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Abstract

DDX3X is a conserved DEAD-box RNA helicase involved in translation initiation and other
processes of RNA metabolism. Mutations in human DDX3X and deregulation of its expression are
linked to tumorigenesis and intellectual disability. The protein is also targeted by diverse viruses.
Previous studies demonstrated helicase and NTPase activities for DDX3X, but important
biochemical features of the enzyme remain unclear. Here, we systematically characterize
enzymatic activities of human DDX3X and compare these to its closely related S. cerevisiae
ortholog Ded1p. We show that DDX3X, like Ded1p, exclusively utilizes adenosine triphosphates
to unwind helices, oligomerizes to function as efficient RNA helicase, and does not unwind DNA
duplexes. The ATPase activity of DDX3X is markedly stimulated by RNA and weaker by DNA,
although DNA binds to the enzyme. For RNA unwinding, DDX3X shows a greater preference
than Ded1p for substrates with unpaired regions 3" to the duplex over those with 5" unpaired
regions. DDX3X separates longer RNA duplexes faster than Ded1p and is less potent than Ded1p
in facilitating strand annealing. Our results reveal that the biochemical activities of human
DDX3X are typical for DEAD-box RNA helicases, but diverge quantitatively from its highly
similar S. cerevisiae ortholog Ded1p.
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INTRODUCTION

Human DDX3X belongs to the DEAD-box RNA helicase family of enzymes, which bind
and remodel RNA in an ATP-dependent fashion (1, 2). Like all DEAD-box RNA helicases,
DDX3X contains a helicase core with two similar RecA-like domains that harbor 13
characteristic helicase sequence motifs, including the eponymous motif 11, which reads D-E-
A-D in single letter code (3, 4). The helicase core of DDX3X is flanked by an N-terminus
with a nuclear export signal and regions of low sequence complexity and a C-terminus that
also contains regions of low sequence complexity (Suppl. Fig.S1) (2, 4).

Virtually all sequenced eukaryotes encode one or more highly similar DDX3X orthologs (2,
5). DDX3X shows 51% sequence identity to its S. cerevisiae ortholog Ded1p (2, 5) (Suppl.
Fig.S1). All DDX3X orthologs have N- and C-terminal regions of low sequence complexity.
In these regions, the sequence varies more than in the helicase core (2, 5). Crystal structures
of the helicase core of DDX3X have been reported (3, 4, 6). A recent structure revealed
defined interactions between the two RecA-like domains of DDX3X that are specific to the
DDX3X/Ded1p subfamily (4). DDX3X and several of its orthologs have been shown to
function in translation initiation, mMRNA export and in other aspects of RNA metabolism (7-
13). DDX3X has also been implicated in signal transduction and is part of cytoplasmic
ribonucleoprotein-granules (14-16).

DDX3X is encoded on the X-chromosome (2). Mutations in DDX3X are linked to
developmental disorders and intellectual disability (17, 18). Deregulation of DDX3X
expression and mutations in the helicase core of DDX3X are associated with tumors,
including medulloblastoma, T-cell lymphoma, lung, colorectal, breast, oral, liver and
prostate cancer (19-25), and DDX3X is a potential therapeutic target for cancer treatment
(26). DDX3X is also directly targeted by multiple pathogenic viruses including HIV, HCV,
other flaviviridae, poxviridae, and HBV (27). The enzyme has been suggested as candidate
for the development of broad spectrum antiviral drugs (28).

The central role of DDX3X in RNA biology and its link to various diseases emphasize the
need to clearly define the biochemical activities of the enzyme. Previous work demonstrated
ATPase and helicase functions for DDX3X (3, 4). It was also reported that DDX3X displays
high levels of RNA-independent ATPase, DNA-stimulated ATPase, and DNA unwinding
activities (29, 30), features that would markedly differ from other DEAD-box helicases.
However, no systematic investigation of the biochemical characteristics of DDX3X has yet
been reported.

Here, we systematically characterize the basic biochemical activities of DDX3X and
compare obtained parameters to those of the S. cerevisiae ortholog Ded1p. We find extensive
similarities between DDX3X and Ded1p, including the exclusive utilization of adenosine
triphosphates to unwind RNA-RNA and RNA-DNA helices, inability to separate DNA-DNA
duplexes, and the requirement of oligomerization for efficient duplex unwinding. In
addition, we show that the ATPase activity of DDX3X depends on nucleic acids. RNA
stimulates ATPase activity of DDX3X markedly more than DNA, although DNA readily
binds the enzyme. However, DDX3X separates shorter duplexes (= 16 bp) slower than
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Ded1p, and longer duplexes faster. Compared to Ded1p, DDX3X shows a more pronounced
preference for substrates with unpaired regions 3" to the duplex than to those with 5’
unpaired regions. Moreover, DDX3X is less potent than Ded1p in facilitating strand
annealing. Our data reveal biochemical features of DDX3X that are typical for DEAD-box
RNA helicases, but also show differences between DDX3X and Ded1p, highlighting that
even highly similar orthologs vary in their activities.

DDX3X harbors weaker strand annealing activity than Ded1p

To characterize the basic biochemical activities of human DDX3X, we first tested unwinding
of a3’ tailed RNA substrate under pre-steady state conditions (Fig.1). Unwinding was seen
with, but not without ATP (Fig.1). At identical concentrations and reaction conditions,
Ded1p unwound the duplex at a similar rate as DDX3X (Fig.1). The data demonstrate clear
RNA unwinding activity of DDX3X.

