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ABSTRACT

RNA helicases of the DEAD-box protein family form
the largest group of helicases. The human DEAD-box
protein 1 (DDX1) plays an important role in tRNA and
mRNA processing, is involved in tumor progression
and is also hijacked by several virus families such
as HIV-1 for replication and nuclear export. Although
important in many cellular processes, the mecha-
nism of DDX1′s enzymatic function is unknown. We
have performed equilibrium titrations and transient
kinetics to determine affinities for nucleotides and
RNA. We find an exceptional tight binding of DDX1 to
adenosine diphosphate (ADP), one of the strongest
affinities observed for DEAD-box helicases. ADP
binds tighter by three orders of magnitude when
compared to adenosine triphosphate (ATP), arresting
the enzyme in a potential dead-end ADP conforma-
tion under physiological conditions. We thus suggest
that a nucleotide exchange factor leads to DDX1 recy-
cling. Furthermore, we find a strong cooperativity in
binding of RNA and ATP to DDX1 that is also reflected
in ATP hydrolysis. We present a model in which ei-
ther ATP or RNA binding alone can partially shift the
equilibrium from an ‘open’ to a ‘closed’-state; this
shift appears to be not further pronounced substan-
tially even in the presence of both RNA and ATP as
the low rate of ATP hydrolysis does not change.

INTRODUCTION

RNA helicases are involved in all major steps of RNA
metabolism from transcription, pre-RNA processing to
RNA transport and decay. They are classified into several
super- and subfamilies according to conserved sequence
motifs, domain composition and oligomeric state (1–3). The
largest group of helicases is formed by the DEAD-box pro-
tein family, which belongs to superfamily 2 (1). DEAD-box
proteins are characterized by the signature sequence D-E-
A-D (Asp-Glu-Ala-Asp) in their conserved Walker B mo-

tif and have a central role in several metabolic processes,
where they are often found in large hetero-oligomeric com-
plexes (4). The human DEAD-box protein DDX1 is unique
amongst other family members since it contains a long
∼220 amino-acid insertion between the consensus motifs
I ( = Walker A motif) and Ia (5) (Figure 1). It was origi-
nally identified by its overexpression in neuroblastoma and
retinoblastoma cell lines where it is localized either in the
nucleus or the cytoplasm depending on the cell type (6,7).
Due to its overexpression in tumor tissue, DDX1 was re-
cently proposed as a potential biomarker for breast cancer
(8) and a predictive marker for ovarian and kidney carci-
nomas (9). A large variety of cellular functions have been
attributed to DDX1, such as mRNA/miRNA processing
(9,10), interaction with hnRNP K (11), involvement in NF-
�B -mediated transcription (12), involvement in AU-rich el-
ement mediated decay (13) and recruitment to sites of DNA
damage containing RNA–DNA structures (14). Pulldown
experiments have identified DDX1 to be part of the pen-
tameric HSPC117 protein complex that is involved in tRNA
processing (15) and RNA transport (16,17). One function
of DDX1 in this complex is the stimulation of guanyla-
tion of the HSPC117 active site by the protein archease
(18), but details on the mechanism are lacking. Further-
more, DDX1 is hijacked as cellular co-factor for viral repli-
cation by coronavirus (19,20), hepatitis C virus (21) and
JC virus (22). It is critical for mRNA trafficking in HI
virus type 1 (23), where it is involved in the export of un-
spliced mRNAs in the Rev-CRM1 pathway (24,25). DDX1
promotes oligomerization of HIV-1 Rev protein on Rev-
response-element (RRE) mRNA, which is essential for the
export (26). Additionally, it was demonstrated that recom-
binant DDX1 binds Rev and RRE RNA and has an RRE
RNA-dependent catalytic activity (27). RNA silencing ex-
periments provide evidence that DDX1 is required for both
Rev activity and production of HIV-1 virus particles (27).

In general, DEAD-box proteins share a common core
topology of two similar ‘RecA’-like globular �/�-domains
(28) that carry up to 13 conserved sequence motifs arranged
in tandem (29) (Figure 1). During an enzymatic cycle, the
two RecA-like domains adopt an ‘open’- and a ‘closed’-
state (30–32). The open-state is characterized by a flexi-
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Figure 1. Topology of human DDX1. (A) Domain organization of hu-
man DDX1. The N-terminal RecA-like domain is colored in green, the C-
terminal RecA-like domain in blue. The SPRY-domain insertion in RecA-
like domain 1 is colored in brown. The name eponymous DEAD motif II
( = Walker B) and the conserved motif I ( = Walker A) as well as motif
VI that were mutated (residues substituted by alanine residues are high-
lighted in blue) are indicated. The C-terminal truncation at residue 728 of
the DDX1 construct that was used in this study is indicated by a black
arrow. Additional segmentation at the ends indicates N- and C-terminal
extensions. (B) General 3D-topology map of DDX1. Secondary structure
as predicted with psipred (55) and arranged according to conserved gen-
eral topology of DEAD-box helicases (64). Conserved sequence motifs are
indicated in red circles. The color-code is similar as in (A).

ble arrangement of both domains and X-ray structures of
apo DEAD-box helicases have revealed several different
orientations (33). In contrast, a defined closed-state with a
fixed orientation of both RecA-like domains has been ob-
served for DEAD-box helicases in complex with short RNA
oligonucleotides and non-hydrolyzable adenosine triphos-
phate (ATP)-analogs (31,34–37). In the closed-state, the two
domains closely interact with each other, thereby forming
the ATP binding site at their domain interface and RNA
binds across the surface of the two domains above this ATP
binding cleft (31). The current hypothesis is that DEAD-
box proteins function by switching between these two states,
as the closed-state induces a bend in bound RNA substrate
that promotes strand separation (31,38). ATP hydrolysis
most probably takes places in the closed-state, since con-
served motifs of both domains contribute to the active site
(39). ATP hydrolysis and enzymatic activity of DEAD-box

proteins can be further modulated in trans by interacting
factors or in cis by N- and C-terminal extensions that do
not show sequence conservation (39).

So far, comprehensive kinetic analysis of DEAD-box
proteins is limited to Escherichia coli DbpA and Saccha-
romyces cerevisiae Mss116p that do not harbor extended in-
sertions within the helicase core (40–42). Additional stud-
ies have characterized the ATPase cycle of murine eIF4A
(43), S. cerevisiae Ded1 (44), Bacillus subtilis YxiN (45–47)
and Thermus thermophilus Hera (47,48). These studies in-
dicate that ADP is bound with up to one order of magni-
tude higher affinity than ATP (39,49). Furthermore, coop-
erative RNA and ATP binding has been reported for some
proteins (40,46,49–50). Despite the ‘birth of the D-E-A-D
box’ 25 years ago (51), mechanistic and regulatory infor-
mation is still limited, in particular for human DEAD-box
helicases. DDX1 is a central human DEAD-box protein in
RNA processing––nevertheless its enzymatic function is not
mechanistically characterized so far. Especially in the light
of its cellular significance in tumor progression and HIV-
1 replication, a deeper functional understanding of DDX1
is important. We found that the ATP affinity of DDX1 is
similar to other DEAD-box proteins, however, ADP binds
up to 500× tighter when compared to homologous pro-
teins (40,42). Thus, DDX1 would remain stalled in an ADP-
arrested form under cellular nucleotide concentrations (52).
A nucleotide exchange factor (NEF) or effector that alters
affinities differentially, the existence of which has been spec-
ulated for Dbp 5 (53), may rescue DDX1 in a similar way.
Furthermore, we find a strong coupling between RNA and
ATP binding and hydrolysis; in contrast, ADP affinity is
not influenced by RNA and vice versa. Based on our data,
we propose that either ATP or RNA binding alone is suf-
ficient to induce partial formation of the enzymatically ac-
tive closed-state of the helicase. Since the affinities of both
ligands, ATP and RNA are higher for the closed-state this
leads to synergistic binding.

