 1 containing 500 mm imidazole and loaded onto a
HiLoad 16/60 Superdex-200 column (GE Healthcare) pre-
equilibrated with buffer 2 (30 mm HEPES, pH 7.5, 500 mm NaCl,
10% glycerol, and 0.5 mm TCEP). Fractions containing DDX19
protein were pooled, and the concentration of TCEP was
adjusted to 2 mm. The N-terminal hexahistidine tag was
removed by incubation of DDX19 proteins with His-tagged
tobacco etch virus protease at a molar ratio of 30:1 overnight at
room temperature and subsequent passage over a 1-ml HisTrap
HP column in buffer 1. The ADP-bound DDX19 apoenzyme
structure (PDB entry 3EWS) was obtained with uncleaved pro-
tein. The purified proteins were concentrated into buffer 2
using Vivaspin (Sartorius) centrifugal concentrators. Aliquots
were flash-frozen and stored at —80 °C. All proteins were veri-
fied by time-of-flight mass spectrometry analysis.

For the ADP-bound DDX19°*~%*”> enzyme (PDB entry
3EWS), needle-like crystals of DDX19 were grown using vapor
diffusion at 4 °C by mixing 0.1 ul of protein solution (18.3
mg/ml) including 20 mm ADP, 10 mm MgCl,, and 0.1 ul of
reservoir solution containing 17% polyethylene glycol 10000,
0.1 M ammonium acetate, 0.1 M Bis-Tris, pH 5.5. Crystals
appeared after 8 days and continued to grow for one more week.
Reservoir solution supplemented with 20% glycerol was used as
cryo-solution and added directly to the drop. Crystals were
mounted and flash-frozen in liquid nitrogen. Diffraction data to
2.7 A resolution were collected at Berliner Elektronenspeicher-
ring-Gesellschaft fiir Synchrotronstrahlung (BESSY), Berlin,
Germany (beamline BL14-2). Data were processed with XDS
(19). The structure was solved by Phaser (20) using PDB entry
1FUU as a search model. Domains were searched for separately
and were edited according to sequence alignment with
CHAINSAW (21) before molecular replacement. The structure
was refined with Phenix (22). TLS parameters were refined
using individual domains as rigid groups. Model building was
done using Coot (23). For further details, see supplemental
Table S1.

Crystals of DDX19°*~%”® in complex with RNA and Mg-
ADPNP were obtained by vapor diffusion in sitting drops incu-
bated at 4 °C by mixing 0.1 ul of protein solution (20 mg/ml)
including 10-molar excess of decauracil ssRNA, ADPNP, and
MgCl, and 0.2 pul of reservoir solution containing 14% polyeth-
ylene glycol monomethyl ether 2000, 0.25 M trimethylamine
n-oxide, 0.1 m Tris, pH 8. Crystals appeared after 7 days. Reser-
voir solution supplemented with 25% glycerol was used as cryo-
solution and added directly to the drop. Crystals were mounted
and flash-frozen in liquid nitrogen. Diffraction data to 2.7 A
resolution were collected at the European Synchrotron Radia-
tion Facility (ESRF) Grenoble, France (beamline ID-29). Data
were integrated and scaled using XDS. One monomer was
located in the asymmetric unit. The structure was solved by
Phaser using the previous DDX19 structure (PDB entry 3EWS)
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as a search model. Domains were searched for separately. The
structure was refined with RefMac5 (24). TLS parameters were
refined using individual domains as rigid groups. Model build-
ing was done using Coot. For further details, see supplemental
Table S1.

Geometry of the models was analyzed with Molprobity (25)
Sequence alignments were obtained using ESPript (26). The
figures were created using Pymol (27).

ATPase activities of the DDX19 protein constructs (0.5 um;
in 30 mm HEPES, pH 7.5, 2 mM ATP, 5 mm MgCl,, 75 mm NaCl,
2 mMm TCEP) were measured using the EnzChek phosphate
assay kit (Invitrogen) at 22 °C. The assay was performed in
either the presence or the absence of RNA (poly(U) RNA or
poly(I)-poly(C) (Sigma-Aldrich)) and in the presence and
absence of 250 units of benzonase (Merck). All presented data
represent means = S.D. of five independent determinations.