Ded1p promotes strand annealing, in addition to duplex unwinding (31). We therefore
examined whether DDX3X also catalyzes strand annealing (Fig.2). Without ATP, DDX3X
increased the bimolecular rate constant of duplex formation by roughly a factor of two over
the basal level (Fig.2a,b). In contrast, Ded1p increased the bimolecular rate constant for
duplex formation by approximately three orders of magnitude (Fig.2a,b), consistent with
previous observations (31). These data suggest that Ded1p is a markedly more potent strand
annealer than DDX3X, in the absence of ATP.

To assess strand annealing activity with ATP, we measured amplitudes for strand annealing
reactions with increasing ATP concentrations (Fig.2c). For Ded1p, the amplitude decreased
with increasing concentrations of ATP (Fig.2c), consistent with previous reports (31). This
amplitude decrease reflects a modest decrease in the rate constant of strand annealing and a
large enhancement of the rate constant for duplex unwinding with increasing ATP
concentration (31). For DDX3X, the amplitude for strand annealing reactions was largely
insensitive to the ATP concentration, suggesting comparably little impact of ATP on the ratio
between strand annealing and unwinding (Fig.2c). Annealing activity of DDX3X did not
significantly increase between concentrations of 150 and 600 nM, the highest experimentally
accessible concentration (data not shown). Collectively, the data show that DDX3X harbors
significantly weaker strand annealing activity than Ded1p.

DDX3X preferentially unwinds substrates with 3" single-stranded overhangs

We next examined unwinding activity by DDX3X in more detail. We measured unwinding
rate constants for two substrates with identical 16 bp duplexes and 3" and 5" unpaired tails
(25 nt, Fig.3). For the 3 tailed substrate, unwinding rate constants scaled in a sigmoidal
fashion with the DDX3X concentration (Fig.3a). A sigmoidal scaling was also seen for
Ded1p (Fig.3b), consistent with previous observations (31, 32). Of note, unwinding rate
constants at Ded1p concentrations above 300 nM, which likely exceed k;n, > 6 min~! at the
reaction conditions, could not be reliably measured with the manual experimental approach
used here. For this reason, unwinding rate constants at enzyme saturation could not be
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determined, and functional binding isotherms for Ded1p could not be quantitatively
evaluated.

The data suggest that DDX3X unwinds 3’-tailed RNA duplexes as an oligomer containing at
least three protomers (H = 3.1 + 0.6, Fig.3a). This observation mirrors previous data for
Ded1p (32). The maximal unwinding rate constant at enzyme saturation for the 5 tailed
substrate was lower by a factor of roughly 25, compared to the 3" tailed substrate (Fig.3a).
However, functional affinities of DDX3X were similar for 5 and 3" tailed substrates, and
the sigmoidal functional binding isotherm suggests that DDX3X unwinds the 5" tailed
substrate also as an oligomer. The marked reduction in the maximal unwinding rate constant
for the 5" tailed substrate contrasts with Ded1p, where unwinding of 5" and 3 tailed
substrates does not differ as markedly as with DDX3X. (Fig.3b).

Strand separation rate constants scale with duplex stability

Unwinding rate constants for virtually all examined DEAD-box helicases decrease with
duplex length (1, 33, 34). However, the degree by which unwinding rate constants scale with
duplex lengths varies for different enzymes (35, 36). To probe how unwinding rate constants
scaled with duplex length for DDX3X, we measured unwinding rate constants for a series of
substrates with duplex regions from 13 to 19 bp with 25 nt 3" or 5" tails (Fig.4a,b).

Unwinding rate constants for all substrates scaled in a sigmoidal fashion with the DDX3X
concentration (Fig.4a,b). Functional affinities and Hill coefficients were similar for all
substrates (Fig.4a,b). The maximal unwinding rate constant decreased with increasing
duplex length (Fig.4a,b). The maximal unwinding rate constants were significantly lower for
all 5" tailed substrates, compared to equivalent 3’-tailed substrates (Fig.4b). Together, the
observations indicate scaling of the maximal unwinding rate constants with duplex length,
but insensitivity of functional affinities of DDX3X to duplex length. These characteristics
are typical for DEAD-box helicases (1, 33, 34).

The maximal unwinding rate constant reflects the strand separation step (32). The observed
scaling of maximal unwinding rate constants with duplex length is thought to result from an
increase in duplex stability, which increases with duplex length (37). However, a connection
between duplex stability and unwinding rate constant has been shown explicitly only for few
DEAD-box helicases (38). We therefore set out to directly examine the link between duplex
length, stability and maximal unwinding rate constant for DDX3X. We measured maximal
unwinding rate constants for additional 3’-tailed substrates with different sequences in the
duplex region. Substrates were designed with differing duplex stabilities for identical length.
We observed clear scaling of the maximal unwinding rate constants with duplex stability
(Fig.4c). Duplex length per se did not markedly impact the maximal unwinding rate constant
(Fig.4c). The data support the notion that the decrease of the maximal unwinding rate
constant with duplex length is due to increased stability of longer duplexes.

A logarithmic plot of maximal unwinding rate constants vs. duplex stability revealed similar
slopes for 5”- and 3’-tailed substrates, although the maximal rate constants for 5’-tailed
substrates were substantially lower than for 3’-tailed duplexes (Fig.4d). This observation
suggests that duplex stability impacts 3-" and 5’ -tailed substrates similarly, and raises the
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possibility that the different maximal rate constants for 3-" and 5’-tailed substrates are due
to differences in the positioning of the unwinding protomer on 5’- and 3’-tailed substrates.