MATERIALS AND METHODS

Cloning, expression and purification

The coding sequence for human DDX1 was amplified
from cDNA (obtained from OpenBiosystems, Accession:
BC012739, clone ID: 3835131) and cloned into pET28a
expression vector (Novagen) leading to an N-terminal
hexahistidine tagged variant. QuikChange site-directed-
mutagenesis (Stratagene) was used to generate C-terminal
truncated variants of DDX1 and the ATPase deficient
Walker A-motif mutant (K52A) as well as the double argi-
nine mutant (R605A-R608A) in which the two conserved
arginine residues of motif VI that potentially bind to the
� -phosphate of ATP were exchanged to alanine residues.
Full-length DDX1, as well as truncated and mutant pro-
teins were purified following the same protocol. All purifi-
cation steps were performed at 277 K. Proteins were ex-
pressed in BL21-CodonPlus(DE3)-RIL cells (Invitrogen),
grown in Luria-Bertani medium and protein expression was
induced at OD600 = 0.6 upon addition of 0.5 mM isopropyl-
�–D-1-thiogalactopyranoside. Bacteria were grown at 293
K for 14 h. Cells were harvested by centrifugation, cell
pellets were resuspended in lysis buffer (50 mM Tris–HCl
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pH 8.0, 250 mM KCl, 10 mM �-Mercaptoethanol) and
cell walls were opened by sonication on ice (Branson Soni-
fier). The lysate was cleared at 125 000 x g at 277 K for
40 min and the supernatant was loaded on a Ni-NTA Hi-
Trap column (GE Healthcare), pre-equilibrated with lysis
buffer. Recombinant protein was eluted in a gradient to
lysis buffer supplemented with 250 mM imidazole. Full-
length DDX1 (amino acids 1–740) was inhomogeneous af-
ter this initial purification step and several bands of po-
tentially truncated DDX1 were observed during sodium
dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-
PAGE) analysis. However, only a single protein band was
observed for the truncated construct DDX1–728 (amino
acids 1–728). We therefore used construct DDX1–728 for
all measurements and refer to this construct as ‘DDX1′
throughout the manuscript. After elution from Ni-NTA,
homogeneous fractions of DDX1 were pooled and diluted
in heparin buffer (50 mM Tris–HCl pH 8.0, 5 mM MgCl2,
3 mM dithioerythritol). DDX1 was loaded on a 1 ml Hi-
Trap heparin column (GE Healthcare) using an ÄKTA pu-
rifier 10 (GE Healthcare). Protein was eluted in a linear
gradient to heparin buffer supplemented with 1 M KCl,
protein containing fractions were diluted in MonoQ buffer
(50 mM Tris–HCl pH 9.0, 5 mM MgCl2, 3 mM dithioery-
thritol) and loaded on a MonoQ 10/100 GL column (GE
Healthcare). Similar as before, protein was eluted in a lin-
ear gradient to MonoQ buffer supplemented with 1 M KCl
and protein fractions were concentrated using Amicon Ul-
tra 10K MWCO filters (Milipore). Further purification was
achieved by gel-filtration chromatography on a Superose 6
10/300 GL column (GE Healthcare), equilibrated in stor-
age buffer (10 mM HEPES-NaOH pH 8.0, 250 mM KCl,
5 mM MgCl2, 3 mM dithioerythritol). Fractions contain-
ing pure DDX1 protein were pooled, concentrated in Am-
icon Ultra 10K filters and stored in 20 mg/ml aliquots at
193 K. All purification steps were monitored by 15 % (w/v)
SDS-PAGE and Coomassie-Blue staining. Purified DDX1
protein was confirmed to migrate as a single band with an
apparent molecular weight of 84 kDa (Supplementary Fig-
ure S1) and identity was verified by MALDI-MS. For better
comparison with previous results that were obtained with
similar N-terminal hexahistidine tagged variants (27), all
experiments were performed with the hexahistidine tag con-
taining proteins.

Mass spectrometry

Sample handling and preparation for mass spectrometric
analyses was performed according to Wulfmeyer et al. (54).
Peptide mass fingerprinting was performed by trypsin diges-
tion of proteins ‘in-gel’. Obtained peptides were analyzed
with matrix-assisted laser desorption/ionization––time of
flight on an Axima Performance mass spectrometer (Shi-
madzu). Identity of selected peptides was confirmed by se-
quencing with high energy collision induced dissociation.
Mascot MS/MS search software (Matrix Science) was used
to identify the proteins.

Circular dichroism spectroscopy

Secondary structure of DDX1 protein constructs was pre-
dicted with psipred (55) and analyzed by recording circular
dichroism (CD) spectra from 200 to 260 nm using a Jasco
J-810 CD spectropolarimeter (Jasco Corp.). A typical mea-
surement was performed with 5 �M ( = 0.42 mg/ml) protein
in 200 �l total volume of storage buffer and the cuvette was
thermostated to 298 K. Melting curves were recorded at 222
nm by heating the sample cuvette from 293 K to 368 K at a
rate of 1 K per min and potential refolding was monitored
by returning to the start temperature. Melting curves were
fitted to a two-state-unfolding equation (56).

Static- and dynamic light scattering

The oligomeric state of the protein was determined by
static- and dynamic light scattering (SLS/DLS). For SLS
50 �M of DDX1 protein was injected on a Superdex
200 10/300 GL column (GE Healthcare) using a Waters
FPLC system (Waters Corp.). The Superdex 200 column
was connected to a Wyatt Dawn Heleos II multi-angle-light-
scattering (MALS) detector (Wyatt Technology) detecting
scattered light from 18 different angles. Refractive index,
determined after elution from the column and light scat-
tering data were used to calculate the radius of gyration
and the corresponding molecular weight with the help of
the Astra Software (Wyatt Technology). For DLS, 25 �M
of DDX1 protein in a total volume of 60 �l storage buffer
were measured in a Viscotek 802 (Malvern Instruments),
which records scattered light at fixed 90◦ angle. Thirty indi-
vidual traces with four second measurement time each were
recorded. All traces with constant intensity were averaged to
fit a combined auto-correlation function, which was used to
extract the hydrodynamic radii of the particles in solution
and the molecular weight was calculated assuming a glob-
ular protein shape. All DLS data analysis was performed
using the OmniSIZE Software (Malvern Instruments).

Fluorescence equilibrium spectroscopy

Binding affinities for nucleotides were determined by fluo-
rescence equilibrium titration, using N’-methylanthraniloyl
(mant)-labeled nucleotide analogs. 2′-/3′-O-mant-
adenosine-5′-O-di-or-triphosphate (mantADP, mantATP)
and 2′-deoxy-3′-O-mant-adenosine-5′-O-diphosphate
(mantdADP) were purchased from BIOLOG (Bremen,
Germany). Fluorescence spectra of isolated and protein
bound mantADP/mantdADP in titration buffer (50 mM
HEPES-NaOH pH 8.0, 250 mM KCl, 5 mM MgCl2)
were recorded on a Jasco FP-8500 spectrofluorometer
(Jasco Corp.) thermostated to 298 K. About 50–500
nM mantADP/mantdADP were titrated with DDX1
at varying concentrations from 10 nM to 5 �M. In
competition experiments mantADP/mantdADP (200 or
500 nM, protein 1 �M) was displaced with unlabeled
nucleotides by titration with ADP-MgCl2, ATP-MgCl2 or
the non-hydrolyzable ATP-analogs adenosine-5′-[(�,� )-
imido]triphosphate (AppNHp-MgCl2) and adenosine-5′-
[(�,� )- methyleno]triphosphate (AppCH2p-MgCl2).