RESULTS AND DISCUSSION

In an effort to determine the mechanism of DDX19 action
and of its regulation, we determined the crystal structures of
human DDX19 (residues Glu®*~Glu*”®, encompassing the two
conserved domains) as a complex with ADP and as a ternary
complex with ADPNP and RNA (Fig. 1; see supplemental Table
S1 for details of data collection and refinement statistics). Both
structures revealed the canonical DEXD/H-box RNA helicase
N-terminal ATPase and C-terminal helicase domains in the
typical arrangement, with the two domains coming together to
form the nucleotide binding cleft.

The structure of RNA-free DDX19 bound to ADP revealed a
surprising feature (Fig. 1A). The section Asp>>-Ser®® of the
N-terminal extension, which was partly disordered in the RNA
complex, folded into an a-helix that occupied the central cleft
between the two lobes. The helix extended from the RNA bind-
ing site at its N terminus to the nucleotide binding site, where it
contacted the phosphate groups of ADP (Fig. 1, B and E). The
helix is predicted to disrupt the ATP binding site as it displaces
the arginine finger (Arg**®) that is essential for the ATPase
reaction to occur (Fig. 1, A, C, E, and F) (6, 28). A similar place-
ment of a secondary structural element has never been
observed in a DEXD/H-box protein.

The Asp>®—Ser®® a-helix makes a significant number of side
chain interactions with both conserved domains (Fig. 1B). The
loop leading out of the C terminus of the a-helix hydrogen
bonds with two hydroxyls of the nucleotide ribose (the back-
bone amide of Asn®® with the 3’ hydroxyl and the backbone
amide of Leu”® with the ring oxygen), suggesting selective bind-
ing to nucleotides at that site (Fig. 1, B and E). The significance
of these interactions is supported by the conservation of the
sequence of this N-terminal flanking segment, as well as the
side chains it makes contacts with, in the DEXD/H-box RNA
helicase, DDX25/GRTH (Fig. 1B and supplemental Fig. S1).

The structure of the ternary complex with a decauracil (U, )
mRNA mimic and the non-hydrolyzable nucleotide, ADPNP,
shows that both lobes contribute to nucleotide and RNA bind-
ing (Fig. 1C, D, and F and supplemental Fig. S2). Six bases of the
RNA molecule are visible in the electron density, positioned
across the top of the cleft; this mode of binding is consistent
with the mechanism of RNA binding predicted for other
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FIGURE 1. Structure of human DDX19. A, overview of DDX19 with ADP bound and the N-terminal flanking helix in the central cleft. The Arg**° side chain that
acts as an arginine finger is presented as sticks. B, schematic representation of the cleft-inserted helix with the two conserved domains of the protein, shown
in the same view as in panel A. Residues that are conserved in DDX25 are shown in blue. C, overview of the DDX19-RNA complex, with Mg-ADPNP bound in the
central cleft. The Arg**° side chain is presented as sticks. D, detail of the RNA binding site of the DDX19-RNA complex. E, detail of the nucleotide binding site in
the open conformation, with the electron density (2F,,, — F.,) for ADP rendered at 1.5 o. F, detail of the nucleotide binding site in the RNA complex, with the
electron density (2F,,, — F,0) for Mg-ADPNP rendered at 1.5 o. In all panels, the conserved domain-1 (yellow), the conserved domain-2 (red), and the
N-terminal flanking sequence (green) are indicated.
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FIGURE 2. Role of the N-terminal flanking sequence in the regulation of DDX19 ATPase activity. A, schematic
diagram of the DDX19 protein constructs used in this study (not drawn to scale). N-term represents the N terminus.
B, relative ATPase activities of DDX19 protein constructs in the presence of between 0 and 0.5 mg/ml ssRNA.