We noted that Ded1p unwound the 19 bp substrate with a lower maximal rate constant
(Aunw™®) than DDX3X (Fig.4e, compare to Fig4.a), even though Ded1p unwound the 16 bp
substrate with a higher maximal rate constant than DDX3X (Fig.3a,b). These results indicate
that the maximal unwinding rate constants scale differently with duplex stability for Ded1p
and DDX3X. Since the scaling of the maximal unwinding rate constant with duplex stability
correlates with the dwell time of the locally opened duplex and the number of basepairs that
are actively separated by the helicase (32), these observations suggest that DDX3X actively
opens more basepairs than Ded1p, keeps opened basepairs separated longer, or both.

Unpaired substrate regions impact the functional affinity of DDX3X

We next examined how the length of the single stranded tail affected the unwinding activity
of DDX3X. To this end, we measured unwinding rate constants for a series of substrates
with sequentially extended unpaired 3" tails (5 — 35 nt, 16 bp duplex) (Fig.5). Substrates
with 25 and 35 nt tails showed similar dependencies on the DDX3X concentration (Fig.5).
The substrate with the 15 nt tail was unwound with a maximal unwinding rate constant
similar to the substrates with 25 and 35 nt tails, but with a lower functional affinity than for
the substrates with the longer tails (Fig.5).The substrate with the 5 nt tail could not be
saturated with DDX3X at experimentally accessible concentrations (Fig.5). The
observations reveal decreasing functional affinity for tails with less than 25 nt. The maximal
unwinding rate constant remains largely unaffected by the tail length for the substrates that
could be saturated with DDX3X. These characteristics mirror previous observations for
Ded1p (34). The data support the notion that the unpaired tail facilitates assembly of the
unwinding oligomer for both, Ded1p and DDX3X (32).

DDX3X interacts with DNA

Having detected marked similarities in the basic unwinding features of Ded1p and DDX3X,
we tested how DDX3X interacted with DNA. A previous report suggested that DDX3X
unwinds DNA-DNA duplexes and that unpaired DNA stimulates the ATPase activity of
DDX3X to a level seen with RNA (30). These characteristics would be unusual for DEAD-
box helicases and would differ markedly from Ded1p, which does not unwind DNA-DNA
duplexes (39), and whose ATPase activity is not equally stimulated by DNA and RNA (40).

We first measured unwinding rate constants for tailed DNA-DNA and RNA-DNA hybrid
substrates with identical sequences (Fig.6). DDX3X readily unwound the RNA-DNA
substrates, including one with an unpaired DNA tail. However, DDX3X did not separate the
tested DNA-DNA complexes at an appreciable rate (Fig.6). Identical unwinding patterns had
been seen for Ded1p (31, 34). Our findings thus contrast with the prior report regarding
DNA helicase activity of DDX3X (30). Nevertheless, the efficient unwinding of the
substrate with the DNA tail suggests that DDX3X, like Ded1p, can bind unpaired DNA, and
that DNA facilitates assembly of an unwinding-competent DDX3X oligomer.

To confirm and extend this observation, we examined DDX3X bhinding to single stranded
DNA. We performed a competition assay, measuring unwinding of an RNA substrate in the
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presence of increasing concentrations of an unpaired DNA oligonucleotide (Fig.7a). We
observed inhibition of the apparent unwinding rate constant that scaled with the DNA
concentration, consistent with binding of the DNA to DDX3X. However, an RNA
oligonucleotide with the same sequence bound with higher apparent affinity compared to the
DNA (Fig.7b). Under identical conditions, Ded1p also bound the DNA. The equivalent RNA
was bound with higher apparent affinity than the DNA (Fig.7c). The data show that both
orthologs bind single stranded DNA, but bind equivalent RNA significantly tighter.

Unpaired DNA stimulates ATP hydrolysis by DDX3X markedly less than unpaired RNA

Having shown that DDX3X and Ded1p bind DNA, but do not unwind DNA duplexes tested,
we measured to which extent DNA stimulates the ATPase activity of DDX3X (Fig.8). For
both DDX3X and Ded1p, no significant ATPase activity was seen in the absence of nucleic
acid (Vinax < 107 mM-min~2, Fig.8a). This observation is consistent with previous data for
Ded1p (32), but contrasts with reports of marked ATPase activity of DDX3X in the absence
of nucleic acid (29). A tailed duplex DNA substrate stimulated the ATPase activity of
DDX3X markedly less than an equivalent RNA at identical concentration (Fig.8a).

We next measured steady state Michaelis-Menten parameters for ATP hydrolysis by DDX3X
and Ded1p for unpaired DNA and RNA using a series of tailed DNA-DNA, RNA-RNA and
DNA-RNA duplexes (Fig.8b, Suppl. Table 1). Unpaired RNA and tailed RNA duplexes
stimulated the ATPase activity for both DDX3X and Ded1p, with Ded1p showing slightly
higher activity than DDX3X (Fig.8b). A DNA-RNA hybrid substrate with unpaired RNA tail
stimulated the ATPase for both proteins to a similar degree as the complete RNA duplex
(Fig.8b). These observations for DDX3X mirror previous data for Ded1p (32).

A notable difference between DDX3X and Ded1p was seen for the DNA-RNA hybrid
substrate with unpaired DNA tail (Fig.8b). This substrate stimulated the ATPase activity of
DDX3X almost to the level seen with the complete RNA substrate, whereas the stimulation
for Ded1p was markedly lower (Fig.8b). For Ded1p, the data indicate that ATP hydrolysis
mostly occurs at the unpaired tail, as previously noted (32). For DDX3X, this observation
suggests that RNA in the duplex segment either (i) stimulates the ATPase activity of
DDX3X maore than for Ded1p, (ii) induces ATP hydrolysis of the DDX3X protomers bound
to the DNA tail, or both. Despite the different levels of ATPase stimulation seen for Ded1p
and DDX3X with this substrate, this DNA-tailed DNA-RNA hybrid duplex is unwound by
both, Ded1p (32), and DDX3X (Fig.6).