Fluorophores were excited at 356 nm, emission spectra
were recorded from 370 to 520 nm and the fluorescence sig-
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nal at 448 nm was used to plot binding curves. Titration data
of protein binding to mantADP/mantdADP were fitted to
a quadratic binding equation (57):

signal = F0 + Fmax ·

(X + B0 + Kd)/2 −
√

[(X + B0 + Kd)/2]2 − X · B0

B0

where F0 is the baseline, Fmax the amplitude of
signal change, B0 is the total concentration of
mantADP/mantdADP (B0 = B + AB), X is the con-
centration of component A ( = DDX1-protein) that is
varied and Kd is the dissociation constant for the complex
AB of mantADP/mantdADP and DDX1. Data from
competition experiments, where mantADP/mantdADP-
DDX1 complex was incubated with excess of unlabeled
nucleotides were fitted to the cubic binding equation (58).
The Kd,AB as determined from the binding titrations for
the protein mantADP/mantdADP complex alone was
kept as constant parameter for these fits. Data fitting was
performed either with GraFit 5.0 (Erithacus Software) or
Prism 5.0 (GraphPad Software). All titrations involving
ATP and non-hydrolyzable ATP-analogs were performed
in the presence of 2 mM phosphoenolpyruvate (PEP) and
4 U pyruvate-kinase (PK) (Roche) as an ATP regeneration
system.

The specificity of DDX1 toward oligonucleotide se-
quence and the impact on binding affinities was tested
by performing nucleotide titrations in the presence of 40
�M RNA. Two different RNA oligonucleotides were tested
for their influence on DDX1, a 10mer polyA RNA and a
13mer RNA of mixed sequence (5′-AGCACCGUAAAGA-
3′; according to (59)). All RNAs were purchased from
biomers.net GmbH (Ulm).

Transient kinetic measurements

Stopped-flow experiments were used to corroborate the
robustness of the fits of the equilibrium titration data.
Transient kinetics were recorded on a BioLogic SFM-
400 stopped-flow instrument (BioLogic Science instru-
ments) thermostated to 298 K. Mant-fluorescence was ex-
cited at 356 nm and emission was detected with a 420
nm cut-off filter (420FG03–25, LOT Oriel Group). Mea-
surements were performed in titration buffer. Traces were
recorded in triplicates and averaged. For binding experi-
ments, 0.5 �M DDX1 was rapidly mixed with 2.5 to 7.5
�M mantADP/dADP and traces were fitted to the sum
of two exponential functions. The first phase that did scale
linearly with nucleotide concentration and the on-rates for
nucleotide binding were obtained from the slope of a plot
of those apparent rate constants versus concentration. Off-
rates for nucleotide binding were obtained by chase exper-
iments. To that end, 0.5 �M mantADP/dADP were pre-
incubated with 0.5 �M DDX1 and then displaced by rapid
mixing with either 250 or 500 �M ADP. Traces were fit-
ted to a single exponential function that gave the rate con-
stant for mantADP/dADP dissociation. The dissociation
constant Kd was calculated from the ratio of off- to on-
rate. Experiments were performed with both mantADP and
mantdADP.

RNA binding under equilibrium conditions

Initial attempts to directly determine the affinities of DDX1
for fluorescently labeled RNA were hampered by the lack
of change in the Carboxyfluorescein (FAM) fluorescence
signal and spectrum of labeled RNA when titrated with
DDX1. Therefore, we aimed at an indirect determination
of RNA affinities of DDX1 by characterizing the ATP
affinities at various RNA concentrations. However, this was
also not directly achievable, as the affinity of ATP is ex-
tremely low. The key that made the determination of the
RNA affinity of DDX1 possible was to monitor the change
in displacement of mantdADP by ATP at different RNA
concentrations, as only the affinity for ATP but not for
ADP was found to be influenced by RNA. The fluores-
cence signal was obtained by pre-formation of a DDX1 (1
�M)/mantdADP (0.2 �M) complex that was partially dis-
placed by adding a defined concentration of either ATP-
MgCl2 or AppNHp-MgCl2. Individual experiments were
supplemented with either 50, 100, 200 or 400 �M ATP-
MgCl2 or 100, 200, 400, 1000 or 2000 �M AppNHp-MgCl2
prior to the measurement. RNA was titrated into these re-
actions and the decrease in fluorescence signal due to dis-
placement of mantdADP from the complex by unlabeled
ATP/AppNHp was monitored. An ATP regeneration sys-
tem at similar concentrations as described for fluorescence
titration experiments was included in all measurements.
Displacement curves for RNA titrations at different ATP-
MgCl2/AppNHp-MgCl2 concentrations were fitted glob-
ally by numeric iteration using the software DynaFit (60).
The data on mantdADP, ATP and AppNHp binding (in
presence and absence of RNA) that was recorded in pre-
vious equilibrium titration experiments was included in
the fit. The minimal binding scheme shown in Figure 5G
was used as a model and converted to a system of equi-
librium equations for the fitting process in DynaFit (61).
The dissociation constant for mantdADP was kept as con-
stant parameter. The signal change was coupled to a re-
sponse parameter that corresponds to the fluorescence sig-
nal of 1 �M DDX1–mantdADP complex. Dissociation
constants for ATP/AppNHp, RNA and RNA in the pres-
ence of ATP/AppNHp were determined by a nonlinear
least-squares fit of the theoretical model to the experimental
data. For this fit we set Kd,mantdADP = Kd(RNA),mantdADP and
Kd,RNA = Kd(mantdADP),RNA i.e. assuming that mantdADP
binding does not influence the RNA affinity and is itself
not influenced by RNA binding. For the DynaFit script see
Supplementary Figure S8.

Steady-state ATPase assay

Steady-state ATP hydrolysis was measured using a cou-
pled photometric assay, which relies on NADH oxidation
(62,63). Reactions (100 �l) were measured at 298 K in a
Jasco V-650 spectrophotometer (Jasco Corp.). To determine
basal ATP hydrolysis, 1 �M DDX1 was incubated with
varying amounts of ATP-MgCl2 in assay buffer (25 mM
Tris–HCl pH 8.0, 0.5 mM ethylenediaminetetraacetic acid,
250 mM KCl, 2 mM MgCl2, 0.25 mM NADH, 0.4 mM
PEP, 2.8 units/ml PK, 4 units/ml lactate-dehydrogenase).
The influence of RNA on ATP hydrolysis was determined



Nucleic Acids Research, 2015, Vol. 43, No. 5 2817

by titrating 1 �M DDX1 with a 10mer polyA RNA at con-
stant concentrations of ATP-MgCl2 in assay buffer. ATP
hydrolysis at saturating RNA concentrations was deter-
mined by incubating 1 �M DDX1 with 40 �M 10mer polyA
or 10mer polyU RNA in assay buffer and titrating ATP-
MgCl2. The decrease of absorbance at 340 nm was followed
over time and the slope was used to determine the initial
rates of ATP turnover per molecule DDX1. These data were
finally fitted to the Michaelis-Menten-equation. Similarly,
measurements with the Walker A lysine-mutant of (DDX1
K52A) and the motif VI double arginine mutant (DDX1
R605A-R608A) were performed at varying ATP-MgCl2 and
protein concentrations in the presence or absence of stimu-
lating RNA.

RESULTS

Purification, stability and oligomeric state of recombinant
DDX1

Full-length DDX1 was inhomogeneous after purifica-
tion and migrated as multiple truncated bands on an
SDS-PAGE. Based on secondary structure prediction
and MALDI-MS measurements, C-terminally truncated
DDX1 variants were designed. A construct of DDX1 that
lacks only the C-terminal 12 residues was proteolytically
stable and could be purified to high homogeneity (Sup-
plementary Figure S1). This truncated DDX1 variant was
characterized by CD spectroscopy and the CD-spectrum
showed the signal of a folded protein in mixed �-helical, �-
sheet conformation (Figure 2A) similar as expected for the
canonical RecA-like helicase fold (64). However, the strong
negative �-helical signal at shorter wavelengths (65) is at-
tenuated by the SPRY domain that is predicted to consist
exclusively of �-strands. We recorded thermal denaturation
curves that could be fitted to a two-state unfolding process
yielding a melting temperature of 325 K (52◦C) in accor-
dance with a protein that is stable in all of our experiments
at 298 K (Figure 2B). Furthermore, renaturation experi-
ments revealed that thermal denaturation was irreversible
(data not shown). DDX1 single lysine- (K52A) and double
arginine mutants (R605A-R608A) could be purified similar
as wild-type (WT) protein. Both variants gave the identi-
cal CD-spectrum and a melting point similar to WT and
are thus comparable with WT DDX1. DDX1 has been re-
ported to form dimers at high protein and low salt con-
centrations (27). Since formation of dimeric- or oligomeric
species would complicate interpretation of kinetic measure-
ments, we tested formation of oligomeric species of DDX1
using dynamic- and static light-scattering at concentrations
used in our biophysical assays. Measurement of dynamic
light scattering resulted in a hydrodynamic radius of 3.96
nm and a calculated molecular weight of 86 kDa (Fig-
ure 2C). In static light-scattering experiments 50 �M DDX1
was injected on a size-exclusion column and eluted as a sin-
gle peak. A downstream connected MALS-instrument re-
vealed a radius of gyration of 3.57 nm and molecular weight
of 80 kDa (Figure 2C). Both measurements are in excellent
agreement with monomeric DDX1 at the appropriate con-
centrations and buffer conditions.