DEXD/H-box RNA helicases, as determined by the structures
of the complexes of RNA with DDX48/elF4AIII (12, 13) and
Vasa (14). Also common to the mechanisms of the DEXD/H-
box RNA helicase interactions with RNA is a kink that the pro-
teins introduce in the RNA backbone between U4 and U5.

DDX19 differs from DDX48 and Vasa in the binding to RNA
downstream of the kink. In the DDX48 and Vasa structures, U5
and U6 remain stacked with each other on the 3’ side of the
kink, whereas in DDX19, the U6 base is rotated through ~150
degrees around the sugar-phosphate backbone (Fig. 1D). This
conformation is stabilized by hydrogen-bonding interactions
between the 2'-ribose hydroxyl of U6 and the e-amide of Lys**”
and between the uracil base and the Lys*°* and Asp>*® side
chains. Structure overlays suggest that a similar flipped confor-
mation of U6 could not be accommodated by either DDX48 or
Vasa.
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The interactions of the cleft-in-
serted helix with the conserved
domains and with the nucleotide
attest to the specificity and selectiv-
ity of the positioning of the N-ter-
475 minal extension and point to a
potential regulatory mechanism for
the intrinsic ATPase activity of
DDX19 (Fig. 1, Band E). To investi-
gate this possibility, we measured
the ATPase activities of three differ-
ent DDX19 protein constructs (Fig.
2A). In the absence of ssRNA, full-
length DDX19 (Met'-Asn*"®) did
not hydrolyze appreciable amounts
of ATP, but ATPase activity was
stimulated to a rate of ~0.77 = 0.2

' (S.D.) by 0.5 mg/ml ssRNA
(Fig. 2B). The shorter protein con-
struct Glu®*~Glu®’®, lacking the
native N terminus but containing
the cleft insertion helix, hydrolyzed
ATP at an intermediate rate of
~25% of the ssSRNA-stimulated full-
length protein. This activity was
independent of the presence of
ssRNA. The construct Lys”*-
Glu*”®, which also lacked the cleft
insertion «-helix, displayed the
highest turnover of ATP (~200% of
the ssRNA-stimulated full-length
protein), again independent of the
presence of ssRNA. Further tests
showed that the ATPase activities of
the DDX19 proteins were not stim-
ulated nor inhibited by the presence
of double-stranded RNA (supple-
mental Fig. S3).

Taken together, these results
show that the core DEAD and heli-
case domains (construct Lys®
Glu*”®) form an active, RNA-inde-
pendent ATPase. The addition of the cleft-inserted helix
(construct Glu®*~Glu*”®) represses the ATPase activity of the
core protein but does not confer RNA dependence to it. Further
addition of the native N terminus (i.e. resulting in full-length
DDX19) completely abolishes the ATPase activity of the pro-
tein in the absence of ssRNA. The presence of ssSRNA over-
comes the complete inhibition of ATPase activity in the full-
length protein. The presence of the native N terminus is also
required for ssSRNA concentration-dependent stimulation of
ATPase activity, indicating that ssSRNA binding is sufficient to
displace the N terminus, release the helix from the cleft, and
allow formation of the catalytic triad in the ATP binding site.

RNA- and ATP-induced cleft closure has been shown to
occur in solution (29), and the crystal structures of human
DDX19 presented here demonstrate how cleft closure can be
utilized in the regulation of ATPase activity. Our results suggest

K92-E475
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amodel where an a-helical segment of the N-terminal flanking
region is inserted between the core domains in the RNA-free
protein. This helix prevents cleft closure and positions the
N-terminal flanking sequence in the RNA binding groove or in
its proximity. RNA binding then displaces the native N termi-
nus, releasing the helix from the cleft to allow formation of the
closed state and subsequent nucleotide hydrolysis. We predict
that this mechanism of autoregulation also applies to DDX25,
the other DEXD/H-helicase in which the sequence of the cleft
insertion helix is highly conserved, and possibly to other family
members.
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