A complete DNA-DNA substrate and a single stranded DNA stimulated the ATPase activity
of both Ded1p and DDX3X to a markedly lower level than substrates containing RNA (Fig.
8b). The level of stimulation was more than an order of magnitude lower, compared to
substrates containing RNA, but ATPase activity was detectable. Since no appreciable
unwinding of the DNA substrate was seen (Fig.6), the data indicate that nucleic-acid-
stimulated ATPase activity does not necessarily lead to duplex unwinding. For DDX3X, the
markedly lower ATPase stimulation by unpaired DNA, compared to RNA, contrasts with a
previous report of similar levels of ATPase stimulation by DNA and RNA (29).
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Unwinding activity of DDX3X depends on adenosine nucleoside triphosphates

DDX3X has been reported to display relaxed nucleoside specificity (29). We therefore
examined the selectivity of DDX3X for adenosine nucleoside triphosphates for its
unwinding activity. We first tested which of the four basic NTPs promoted unwinding (Fig.
9a). Appreciable unwinding was seen only with ATP, but not with GTP, CTP and UTP (Fig.
9a). Specificity for adenosine nucleoside triphosphates in unwinding reactions is also
observed with Ded1p and other DEAD-box helicases (1).

We then probed the role of the N7 and the N® amino group of the adenine base (Fig.9b).
These two positions have been implied in specific contacts between DEAD-box helicases
and the adenosine base (41). Substitution of the N’ nitrogen with carbon abrogated
unwinding activity in both, DDX3X and Ded1p (Fig.9b). Removal of the N8 amino group
also eliminated unwinding activity in DDX3X and Ded1p (Fig.9b). These observations
indicate that the nucleobase selectivity of DDX3X in the unwinding reaction does not
markedly differ from Ded1p and other DEAD-box helicases, consistent with crystal
structures of numerous helicase cores, including that of DDX3X (1, 4).

DISCUSSION

We have characterized biochemical features of human DDX3X focusing on its unwinding
activity. Our data provide a basic, systematic definition of the biochemical properties of full
length human DDX3X, an RNA helicase with critical roles in RNA metabolism that has also
been implicated in numerous diseases (2). The findings designate DDX3X as bona-fide
DEAD-box helicase, but also reveal biochemical differences between the similar orthologs
DDX3X and Ded1p.

DDX3X behaves like a typical DEAD-box helicase with respect to basic unwinding
mechanism and nucleotide preference (42-46). Unwinding rate constants decrease with
increasing duplex stability. RNA substrate affinities increase with the length of the unpaired
tail. Marked unwinding activity is seen only with adenosine triphosphates. The nitrogen at
position 7 and the amino group at position 6 of the adenine base are critical for unwinding,
consistent with numerous crystal structures of DEAD-box helicases (1). Like other DEAD-
box helicases, DDX3X does not unwind DNA duplexes. Yet, we identify biochemical
features of DDX3X that are not widely shared among DEAD-box helicases, including a
pronounced preference for unwinding 3’-tailed duplex substrates, and ATPase activity
stimulated by an DNA tailed RNA-DNA hybrid substrate. A further notable difference
between DDX3X and Ded1p is the absence of pronounced strand annealing activity by
DDX3X. This observation parallels a recent report for the DEAD-box helicase orthologs
Dbp2p from S.cerevisae and DDX5X from human, where the yeast ortholog also shows
stronger strand annealing activity than the human protein (47).

Both, Ded1p and DDX3X unwind RNA duplexes most efficiently as oligomers. A Hill
coefficent of roughly H »~ 3 suggests that the DDX3X oligomer, like Ded1p, contains at least
three protomers. For both enzymes, functional affinity depends in a similar manner on the
length of the unpaired RNA tail. Unpaired DNA also promotes oligomerization. These
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similarities suggest an evolutionary conservation of oligomerization in the DDX3/Ded1p
subfamily and thus a biologically conserved function for the helicase oligomers.

However, Ded1p and DDX3X oligomers interact with 5’-tailed substrates differently.
Although a5’ tail facilitates oligomerization for both proteins, the unwinding protomers of
Ded1p and DDX3X appear to interact with the duplex differently. As a result, rate constants
for strand separation for DDX3X are markedly lower for 5’-tailed substrates than for those
with a 3" tail. For Ded1p, rate constants for strand separation are only slightly higher for 3’-
tailed substrates, compared to those with a5’ tail (34). Since functional affinities of
DDX3X for 3" and 5’-tailed substrates are similar, we speculate that unwinding of 5’-tailed
substrates by DDX3X is associated with an energy penalty at the strand separation step,
perhaps caused by an unfavorable orientation of the unwinding protomer. The biological
relevance for DDX3X’s preference for 3’-tailed duplexes is not clear.