Figure 2. Stability and oligomeric state of DDX1. (A) CD-spectra of
DDX1 (black squares), DDX1 K52A (dark gray circles) and DDX1
R605A-R608A double arginine mutant (light gray triangles) at 5 �M
protein concentration. Data traces represent the average of five spectra
and the CD signal was converted to mean-residue-ellipticity (MRE). (B)
Temperature-dependent unfolding curves monitored by recording the CD
signal at 222 nm. The fits yield a melting temperature Tm of 325 ± 1 K for
DDX1 (solid line), a Tm of 326 ± 1 K for DDX1 K52A (dashed line, dark
gray) and a Tm of 324 ± 1 K for DDX1 R605A-R608A double arginine
mutant (dashed line, light gray). (C) Dynamic light scattering experiments
on DDX1. The time-dependent decay of correlation of the scattering signal
from 30 combined measurements (gray circles) and the fit to the combined
autocorrelation data (black line). From this fit, the distribution of the hy-
drodynamic radii by relative mass is obtained (shown in inset). Note, that
the amplitude of each bar indicates the relative portion of the mass of the
entire sample. The distribution peaks at a hydrodynamic radius of 3.96
nm. From this hydrodynamic radius a molecular weight of 86 ± 1 kDa
can be calculated. The peak width of 24.4% RSD indicates good sample
homogeneity. (D) Static light scattering experiments on DDX1. Elution
profile of 50 �M DDX1 (injected) from a gel-filtration run coupled to a
multi-angle-light-scattering (MALS) detector. UV absorbance at 280 nm
is labeled on the left y-axis. The peak at an elution volume of 13.6 ml would
correspond to a molecular weight of ∼80 kDa as estimated from molecu-
lar weight standards. Molecular mass of the eluted species, calculated from
the MALS data (gray squares, labeled at the right y-axis) results in a mass
of 80 ± 1 kDa at maximal absorbance.

Equilibrium binding of mant-nucleotides

The well-characterized fluorescent mant-labeled nucleotide
analogs (66) were used to obtain a spectroscopical signal
for nucleotide binding to DDX1, since initial experiments
revealed that tryptophan-fluorescence is not appropriate
for studying nucleotide binding. In fact, fluorescence of
the mant-group increased upon binding to DDX1 proba-
bly by DDX1 providing a non-polar environment for the
mant-group. For equilibrium titration experiments, a con-
stant concentration of mantADP was titrated with increas-
ing amounts of DDX1 (Figure 3A). The protein-dependent
fluorescence signal could be fitted to the quadratic form
of a single-site binding equation yielding a Kd,mantADP =
0.12 �M for mantADP binding (Table 1). To test the im-
portance of the conserved motif I for nucleotide binding,
the same titration was performed with the DDX1 K52A
mutant where the catalytically important Walker A lysine
residue was mutated to alanine. Noteworthy, even at high
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Figure 3. DDX1 nucleotide affinity determined by equilibrium titrations.
(A) A total of 0.5 �M mantADP were titrated with DDX1 protein to ob-
tain Kd,mantADP. (B) Similar to (A) but titrating the DDX1 K52A variant.
(C) A mixture of 3 �M mantADP and 0.5 �M DDX1 was titrated with un-
labeled ADP to obtain Kd,ADP. (D) A mixture of 0.5 �M mantADP and
2 �M DDX1 was titrated with ATP to obtain Kd,ATP. Noteworthy, this
titration was performed in the presence of an ATP-regenerating system.
(E) A mixture of 0.2 �M mantdADP and 1 �M DDX1 was titrated with
AppNHp to obtain Kd,AppNHp. (F) A mixture of 0.2 �M mantdADP and
1 �M DDX1 was titrated with AppCH2p to obtain Kd,AppCH2p. Binding
data in (A) and (B) were fitted with the quadratic binding equation and the
resulting affinity constant was used as input parameter for the competition
experiments in (C), (D), (E) and (F) that were fitted with the cubic binding
equation. All parameters obtained from these experiments are shown in
Table 1.

protein concentrations full saturation could not be reached
with DDX1 K52A. In fact, fitting of an extrapolated bind-
ing curve resulted in a Kd,mantADP (K52A) = 31.4 �M, which
is a more than 200-fold reduction in binding affinity (Fig-
ure 3B). These results corroborate the expected importance
of motif I for nucleotide binding, but also show that the
change in fluorescence signal is specific. To assess binding
affinities for unlabeled ADP, the mantADP DDX1 com-
plex was pre-assembled and mantADP was displaced by
titrating ADP (Figure 3C). These competition data could
be described by the cubic binding equation (58), resulting
in a Kd,ADP = 0.12 �M (Table 1). This is close to the affin-
ity for the mant-labeled nucleotide analog, indicating that
the mant modification has minor influence on equilibrium
binding as reported before for other systems (67). Notably,
Kd values for mantADP and ADP are smaller by a factor
of 500 when compared to the nucleoside-diphosphate affini-

ties of other DEAD-box helicases (40,42). To probe for ATP
binding, we used the same approach as before and titrated
mantATP with DDX1 protein. No significant increase of
mant-fluorescence was observed in the protein concentra-
tion range used for the titration (up to 6 �M protein).
Therefore, the analysis was limited to the determination of
ATP affinity by competition of ATP against the mantADP
in complex with DDX1. To maintain constant ATP con-
centrations, PK and PEP were added to replenish ATP af-
ter hydrolysis by DDX1. Pyruvate-kinase has a very low
turnover and affinity for mantADP, but rapidly converts
ADP to ATP (66). High concentrations of ATP were re-
quired to completely displace mantADP from DDX1 (Fig-
ure 3D). We obtained a Kd,ATP = 72 �M for ATP from
these titrations, a value that is comparable to what has been
reported for other DEAD-box helicases (40,42). Notably,
this Kd,ATP value is three orders of magnitude higher than
Kd,ADP. We performed all equilibrium titrations in parallel
using the 2′-deoxy mantADP variant. Although the binding
amplitudes were slightly different, all affinities were in very
good agreement with those determined for mantADP (Sup-
plementary Figure S2 and Table S1), and we can thereby ex-
clude any mant-isomer-specific effects (68). Finally, equilib-
rium titrations were performed with the non-hydrolyzable
ATP analogs AppNHp and AppCH2p (Figure 3E and F).
In fact, affinity for AppNHp (Kd,AppNHp = 493 �M) and
AppCH2p (Kd,AppCH2p = 284 �M) was 5–10 fold reduced
when compared with ATP (Table 1), an observation that
has been reported for some other DEAD-box proteins as
well (43,50).