Despite different discrimination against 5’-tailed substrates, the actual process of strand
separation appears to be identical for Ded1p and DDX3X.The rate constant for strand
separation decreases for both proteins with duplex stability. However, the extent to which
strand separation rate constants scale with duplex stability differs between Ded1p and
DDX3X (Fig.4). The data are consistent with a scenario where DDX3X either opens more
basepairs than Ded1p, keeps these basepairs separated longer, or both. Opening of different
numbers of basepairs could be caused by slight differences in the RNA binding sites, by
differences in the interaction with RNA by the less conserved C and N-termini, or by a
combination of these factors. Further examination of links between slight structural
variations in the RNA helicase core and functional differences might illuminate principles
according to which structural elements dictate biochemical functions of DEAD-box
helicases.

In contrast to potential differences in RNA binding between Ded1p and DDX3X, both
proteins appear to interact with ATP similarly. Both proteins unwind RNA only with
adenosine nucleoside triphosphates. The N6 amino group and the N7 position are critical for
unwinding (Fig.9b), as expected from structural data for many DEAD-box helicases (1). Our
data do not rule out the ability of either or both helicases to interact and perhaps even
hydrolyze non-adenosine nucleotides, as has been shown for Mss116p (48). However, a
previously reported relaxed nucleoside specificity of DDX3X (29) does not impact its
unwinding activity. Strand separation firmly requires adenosine nucleoside triphosphate.

While our ATPase data show similarity between Ded1p and DDX3X, some of our results
differ from two previously published observations. First, in contrast to a prior report (29), we
did not observe pronounced ATPase activity for DDX3X without nucleic acid. In this
respect, DDX3X behaves in our hands like Ded1p and other DEAD-box helicases (2, 35).
Second, we observed clear stimulation of ATPase activity by unpaired RNA (Fig.8b). This
result contrasts with another recent report, where, however, a truncated DDX3X variant was
used and tested RNAs contained only 10 nt (3). We speculate that DDX3X, like Ded1p,
requires a minimal RNA length to interact with the nucleic acid in a manner that promotes
ATP hydrolysis, possibly requiring oligomerization on the RNA (32).
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A final, notable difference to Ded1p is the ability of DDX3X to hydrolyze ATP in the
presence of a substrate with an unpaired DNA tail connected to an RNA-DNA hybrid duplex
(Fig.8b).These data support the notion that both orthologs vary slightly in their nucleic acid
binding characteristics. Both, DDX3X and Ded1p hydrolyze ATP in the presence of DNA,
although this activity is markedly lower than with RNA. Stimulation of ATPase activity by
DNA has not been widely reported for DEAD-box helicases, and it is thus possible that a
link between DNA and ATP hydrolysis by DDX3X and Ded1p serves a specific, yet
unknown biological purpose.

In sum, the reported data provide a basic characterization of the biochemical features of full-
length, human DDX3X. Despite biochemical differences between DDX3X and Ded1p,
DDX3X can at least partially complement a Ded1p defect in yeast (49). This observation
suggests that the biological function of the helicase in yeast tolerates variation in
biochemical parameters under the conditions examined in the complementation experiments.
Our results suggest that differences between DDX3X and Ded1p likely arise from perhaps
only slight variations in the way both helicases interact with nucleic acids. In contrast, the
interaction with ATP appears largely identical between the orthologs. These insights have
potential implications for the development of specific inhibitors for DDX3X and perhaps
other DEAD-box helicases, suggesting that the ATP binding site may be more conserved
between DEAD-box helicases than the RNA binding sites. Instead of targeting the highly
conserved ATP binding site with inhibitors, it might be more promising to target nucleic acid
binding sites, or regions that couple ATP and RNA binding.

MATERIALS AND METHODS

Protein Expression and Purification

Ded1p was expressed, purified and characterized as previously described (31). Full-length
DDX3X with an N-terminal TEV-cleavable Hisg-tag was cloned into a pET-22b vector and
expressed in £.coliBL21 (37°C). Cells were processed as previously described for Ded1p
(31). Lysates were passed through pre-equilibrated nickel-agarose beads and washed with
solutions of increasing imidazole concentrations (5 — 60 mM). DDX3X was eluted with 250
mM imidazole. The Hisg-tag was cleaved using TEV protease in 50 mM Tris-Cl (pH 8.0),
0.5 mM EDTA, 1 mM DTT. DDX3X was further purified by adsorption to phosphocellulose
resin (P11, Whatman) and elution with NaCl, as described for Ded1p (31). Eluted fractions
were analyzed by SDS-PAGE and Western blotting with the anti-His antibody to confirm
removal of the Hisg-tag. DDX3X concentration was determined using the Bradford assay.
DDX3X fractions were supplemented to 40% (v/v) glycerol, flash-frozen in liquid nitrogen,
and stored at —80 °C.

RNA Substrate Preparation

RNA oligonucleotides were purchased from DHARMACON, and duplex substrates were
prepared as described (31). Top strands of duplexes were radiolabeled with »32PATP, and
RNA was quantified by scintillation counting. Substrate sequences are listed in Table 1.
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Unwinding Reactions

Reaction mixtures (30 pL), containing 40 mM Tris-HCI (pH 8.0), 50 mM NacCl, 0.5 mM
MgCl,, 2 MM DTT, 1 unit/mL RNasin, 0.01% (v/v) IGEPAL, and 0.5 nM radiolabeled
substrate were incubated for 5 min with the indicated concentrations of Ded1p or DDX3X.
Unwinding reactions were initiated by adding an equimolar mixture of MgCl, and ATP (2
mM final concentration, unless otherwise stated). Reactions for both, DDX3X and Ded1p
were performed in a temperature-controlled aluminum block at 30°C. At the times indicated,
aliquots were removed, and the reaction was stopped with a solution containing 0.1% (w/v)
SDS, 50 mM EDTA, 0.01% (w/v) xylenecyanol, 0.01% (w/v) bromophenol blue, and 20%
(v/v) glycerol. Aliquots were applied to non-denaturing PAGE. Duplex and single stranded
RNA was separated at room temperature at 20 V/cm. Gels were dried, and the radiolabeled
RNAs were visualized and quantified with a Phosphorlmager by using ImageQuant 5.2
software (Molecular Dynamics).Data were fit using the Kaleidagraph software (Synergy).
Unwinding reactions were tested for ATP-independent strand separation and for strand
separation in the presence of the non hydrolyzable ATP analog AMPPNP and in the
presence of ADP. No significant strand separation was observed under these conditions in
any case. Unwinding rate constants were calculated from unwinding reaction timecourses as
described (31). Functional binding parameters were calculated from functional binding
isotherms using the Hill-equation as described (32).

Apparent inhibitor binding constants (K;j) for functional DNA binding reactions (Fig.7b)
were calculated according to a competitive inhibition model:

Kunw is the observed unwinding rate constant in the presence of increasing concentrations of
unpaired DNA or RNA, Amnax IS the unwinding rate constant in the absence of unpaired DNA
or RNA at enzyme saturation, K, is the apparent affinity of Ded1p or DDX3X for the RNA
substrate in the unwinding reaction, [S] is the concentration of DDX3X or Ded1p, [1] is the
concentration of unpaired DNA or RNA, and K; is the apparent inhibition constant, which
corresponds to the functional affinity of the unpaired RNA or DNA to Ded1p or DDX3X in
the presence of ATP.

Strand Annealing Reactions

Duplex RNA substrates were denatured at 95 °C for 2 min to generate single-stranded
RNAs. Reaction mixtures (30 pL) containing buffer identical to that used in unwinding
reactions were incubated with 600 nM Ded1p or DDX3X and, where indicated, with
equimolar Mg-ATP concentrations for 5 min. Reactions were performed in a temperature-
controlled aluminum block at 30°C. Annealing reactions were initiated by addition of 0.5
nM of the denatured substrate strands. Aliquots (3 uL) were removed at the times indicated,
and reactions were stopped with the buffer used to quench unwinding reactions. Single-
stranded and duplex RNAs were separated and quantified as described for the unwinding
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assays. Strand annealing rate constants and second order annealing rate constants were
calculated from reaction timecourses as described (31).

ATPase Measurements

ATPase measurements were performed in buffer identical to that used in unwinding
reactions at 30°C. Hydrolysis of -y32P ATPwas monitored by TLC, as described (50, 51).
Initial observed reaction rates were calculated from the linear part of the plot of product
versus time, Michaelis-Menten parameters by plotting initial observed reaction rates at
constant Ded1p or DDX3X over varying ATP concentration, as previously described (51).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Systematic characterization of helicase activity of full-length, human
DDX3X.

. DDX3X behaves like a typical DEAD-box helicase and does not unwind
DNA duplexes

. DDX3X, like its yeast ortholog Ded1p, unwinds RNA as oligomer

. DDX3X preferentially unwinds 3’-tailed RNA substrates and does not
promote strand annealing
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Figure 1. RNA unwinding by DDX3X and Ded1p
(a) Representative PAGE for unwinding reactions with Ded1p and (b) DDX3X (ATP: 2 mM,

RNA: 0.5 nM, Ded1p, DDX3X: 75 nM). Cartoons mark duplex RNA substrate and
unwound product, asterisks show the radiolabel.

(c) Representative unwinding time courses for Ded1p (open circles) and DDX3X (filled
circles) for the RNA substrate and the reaction conditions shown in panels (a,b). The squares
show a representative reaction without ATP for DDX3X. Lines mark fits to the integrated
first order rate equation (DDX3X: Aynw = 0.83 = 0.37 min~1, Ded1p: Ay = 0.95 + 0.39
min~1).
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Figure 2. Strand annealing by DDX3X and Ded1p
(a) Representative PAGE for strand annealing reactions (control: no protein, DDX3X and

Ded1p: 150 nM). Cartoons on the left show unpaired and duplex RNA substrate, asterisks
mark the radiolabel.

(b) Second order rate constants for strand annealing for reactions without proteins (kga =
4.1 +0.1-105 M~Imin~1), with DDX3X (150 nM, Asa = 8.9 + 0.2-10% M~Imin~1) and with
Ded1p (150 nM, kga = 5.4 + 0.6:10° M~Imin~1). The rate constants refer to the formation of
the duplex from the individual RNA strands. Data points represent an average of three
independent experiments, error bars mark one standard deviation.

(c) Dependence of the reaction amplitude of annealing reactions on the ATP concentration
for Ded1p (150 nM, open circles) and DDX3X (150 nM, filled circles). Amplitudes were
determined from the time courses at each ATP concentration after 15 minutes. Data points
represent an average of three independent experiments, error bars mark one standard
deviation. The lines show the trend.
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Figure 3. Impact of tail polarity on unwinding by DDX3X and Ded1p
(a) Functional binding isotherms for DDX3X for 16 bp substrates with 25 nt unpaired tails

3’ (open circles) or 5" (closed circles) to the duplex. The inset shows the isotherm for the 5’
tailed substrate with magnified y-axis. Data points represent averages of at least three
independently measured unwinding rate constants, error bars mark one standard deviation.
Lines show best fits to the Hill equation (3" tailed substrate: K = 112 + 6 nM, Ayw™ =
42+02min"1, H=31+0.6;5" tailed substrate: K1/, = 127 + 20 nM, k™3 = 0.20
+0.02min"L, H=32+1.2.