Transient kinetic measurements

Since the ADP affinity of DDX1 determined by equilib-
rium titration experiments is exceptionally high when com-
pared to previous reports for homologous proteins (40,42–
43) it was characterized in parallel by transient kinetics in
a stopped-flow setup. Fluorescence traces of experiments
in which constant concentrations of DDX1 were mixed
rapidly with different mantADP concentrations in excess
over DDX1 could be fitted to the sum of two exponen-
tial functions (Figure 4A). The initial fast phase scaled di-
rectly with mantADP concentration, whereas the second
slow phase was constant throughout the experiments. To
test whether the second phase in the time course of man-
tADP binding was due to different affinities of DDX1 for
2′- or 3′-mantADP, we performed those experiments us-
ing 2′-deoxy mantdADP (Figure 4B). Indeed, binding of
mantdADP was identical to mantADP, but the second slow
phase was less pronounced, indicating that the latter might
reflect mant isomerization which is commonly observed
(68). However, the second slow phase was still present with
mantdADP, which could reflect residual nucleotide (e.g.
ADP) bound to DDX1 after purification. In favor of this
assumption is the fact that the rate constant of the second
phase is in the range of the measured dissociation rate con-
stant of ADP and also that we could detect about 10% resid-
ual ADP in the protein stock. Thus, our analysis was limited
to the initial fast phase and we interpret the first fast phase
as the mantADP binding process to nucleotide free DDX1.
This assumption is justified, as we observe a linear depen-
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Figure 4. Transient kinetics of DDX1 binding to mantADP and mantdADP. (A) Fluorescence traces obtained by rapid mixing of 2.5 (blue), 3.75 (green),
5 (yellow) and 7.5 �M (red) mantADP with 0.5 �M DDX1 (final concentrations). Traces could be described by double exponential fits (black lines) and
the corresponding rate constants k1,fast (squares) and k2 (triangles) are plotted below. Note, that the fast rate constant k1,fast scales linearly with mantADP
concentration and the slope (0.954 as indicated) was interpreted as on-rate for binding. The fast phase accounts for ∼60 % of the total amplitude (B)
Same experimental setup as in (A) using different concentrations of mantdADP. Here the fast phase accounts for ∼75 % of the total amplitude. Starting
fluorescence was arbitrarily set to 1 in (A) and (B). (C) Fluorescence traces of chase experiments in which an equilibrated solution of 0.5 �M mantADP and
0.5 �M DDX1 was rapidly mixed with either 250 (green) or 500 �M (blue) of unlabeled ADP. Single exponential fits (black lines) gave identical off-rates
for mantADP dissociation showing that displacement was complete. (D) Similar to (C) using mantdADP instead of mantADP.
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Table 1. DDX1 nucleotide binding and hydrolysis

Equilibrium
titrations (�M) (�M)

Kd,mantADP 0.12 ± 0.02 Figure 3a Kd,mantADP (K52A) 31 ± 5 Figure 3b
Kd,mantdADP 0.12 ± 0.03 Supplementary

Figure S2
Kd,ADP 0.12 ± 0.03 Figure 3c Kd,ATP 72 ± 15 Figure 3d
Kd,AppNHp 493 ± 68 Figure 3e Kd,AppCH2p 284 ± 3 Figure 3f

Transient kinetics kon (�M−1s−1) koff (s−1) (�M)

mantADP 0.95 ± 0.12 0.15 ± 0.0004 Kd,calc (ratio) 0.16 ± 0.21 Figure 4a
mantdADP 0.82 ± 0.04 0.074 ± 0.0001 Kd,calc (ratio) 0.09 ± 0.01 Figure 4b

RNA-dependent
nucleotide binding

(�M) (�M)

Kd(RNA),mantdADP 0.09 ± 0.02 Figure 5a Kd(RNA),ATP 5.0 ± 0.8 Figure 5b
Kd(RNA),AppNHp 18 ± 4 Figure 5c Kd(RNA),AppCH2p 14 ± 5 Figure 5d

RNA binding (�M) (�M)

Kd,RNA 2.9 ± 0.9 Kd(AppNHp),RNA 0.4 ± 0.1 Figure 5f

ATP hydrolysis (�M) (s−1)

Km,ATP 1750 ± 330 kcat,ATP 0.096 ± 0.005 Figure 6a

Km(RNA),ATP 11.7 ± 1.3 kcat(RNA),ATP 0.168 ± 0.003 Figure 6c

(nM)

Km(10mM ATP),RNA 70 ± 21 kcat(10mM ATP),RNA 0.141 ± 0.006 Figure 6b

Km(6mM ATP),RNA 107 ± 16 kcat(6mM ATP),RNA 0.168 ± 0.004 Figure 6b

Km(1mM ATP),RNA 257 ± 70 kcat(1mM ATP),RNA 0.222 ± 0.014 Figure 6b

Molecules in subscript and parentheses next to an affinity constant indicate the respective molecule that is present at saturating concentrations. The errors
represent the standard error from the fits.

dence between the mantADP concentration and the appar-
ent kobs values. Furthermore, the determined Kd,calc kinetic
values from this phase are in good agreement with all Kd
values for ADP and ADP analogs determined in equilib-
rium titration experiments (Figure 4 and Table 1). The man-
tADP association rate constant was determined from the
slope of the [mantADP] dependence of k1,fast giving a rate
constant for association of kon,mantADP = 0.95 �M−1s−1 for
mantADP binding (Table 1). To obtain the rate constant for
dissociation, a chase experiment was performed, where we
pre-incubated DDX1 protein with mantADP and displaced
the latter by mixing with excess amounts of unlabeled ADP.
The time course of mantADP release could be described by
a single exponential decay with a concentration indepen-
dent rate constant koff,mantADP = 0.15 s−1 for both tested
ADP concentrations (Figure 4C, Table 1). Taking the ra-
tio of the off- and on-rate constants, a mantADP affin-
ity of Kd,mantADP,calc = 0.16 �M could be calculated from
the transient kinetics measurements, which does correspond
well to the affinity determined by equilibrium titration (see
above). Similarly, in the measurements with 2′-deoxy mant-

dADP, the mantdADP concentration dependent first fast
phase gave an association rate constant kon,mantdADP = 0.82
�M−1s−1. Chase experiments with excess ADP gave an
dissociation rate constant koff,mantdADP = 0.074 s−1 (Fig-
ure 4D). The corresponding affinity Kd,mantdADP,calc = 0.09
�M perfectly agrees with the results from equilibrium titra-
tions. Since both, equilibrium as well as transient kinetic
experiments, gave similar binding properties for mantADP
and mantdADP but no isomerization effects had to be ex-
pected for the latter analog, all subsequent experiments
were exclusively performed with mantdADP. We also tested
whether RNA influences mantdADP release but could not
see any effect (Supplementary Figure S3A). Furthermore,
we confirmed that mantdADP release of the DDX1 R605A-
R608A double arginine mutant is similar to WT (Supple-
mentary Figure S3B). Finally, we performed displacement
experiments in which we displaced ADP from DDX1 by an
excess of mantdADP. In contrast to the displacement ex-
periments discussed before, we observed an increase in sig-
nal due to mantdADP binding. The rate constant obtained
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from this experiment confirmed that mantdADP and ADP
do not differ in their off-rate (Supplementary Figure S3C).

Influence of RNA on DDX1 nucleotide affinity

We performed equilibrium titrations with mant-
nucleotides, similar as described before, to determine
nucleotide affinities in the presence of saturating RNA
concentrations. We tested the effect of a 10mer polyA
RNA and a 13mer RNA of mixed sequence on DDX1
nucleotide binding. Whereas, the affinity of DDX1 for
mantdADP was unaffected upon addition of any RNA
(Figure 5A), the ATP affinity was increased ∼20-fold to
a Kd(RNA),ATP (RNA-saturated) = 5 �M for both RNA
species as determined by the ATP competition exper-
iments (Figure 5B and Table 1). Titrations performed
with AppNHp (Kd(RNA),AppNHp = 18 �M) and AppCH2p
(Kd(RNA),AppCH2p = 14 �M) gave comparable results (Figure
5C and D). They showed a ∼20-fold increased affinity in
the presence of RNA, similar as observed for ATP. Thus,
we can exclude any significant influence of ATP hydrolysis
on the observed synergy of binding. Consistent with our
previous observation, the non-hydrolyzable ATP-analogs
had a lower apparent affinity than ATP. Most importantly,
even at RNA-saturated conditions, ATP affinity is still 50–
200× lower when compared to that for ADP. Furthermore,
we also performed equilibrium titrations with the DDX1
R605A-R608A double arginine mutant in which both
arginine residues of the conserved motif VI in the RecA
like domain 2 were mutated to alanine. Whereas nucleotide
binding was similar to WT protein (Kd,mantdADP = 0.16
�M, Kd,AppNHp = 278 �M, Supplementary Figure S4A and
SB), this variant was significantly impaired in stimulation
by RNA. In contrast to WT protein, addition of saturating
amounts of RNA (40 �M of 10mer polyA RNA) did not
increase the affinity for ATP (Kd(RNA),AppNHp = 386 �M,
Supplementary Figure S4C). Since those residues bind to
the � -phosphate of ATP only in the closed-state (31,69–70),
these results strongly suggest that the observed synergy of
RNA and ATP binding of DDX1 is mainly due to a partial
shift to the closed-state.