(b) Functional binding isotherms for Ded1p for 16 bp substrates with 25 nt unpaired tails 3’
(open circles) or 5" (closed circles) to the duplex. Data points represent averages of at least
three independently measured unwinding rate constants, error bars mark one standard
deviation.
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Figure 4. Impact of duplex length and stability on unwinding by DDX3X
(a) Functional binding isotherms for DDX3X for substrates with 25 nt unpaired tails 3" to

duplexes with 13 (open circles), 16 (closed circles) and 19 bp (open squares). Data points
represent averages of at least three independently measured unwinding rate constants, error
bars mark one standard deviation. Lines show best fits to the Hill equation (K323 = 165
+29 nM, H130P = 3.1 + 0.3, Aypyy™@(130P) = 6.2 + 0.2 min~1; Ky»16PP = 118 + 18 nM,
H16bP = 3.0 + 0.2, Ay 18P) = 4.2 + 0.3 min~1; Kyp19%P = 136 + 30 nM, H1%P =31
+0.2, kyny™A%P)= 2.1 + 0.1 min~1).
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(b) Functional binding isotherms for DDX3X for substrates with 25 nt unpaired tails 5 to
duplexes with 13 (open circles), 16 (closed circles) and 19 bp (open squares). Data points
represent averages of at least three independently measured unwinding rate constants, error
bars mark one standard deviation. Lines show best fits to the Hill equation (K,130P = 139
+21 nM, H130P = 3.0 + 0.2; Ay ™@*(135P) = 0.29 + 0.02 min~1; K3,16P = 119 + 35 nM,
H16bP = 3.1 + 0.2, Ay, ™@*(160P) = 0.21 + 0.04 min1; Ky,19P = 166 + 18 nM, H1%P =31
+0.3, kyny™(190) = 0,13 + 0.02 min~1).

(c) Correlation of maximal unwinding rate constants for 25 nt, 3" tailed substrates with
calculated duplex stabilities (x-axis) and duplex length (inset). For sequences of the
substrates see Table 1, Materials and Methods. Data points represent averages of at least
three independently measured maximal unwinding rate constants (A nyw™2¥) at enzyme
saturation, error bars one standard deviation. RNA stability was calculated according to
Mathews et al. (52). Note the logarithmic scale of the y-axis. Data points represent Ajny™*
and RNA stability (AG) for individual substrates, as indicated in the inset.

(d) Dependence of maximal unwinding rate constants for DDX3X (circles: 25 nt 3" tails,
squares 25 nt 5” tails). Data points represent rate constants reported in panels (a) and (b).
Error bars mark the standard error for the respective calculated maximal rate constant. Note
the logarithmic scale of the y-axis. Lines mark linear trends.

(e) Functional binding isotherms for Ded1p for the substrates with 19 bp (25 nt, 3" tail).
Data points represent averages of at least three independently measured unwinding rate
constants, error bars mark one standard deviation. The line shows the best fit to the Hill
equation (Kyp =175 = 12 nM, k™ = 0.7 £0.1 min™1, H=3.6 £ 0.3)
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Figure 5. Impact of tail-length on unwinding by DDX3X

Functional binding isotherms for DDX3X for substrates with 16 bp and 3 tails of
increasing length, as indicated. Data points represent averages of at least three independently
measured unwinding rate constants, error bars mark one standard deviation. Lines show best
fits to the Hill equation for the substrates with 35 -15 nt tails [35 nt tail (open circles):
k™ =42 0.1 min", H=3.2£0.2, Ki» = 126 + 4 nM; 25 nt tail (filled circles):
ko™ = 4.2 0.1 min", H=3.2+ 0.4, Ki» = 118 + 5 nM; 15 nt tail (open squares):
K™ =3.8+0.1 min"1. H=3.2+ 0.7, Ki» = 298 + 4 nM]. For the substrate with the 5 nt

tail, the line marks a trend.
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Figure 6. Unwinding of DNA-containing substrates by DDX3X
Functional binding isotherms for DDX3X for DNA/RNA and DNA/DNA substrates with 16

bp and 25 nt 3" tails. Data points represent averages of at least three independently
measured unwinding rate constants, error bars mark one standard deviation. Lines show best
fits to the Hill equation. (Filled squares: DNA top, RNA bottom strand: Ajn,™®* =4.3£0.1
min~1, Ki;» =129+ 5nM, H=3.0 + 0.7, filled circles: RNA top, DNA bottom strand:
ko™ =3.9 £ 0.1 min~1, Ky/» = 134 £ 4 nM, H = 3.5 £ 0.3. Open squares: DNA top and
bottom strand: no significant strand separation.
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Figure 7. Functional binding of unpaired DNA and RNA to DDX3X and Ded1p
(a) Reaction scheme of the competition reaction to measure functional binding of unpaired

DNA and RNA to DDX3X and Ded1p.

(b) Unwinding reactions with DDX3X (150 nM, ATP: 2 mM) RNA substrate: 16 bp duplex
RNA substrate with 25 nt 3" tail, 0.5 nM) with increasing concentrations of a 41 nt DNA
(open circles) and a 41 nt RNA (closed circles). Data points represent averages of at least
three independent measurements, error bars mark one standard deviation. Functional
affinities K; for unpaired DNA and RNA were calculated as in panel (b) (K;PNA = 3,560
+100 nM, KRNA =71 £ 5nM).