RNA binding

Binding of DDX1 to RNA was characterized in gel-shift as-
says. Three different RNAs, a 10mer polyU, a 10mer polyA
and a 13mer of mixed sequence (59) with a FAM label at
the 3′-end were tested for binding. The labeled RNA was
visualized on native gels by excitation of the fluorescent
label (Supplemental Methods). Binding of RNA could be
observed only at high protein concentrations (Supplemen-
tary Figure S5). No significant difference in the pattern of
gel-shift could be observed between the different RNAs.
To further quantify affinities of DDX1 for RNA, we made
use of the change in fluorescence of mant-nucleotides when
bound to DDX1, similar as employed for equilibrium bind-
ing experiments. The complex of DDX1 with mantdADP
was pre-assembled and either ATP or AppNHp was added
at concentrations where binding to DDX1 is low due to
their low intrinsic affinity when compared to mantdADP.
A 10mer polyA RNA was titrated and a decrease in mant-
dADP fluorescence was observed. The decrease in signal

is due to synergistic binding of ATP/AppNHp and RNA
to DDX1, leading to mantdADP displacement (Figure 5E
and F). To ultimately exclude that RNA- and ADP-binding
could be coupled, we performed the similar experiment but
replaced ATP by ADP and could not observed any decrease
in the fluorescence signal of mantdADP.

RNA-titration data at different nucleotide concentra-
tions were fitted globally according to a minimal binding
scheme (Figure 5G). This was done for two systems with
the program DynaFit (60,61), one for the RNA titrations
in the presence of ATP (Figure 5E) and one for the RNA
titrations in the presence of the non-hydrolyzable ATP ana-
log AppNHp (Figure 5F). Additionally, the previously mea-
sured titration data that were used to determine mantdADP
and ATP/AppNHp (with and without RNA) affinities by
analytical fitting approaches (see Figures 3 and 5A–C) were
included in both global fits. For all global fits, the binding
mechanism (Figure 5G) was converted to a coupled equilib-
rium system. Noteworthy, the fluorescence signal of 1 �M
DDX1–mantdADP complex was coupled to a response pa-
rameter. Finally, the parameters (Kd) of all equations were
optimized by numeric iteration to obtain a minimal devia-
tion of simulated curves to the input data.

Similar as observed before, the apparent affinity values
determined for AppNHp (Table 1) did differ from those de-
termined with ATP (Supplementary Table S2). From the fits
a Kd,RNA = 2.94 �M for RNA binding to nucleotide free
DDX1 was determined. Since no synergistic effects of ADP
and RNA binding could be observed the Kd,(mantdADP),RNA
was set numerically identical to the Kd,RNA (Figure 5). Im-
portantly, RNA binding to the AppNHp-bound form of
DDX1 was found to be tighter with a Kd(AppNHp),RNA =
0.36 �M (Figure 5G, Table 1) and is thus ∼10× tighter
when compared with DDX1 binding to RNA in the absence
of ATP. However, due to microscopic reversibility, binding
should be ∼25-fold tighter according to the results from di-
rect equilibrium measurements (Figures 3E and 5C).

Kd,AppNHp · Kd(AppNHp),RNA = Kd,RNA · Kd(RNA),AppNHp

i.e. Kd,RNA = Kd,AppNHp

Kd(RNA),AppNHp
· Kd(AppNHp)RNA.

This ambiguity is most probably caused by minor tech-
nical differences in the various experiments combined in
the global fit that show different signal-amplitudes and off-
sets. It is also reflected in a slight variance in the deter-
mined Kd values for AppNHp, obtained from the global
fit (Supplementary Table S2) and the equilibrium titration
experiments (Table 1). Despite these variations in measure-
ments from completely different experiments, results from
the global fit give a good estimate on the regime of DDX1′s
RNA affinity that is in line with results from ATP hydrolysis
(see below).

Steady-state ATPase activity

DDX1 displayed a basal ATP hydrolysis activity in absence
of RNA in a coupled steady-state ATPase assay, which
could not be observed for the inactive DDX1 K52A mutant,
thereby excluding that measured ATPase is due to contam-
inants. We performed Michaelis-Menten kinetics and char-
acterized the basal ATP hydrolysis of DDX1 (Figure 6A,
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Figure 5. RNA binding and its influence on nucleotide affinity. (A) Equilibrium titration experiments are shown. A total of 0.05 �M mantdADP were
titrated with DDX1 protein in the presence of saturating amounts of 10mer polyA RNA (circles) or 13mer mixed sequence RNA (squares). The dotted
line shows the same titration in the absence of RNA (same as Supplementary Figure S2). (B) Competition experiments in the presence of saturating
amounts of the same RNA as in (A) are shown and labeled similarly. For the experiments a complex of 0.2 �M mantdADP and 1 �M DDX1 was
titrated with ATP in the presence of an ATP-regeneration system. Titration data were fitted as described for Figure 3 and corresponding rate constants
are shown in Table 1. (C) Competition experiments with AppNHp in the presence of saturating (40 �M) amounts of 10mer polyA RNA. (D) Competition
experiments with AppCH2p in the presence of saturating (40 �M) amounts of 10mer polyA RNA. (E) Titration experiments to determine RNA affinity
are shown. Complexes of 1 �M DDX1, 0.2 �M mantdADP and either 50 (circles), 100 (squares), 200 (triangles) or 400 �M (inverted triangles) of ATP
were titrated with 10mer polyA RNA. Titrations were performed in the presence of an ATP-regeneration system. Depicted fits were obtained from a global
numeric iteration using this and previously measured mantdADP, ATP/AppNHp equilibrium titration data with the program DynaFit (60). The response
parameter, i.e. the fluorescence signal of 1 �M DDX1-mantdADP complex was assumed to be constant for all measurements. Affinity constants obtained
by global fitting are shown in Table 1. (F) Same experimental setup as in (E), but titrating RNA to 100 (circles), 200 (squares), 400 (triangles), 1000 (inverted
triangles) or 3000 �M (diamonds) AppNHp instead of ATP. Notably, the data points for 100 �M AppNHp are not well described by the fit (residuals
of up to 20% of signal amplitude), due to variations in the signal amplitude. However, each single fit in the global fit analysis is influenced by all other
datasets that are included. Keeping that in mind, overall the fits describe the data points reasonably well (also see errors in Table 1). (G) Minimal binding
scheme for binding of ATP or mantdADP to the DDX1 helicase. This scheme was used for global fitting of all ATP or AppNHp titration data to obtain
the affinities for RNA, Kd,RNA and Kd(ATP),RNA/Kd(AppNHp),RNA. Note that since no synergistic effects of RNA and mantdADP binding were observable
we assumed Kd,mantdADP= Kd(RNA),mantdADP and Kd,RNA = Kd(mantdADP),RNA.
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Figure 6. Michaelis-Menten kinetics of DDX1. (A) A total of 1 �M DDX1
was incubated with increasing concentrations of ATP. Note, that product
inhibition at high ATP concentrations can be excluded since a regenera-
tion system was used. (B) A total of 1 �M DDX1 supplemented with ei-
ther 1 mM (circles), 6 mM (squares) or 10 mM (diamonds) of ATP were
incubated with increasing concentrations of the 10mer polyA RNA. (C) A
total of 1 �M DDX1 supplemented with 40 �M 10mer polyA RNA was in-
cubated with increasing concentrations of ATP. For comparison the same
experiment was repeated with 40 �M 10mer polyU RNA and is shown in
gray. Individual apparent initial velocities per molecule DDX1 were deter-
mined and fitted to the hyperbolic form of the Michaelis-Menten equation.
For (B) the intrinsic activity of DDX1 at the give ATP concentration was
used as an offset. All obtained parameters are given in Table 1.

Table 1). We obtained a Km,ATP = 1.75 mM and a maxi-
mal turnover kcat = 0.096 s−1 from these experiments which
is in the lower range of what has been reported as intrin-
sic activity for DDX1 (27) and other DEAD-box proteins
(71,72). Most importantly, when we tested for ATP hydrol-
ysis at unsaturated to saturated ATP concentrations with
increasing RNA concentrations (Figure 6B) we obtained a
Km(10 mM ATP),RNA = 70 nM and the maximal RNA stim-
ulated ATP turnover rate kcat(10 mM ATP),RNA = 0.14 s−1 at
ATP-saturated conditions (Table 1). As expected, the affin-
ity for RNA decreased at lower ATP concentrations with
a Km(6mM ATP),RNA = 107 nM and a Km(1mM ATP),RNA = 257
nM at unsaturated conditions. Notably, the maximal ATP
hydrolysis rate at saturating RNA concentrations is only
1.5–2-fold faster when compared to that in absence of RNA
(Table 1). Finally, we determined the apparent ATPase rate
at different ATP concentrations and saturating RNA con-
centrations. Under those conditions the Km,ATP was de-
creased to Km(RNA),ATP = 11.7 �M, a value that is fairly sim-
ilar to the Kd(RNA),AppNHp (Figure 6C, Table 1). Interestingly,
the kcat(RNA),ATP of 0.168 s−1 at RNA-saturated conditions
is similar to the dissociation rate constant determined for
ADP (koff,ADP = 0.13 s−1) that is not influenced by RNA
(Supplementary Figure S3). The similar rate constants for
steady-state ATP hydrolysis and ADP release strongly sug-
gest that ADP release is the rate-limiting step of the ATP
hydrolysis cycle. Moreover, the used ATP regeneration sys-

tem cannot access the ADP bound to the enzyme. Yet, it is
required in the assays to regenerate ATP from any free ADP
which would be a strong inhibitor of the reaction and thus
abolish steady state conditions. Thus, the apparent affini-
ties observed for ATP binding are overestimated due to an
appreciable fraction of DDX1 that might be present in an
ADP bound form after ATP hydrolysis under steady-state
conditions. This also suggests that the apparent affinities
of non-hydrolyzable ATP analogs most likely better reflect
the affinity of DDX1 for nucleoside-triphosphates as well
as the affinity of DDX1 in complex with ATP for RNA.
This is also reflected in the observation that the Km,ATP
value for ATP is significantly higher (factor of 10) when
compared with the Kd,ATP, but only increased by a factor
of three when compared with Kd,AppNHp. Previous ATPase
studies on other DEAD-box proteins have used polyU and
not polyA substrates (43,48). For better comparison, we
tested, whether the presence of a 10mer polyU substrate
also influences the ATPase cycle of DDX1. We determined
a Km(RNA),ATP = 18.7 �M and a kcat(RNA),ATP = 0.15 s−1 at
saturating polyU RNA concentrations (Figure 6C) which
were found to be highly similar to the values determined
for polyA RNA. Furthermore, the affinity of DDX1 for the
polyU RNA (Km(6mMATP),RNA = 85 nM) (Supplementary
Figure S6) is comparable to the Km(6mMATP),RNA for polyA
RNA. Although preferential binding of DDX1 to polyA
RNA has been previously reported (11), our Michaelis-
Menten experiments suggest, that this difference might not
be very pronounced. Finally, we also performed Michaelis-
Menten kinetics with the DDX1 R605A-R608A double
arginine mutant using a polyA RNA as substrate. We found
that the rate of ATP hydrolysis (kcat,ATP R605A-R608A =
0.0091 s−1) was markedly decreased compared to WT pro-
tein (kcat,ATP WT = 0.096 s−1), whereas the Km,ATP (Km,ATP
R605A-R608A = 3.6 mM) remained largely unchanged
(Supplementary Figure S7). The finding that mainly the
ATP hydrolysis rate but not Km is impaired by this mutation
is in good agreement to what has been reported for other ho-
mologous DEAD-box proteins (69,70). Strikingly, the ATP
hydrolysis could not be stimulated by RNA (Supplemen-
tary Figure S7A) and the cooperativity of ATP and RNA
binding was lost by the R605A-R608A double arginine mu-
tation.

DISCUSSION

RNA binding––sequence specificity

We tested DDX1 for RNA sequence specificity and could
not observe any difference in binding of DDX1 to ei-
ther a 10mer polyA, 10mer polyU or a 13mer of mixed
RNA sequence in electrophoretic mobility shift assays
(EMSA) (Supplementary Figure S5). In support of this
qualitative observation, RNA molecules that were differ-
ent in sequence did stimulate ATP binding and hydroly-
sis to the same extent as discussed below. Since we tested
only a very small set of RNAs, it is possible that we did
not use the correct sequence to specifically activate DDX1.
However, potential sequence promiscuity would be benefi-
cial for DDX1′s function as a general RNA processing en-
zyme, involved in a plethora of different cellular functions.
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This would be very similar to what has been reported be-
fore for instance for the well-studied examples Mss116 and
eIF4AIII that both have to be promiscuous in RNA bind-
ing to fulfill their cellular function (64,73). On the other side,
a lack of inherent specificity of DDX1 for certain RNA se-
quences could be easily overcome by interacting factors that
recruit DDX1 to a specific target.

Nucleotide affinities of DDX1 and the influence of RNA

In the absence of RNA we find an exceptional tight binding
of the nucleoside-diphosphate ADP (Kd,ADP = 0.12 �M),
which binds tighter by a factor of almost 500 when com-
pared to ADP affinities of other DEAD-box proteins (Sup-
plementary Table S1) (39,49). In contrast, the affinity for
ATP (Kd,ATP = 72 �M) is within range of what has been re-
ported for homologous proteins (40,42). In fact, the differ-
ence in affinity between the two nucleotide species is about
three orders of magnitude and such a pronounced differ-
ence has not been observed for any other DEAD-box heli-
case to date (49). In common with the majority of DEAD-
box proteins (39), the affinity for ADP remains the same
in the presence of saturating RNA. However, ATP affinity
was significantly increased in presence of RNA and the syn-
ergy factor was found to be ∼20. In this respect, DDX1 is
similar to YxiN (47), Ded1 (44) and eIF4A (43) where an
increased ATP affinity in the presence of RNA has been re-
ported, but differs from the DEAD-box proteins Mss116
and DbpA (Supplementary Table S3). Furthermore, a sim-
ilar RNA-mediated increase in affinity was also observed
for non-hydrolyzable ATP analogs, such as AppNHp or
AppCH2p. It has been shown previously for DbpA that
AppNHp binds differently from ATP (50) but this might
not be the case in DDX1, as the synergy factor between
the non-hydrolyzable ATP analogs and RNA was the same
as between ATP and RNA. Most importantly, this identi-
cal synergy factor of ∼20 clearly demonstrates that binding,
and not hydrolysis of ATP increases the affinity for RNA.
Furthermore, our results from the ATPase assay suggest
that ADP dissociation might be rate-limiting for the cat-
alytic cycle of DDX1, which would imply that the ADP-
Pi bound intermediate is significantly populated. For other
DEAD-box proteins, the release of Pi has been suggested to
be the rate-limiting step of the nucleotide cycle (40,42,74).
However, our data strongly suggest that Pi release cannot be
slower than ADP release in DDX1 since the measured off
rate equals the steady state turnover rate. In conclusion, this
pronounced difference in RNA affinity between the ADP
bound or the nucleotide-free state and the ATP bound state
respectively supports a model in which DDX1 cycles be-
tween a high RNA affinity ATP bound ‘active’ and a low
RNA affinity ADP bound ‘inactive’-state.