(c) Unwinding reactions with Ded1p (150 nM, ATP: 2 mM). RNA substrate: 16 bp duplex
RNA substrate with 25 nt 3" tail, 0.5 nM) with increasing concentrations of a 41 nt DNA
(open circles) and a 41 nt RNA (closed circles). Data points represent averages of at least
three independent measurements, error bars mark one standard deviation. The lines mark a
trend. Functional affinities could not be calculated because the unwinding rate constant at
enzyme saturation without inhibitor could not be determined (Fig.3b).
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Figure 8. ATP hydrolysis by DDX3X with RNA and DNA

Page 24

O Ded1p @ DDX3X
R S
@
oD
—te+—1+—@—
oe——I |
e
0 0.04 0.08

Kea/ Kiy (Min'mM-1)

(a) Representative ATPase reactions of DDX3X (450nM, ATP 2mM) without nucleic acid
(upper panel), DNA (middle panel, 16 bp substrate with 25 nt 3" tailed substrate, 2.5 pM),
or RNA (lower panel, 16 bp substrate with 25 nt 3 tailed substrate, 2.5 uM).

(b) ATPase activity of DDX3X (450 nM, filled circles) and Ded1p (450 nM, open circles)
for RNA/RNA, DNA/RNA, and DNA/DNA duplex substrates (16 bp, 25 nt 3" tail). Data
points represent independently measured A5 and K, values (Suppl. Table 1). Error bars
mark one standard deviation of the ko/Kp, value obtained from fits of ATP titrations to the

Michaelis-Menten equation (Suppl. Table 1).
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Figure 9. Unwinding with different nucleoside triphosphates
(a) Representative unwinding reactions by DDX3X (150nM) with ATP, GTP, CTP and UTP

(2 mM each). (RNA: 16 bp, 25 nt 3" tail, 0.5 nM reaction time: 15 min). Cartoons on the left
mark duplex RNA substrate and unwound product.
(b) Unwinding with ATP, 2-amino adenosine triphosphate, 2-amino purine triphosphate, and
7-deaza purine triphosphate. Chemical structures of the nucleobases are depicted. Gel panels
show representative unwinding reactions by DDX3X (left column) (150 nM) and Ded1p

(right column, 150nM). (RNA: 16 bp, 25 nt 3" tail, 0.5 nM, reaction time: 15 min). Cartoons
on the left mark duplex RNA substrate and unwound product.
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Table 1

Sequences of oligonucleotides used in this study. R: RNA, D: DNA.

Oligonucleotide

Sequence (5"-3")

© 00 N oo o~ W N

N RN NN NN NN P P PR R B R R R
N o A W N P O © o N o o~ W N P O

28

R13-3'a
R13-5'a
R13-3'b
R13-3'c
R16-3'a
R16-3'b
R16-3'c
R16-5'a
R19-3'a
R19-3'b
R19-3'c
R19-5'c
R38-3'a
R38-5'a
R38-3'c
R38-3'b
R41-3'b
R41-3'c
R41-3'a
R44-3'b
R44-3'c
R44-5'c
R44-3'a
R41-5'a
D41-3'a
D16-3'b
D16-3'a
D41-3'b

AGC ACCGUAAAGC

CGA AAU GCC ACG A

U GCA UGA UUG UCG

U CGU GGC AUU UCU

G GCA GAA AUG CCA CGA

U CGU GGC AUU UCU GCG

C CGU CUU UAC GGU GCcu

AGC ACC GUA AAGACGC

C GAC GCA GAA AUG CCA CGA

G CAG UCA CCU GAC AUA CGC

A CGA GGG AGA CGA GGA GAC

CAG AGG AGC AGA GGG AGC A

GCU UUA CGG UGC UUA AAA CAA AAC AAA ACA AAA CAA AA

AAA ACA AAA CAA AAC AAA ACA AAA UUC GUG GCA UUU CG

AGA AAU GCC ACG AU GCG CCG GGC CGG GCC ACA ACC AAA

CGA CAA UCA UGC AAU UUU GUU UUG UUU UGU Uuu Guu uu

CGC AGA AAU GCC ACG AAU UUU GUU UUG UUU UGU UuU GuU uu
AGC ACC GUA AAG ACG GUA AAA CAA AAC AAA ACA AAA CAA AA
UCG UGG CAU UUC UGC C AU CCC GUU UGG UuU UGU uuuU Guu uu
GCG UAU GUC AGG UGA CUG CUA AAA CAA AAC AAA ACA AAA CAA AA
GUC UCC UCG UCU CCC UCG UCA GCA UCA AUG ACA UCA GCA UCA AA
AA ACU ACG ACU ACA GUA ACU ACG ACU GCU CCC UCU GCU CCU CUG
UCG UGG CAU UUC UGC GUC GUU CUU UUC UUU UCU UUU CUU UUA CG
AAA ACA AAA CAA AAC AAA ACA AAA UGC GUC UUU ACG GUG CcU

CG CAG AAA TGC CAC GAT AAA ACA AAA CAA AAC AAA ACA AAA

AGC ACC GTA AAG ACGC

T CGT GGC ATT TCT GCG

GCG TCT TTA CGG TGC TTA AAA CAA AAC AAA ACA AAA CAA AA

Page 26

Sequences are listed 5” to 3. The first number in the oligonucleotide name indicates length (nt), the number after the dash indicates the tail
orientation in the duplex. The letter marks the duplex sequence. For example, R38-3"a is the 38 nt bottom strand that base pairs with R13a to form
a 13 bp duplex with a 25 nt 3" tail. Duplex regions in the bottom strands are underlined. Substrates with different length overhangs used in Fig.5
were generated by appending or deleting (A4C) repeats to R41-3"c.
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