Model for cooperative ATP and RNA binding and intrinsic
ATP hydrolysis of DDX1

In the open-state of DEAD-box proteins, nucleotides were
found to be bound in a non-catalytic conformation (75) and
only in the closed-state the two RecA-like domains form
an ATP hydrolysis competent active site (31,39). Moreover,
arginine residues of the conserved motif VI do contribute

to the ATPase active site via � -phosphate binding only in
the closed-state (31). Mutation of these motif VI arginine
residues in DDX1 reduces the intrinsic ATP turnover by
a factor of 10 which is in the range what has been gener-
ally reported for this mutation in other DEAD-box proteins
(69,70). As DDX1 displays a basal ATPase activity and mu-
tations in motif VI affect ATP hydrolysis, DDX1 must be
able to sporadically sample the closed-state even in the ab-
sence of RNA (Figure 7 upper panel). The basal ATPase
activity is, however, only marginally increased in the pres-
ence of RNA at saturating conditions. This suggests that the
relative populations of the closed-state would be the same
at ATP and ATP plus RNA saturating conditions. Since
the observed rate of ATP hydrolysis is low, it is conceivable
that DDX1 does not populate the closed-state to a signifi-
cant extent, neither in the presence of ATP nor in the pres-
ence of both ATP and RNA. Sampling of the closed-state
when ATP is bound could explain the increased RNA affin-
ity by contributions of both RecA-like domains to the RNA
binding site (31,35,37–38). Structural studies on DEAD-
box proteins have revealed that an extended and continu-
ous RNA binding site is formed in the closed-state by the
two RecA-like domains and mutations within the domain
interface are strictly associated with RNA binding (31,38).
Furthermore, a joint contribution of RNA binding motifs
on RecA-like domains 1 and 2 leading to an increased RNA
affinity has also been shown for T. thermophilus Hera (47).
Similarly as for ATP, the closed-state in DDX1 could be
sampled sporadically with RNA in the absence of ATP (Fig-
ure 7 lower panel) since binding of RNA increases the ap-
parent affinity for ATP. This could be explained by addi-
tional contributions of the RecA-like domain 2 to the AT-
Pase site (31,34) and a shift in equilibrium by RNA bind-
ing. Furthermore, our observation that mutation of motif
VI in the RecA-like domain 2 that contributes to the AT-
Pase site (double arginine mutant R605A-R608A) abolishes
coupling between RNA and ATP binding and alleviates the
effect of RNA on ATP hydrolysis is in agreement with an
RNA-dependent sampling of the closed-state. Interestingly,
the factor by which ATP turnover decreased in the motif
VI mutant when compared to WT protein is similar to the
synergy-factor between RNA and ATP binding, corrobo-
rating that coupling was lost in the mutant. Cooperative ef-
fects in nucleotide binding have been reported also for other
DEAD-box proteins (43–44,46,50). YxiN from B. subtilis
shows cooperative binding of ATP and RNA and adopts a
fully closed-state when both are present (46). On the other
side, its homolog, DbpA from E. coli, shows cooperative
binding of ADP-Pi and RNA (40). In contrast to DDX1,
neither YxiN nor DbpA possess any significant basal AT-
Pase activity (76–78) and ATP binding alone might not be
sufficient to shift the equilibrium towards a closed-state. It
has been shown recently that individual DEAD-box pro-
teins vary in the extent of thermodynamic coupling between
RNA and ATP binding (47). Studies showed that S. cere-
visiae Mss116 binds ATP and dsRNA independently with
RecA-like domain 1 and 2 respectively (38), T. thermophilus
Hera binds ATP with RecA-like domain 1 and RNA with
both RecA-like domains (47) and B. subtilis YxiN binds
ATP with RecA-like domain 1, but does not bind RNA
without prior ATP binding (47). According to our model,
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Figure 7. Model for cooperative ATP and RNA binding. DDX1 consists of two RecA-like domains, connected by a flexible linker that can adopt an open-
and a closed-state. In the model either ATP (upper pathway) or RNA (lower pathway) binding alone can shift the equilibrium from a purely open-state to
occasional population of an ATPase competent closed-state. The equilibrium between the two states is indicated by a gray asterisk and the balance lies on
the side of the open-state. Sampling of the closed-state increases DDX1′s affinity for both substrates by contributions of both RecA-like domains to the
respective binding sites. Protein factors that bind to DDX1 can potentially stabilize the closed-state to enhance its population. Numbers 1 and 2 delineate
RecA-like domains 1 and 2. For simplicity the SPRY domain insertion in RecA-like domain 1 is omitted.

DDX1 would be most similar to T. thermophilus Hera for
which dsRNA binding potentially leads to partial sampling
of the closed-state. However, in the case of Hera, ATP alone
does not seem to shift the equilibrium toward a closed-state
as Hera’s basal ATPase activity is very low (48). Conse-
quences of RNA independent ATP hydrolysis by sporadic
sampling of the closed-state would not be as detrimental for
the cell as it may seem on first glance, since many proteins
display futile ATPase activity with rates that are several fold
higher than for DDX1, e.g. the chaperonins that are abun-
dant in the cell (79). Moreover, the intrinsic hydrolysis of
ATP is much lower if ADP is present (as is the case in the
cell).

DDX1 might require stimulating factors

A conundrum revealed during this study is the excep-
tional high difference in affinity for ATP versus ADP. Al-
though cooperative binding of RNA and ATP but not ADP
causes the affinities for nucleotide tri- and diphosphates
to approach each other, DDX1 would still be found pre-
dominately in the ADP bound form at cellular nucleotide
concentrations (52) and the ATP state would be barely
populated. Since, we assume that the ADP bound form
represents an inactive state of DDX1, DDX1 would re-
main stalled in this futile conformation. A solution to this
dilemma would be the existence of a NEF. NEFs are well
studied for G-proteins that have a kinetic problem to get
rid of their GDP (80). G-Proteins usually bind GTP tighter
than GDP by several orders of magnitude and NEFs ac-
celerate GDP release. In case of DDX1, a potential NEF

would need to accelerate ADP release since this appears to
be the rate limiting step. However, this would not be suf-
ficient due to the high ADP affinity and low ATP affinity,
leading to rebinding. Similar as described for motor protein
systems (81), a putative NEF for DDX1 would thus also
have to shift the equilibrium toward ATP binding, requir-
ing that it is able to modulate rate constants and thus also
affinities for ADP and ATP differentially. In fact, an NEF of
DEAD-box proteins has been discussed for the yeast Dbp5
(human DDX19) (53) and modulation of DEAD-box pro-
tein conformation and ATP hydrolysis by protein–protein
interactions has been described for eIF4A (82,83), eIF4AIII
(35,37) and Dbp5 (53,84). Potentially, such a NEF or an ac-
tivating factor (e.g. that enhances RNA-stimulation of ATP
hydrolysis) could reside in the multiprotein complexes in
which DDX1 is embedded in the cell since DDX1 is found
together with other proteins in the HSPC117 tRNA pro-
cessing complex (15) but also in the Drosha microproces-
sor complex (9). As DDX1 is also found in several cellular
compartments and seems to be promiscuous in RNA speci-
ficity, regulated ADP release may prevent any off-target ac-
tivity, similar as discussed for Dbp5 (85). On the other side,
DDX1 has been suggested to be responsible for shuttling
of RNA between the nucleus and the cytoplasm in the mul-
tiprotein HSPC117 complex (16). Such shuttling would re-
quire regulated changes in RNA affinity, brought about by
interacting factors. Furthermore, DDX1 is phosphorylated
at two serine residues (9,14), which adds another layer of
potential regulation as phosphorylation seems to increase
RNA affinity (9). However, it seems equally plausible, that
DDX1 does not function as a processive ATPase, but forms
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long lived complexes with its substrate. Thus, activating fac-
tors would not be required for this RNA clamping, similar
to results recently reported for other DEAD-box proteins
(64,86). Whereas this study could unambiguously show that
nucleotide binding and hydrolysis is tightly coupled with
RNA binding in DDX1, it remains to be shown, which cel-
lular factors do interfere with DDX1 either by supporting
nucleotide exchange or by modulating DDX1′s nucleotide
affinity.
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