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ABSTRACT: Naturally occurring poly(purine 3 pyrimidine) rich regions in the human genome are prone to
adopting non-canonical DNA structures such as intramolecular triplexes (i.e., H-DNA). Such structure-
forming sequences are abundant and can regulate the expression of several disease-linked genes. In addition,
the use of triplex-forming oligonucleotides (TFOs) to modulate gene structure and function has potential as
an approach to targeted gene therapy. Previously, we found that endogenous H-DNA structures can induce
DNA double-strand breaks and promote genomic rearrangements. Herein, we find that the DHX9 helicase
co-immunoprecipitates with triplex DNA structures in mammalian cells, suggesting a role in the maintenance
of genome stability. We tested this postulate by assessing the helicase activity of purified human DHX9 on
various duplex and triplex DNA substrates in vitro. DHX9 displaced the third strand from a specific triplex
DNA structure and catalyzed the unwinding with a 30 f 50 polarity with respect to the displaced third strand.
Helicase activity required a 30-single-stranded overhang on the third strand and was dependent on ATP
hydrolysis. The reaction kinetics consisted of a pre-steady-state burst phase followed by a linear, steady-state
pseudo-zero-order reaction. In contrast, very little if any helicase activity was detected on blunt triplexes,
triplexes with 50-overhangs, blunt duplexes, duplexes with overhangs, or forked duplex substrates. Thus,
triplex structures containing a 30-overhang represent preferred substrates for DHX9, where it removes the
strand with Hoogsteen hydrogen-bonded bases. Our results suggest the involvement of DHX9 in maintaining
genome integrity by unwinding mutagenic triplex DNA structures.

Alternative DNA conformations (i.e., non-B DNA), in addi-
tion to the canonical form of DNA consisting of a right-handed
double helix (B-DNA), can form at repetitive DNA motifs,
including left-handed Z-DNA adopted by alternating purine 3
pyrimidine sequences, cruciforms, hairpins and loops extruded
from inverted and direct repeats, respectively, and multistrand
triplex and quadruplex conformations assembled from poly-
(purine 3 pyrimidine) tracts with mirror repeat symmetry and G
rich sequences, respectively (1-7).

Bioinformatic analyses of the distribution of non-B DNA-
forming sequences in the human genome revealed unexpected
associations between the types of sequences, and hence their
underlying non-B conformations, and specific classes of genes,
gene locations, and/or chromosomes (reviewed in ref 5). Speci-
fically, quadruplex-forming motifs were found to be enriched at
telomeric ends and near transcription start sites, particularly in
genes involved in growth and development (7-9). By contrast,
long poly(purine 3 pyrimidine) tracts were clustered in the pseudo-
autosomal region (PAR1) of the sex chromosomes, essential
for their meiotic segregation and recombination, and were
enriched in genes involved in cell communication, particularly
in the brain (10). Finally, large inverted repeats comprised most

of the male-specific region of the Y-chromosome, where gene
families essential to spermatogenesis are located (11).

Genome-wide analyses also revealed an unanticipated inter-
individual variability in gene copy number variations (CNVs)
(12) and the presence of highly homologous and modular low-
copy repeats [LCRs or segmental duplications (SDs)] (13). These
analyses, togetherwith studies of gene expression profiles (reviewed
in ref 5), the use of structure-specific binding probes (14, 15), and
the sequencing of breakpoints underlying genomic rearrange-
ments that occurred both during speciation (16, 17) and within
the human population (18, 19), led to the view that non-B DNA
structures are functional genomic elements that play pleiotropic
roles in the cell. These include gene function and regulation,
telomere and centromere function, and the generation of genomic
diversity responsible for phenotypic variation.

At the same time, studies aimed at identifying the genomic
elements underlying chromosomal rearrangements leading to
human disease (reviewed in refs 6 and 20) identified a common
molecular mechanism of genetic instability based on the DNA
structural features associated with repetitive DNA. The conclu-
sion that such features coincide with non-BDNA conformations
was supported by studies onmodel systems, ranging from bacteria
(21, 22) to mammalian cell culture (23, 24) and the mouse (25), in
which conditions that favor the structural transitions from
B-DNA to non-B DNA, including transcription and negative
supercoiling, lead to genetic instability. Hence, non-B DNA
conformations both perform a physiological role and potentiate
genomic instability.

While the mechanisms that regulate the formation and resolu-
tion of non-BDNA structures remain to be elucidated, the use of
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exogenous small molecules that either form or stabilize non-B
DNA represents an attractivemeans of therapeutic intervention
aimed at compromising cancer cell function. For example, AS-
1411, a 26-nucleotide aptamer, which folds into a quadruplex
structure that inhibits nucleolin, is in phase II clinical trials for
the treatment of acute myeloid leukemia and renal cancer (7).
Similarly, the use of psoralen-conjugated triplex-forming oli-
gonucleotides provides a means to deliver site-specific inter-
strand cross-links (triplex-forming oligonucleotide-directed
psoralen interstrand cross-links or Tdp-ICLs)1 and thus inhibit
gene expression and/or target damage to a specific site. For
example, we reported a Tdp-ICL-based approach targeting the
human c-MYC oncogene, a strategy that successfully inhibited
c-MYC expression and that, in combination with gemcitabine,
may provide an effective means of improving breast cancer
therapy (26).

In this context, defining the cellular mechanisms that promote
or inhibit or resolve the formation of non-B DNA structures
would improve the design of effective drug molecules. The
current data support a role for regulators of genomic stability,
such as p53 (27) and the BRAFT supercomplex (28), comprising
the Fanconi’s anemia (FA) and Bloom (BLM) complexes, in the
recognition and resolution of some non-B DNA structures and
point to a relevant role for helicases, such as BRIP1 and
BLM (29, 30), in unwinding DNA secondary structures. In our
search for components of the cellularmachinery that are involved
in the processing and resolution of triplex DNA structures, we
used chromatin co-immunoprecipitation and MALDI-TOF
analyses. We identified DHX9 as a component of the triplex
DNA-protein complex in mammalian cells.

The DHX9 protein [unofficial HUGO nomenclature used;
nuclear DNA helicase II (NDH II) or RNA helicase A (RHA)]
belongs to the DEXH family of helicase superfamily 2 and was
first isolated and characterized from calf thymus nuclei (31). The
protein has a molecular mass of ∼140 kDa and is characterized
by seven conserved core motifs, including two copies of a double-
stranded RNA-binding domain at the amino terminus, a helicase
core domain in the central region, and an RGG rich region at the
carboxyl terminus (Figure 1) (32, 33), which confer both RNA
and DNA helicase activities (34). The embryonic lethality of

homozygous DHX9 knockout mice has been reported (35),
which indicates an indispensable role for this helicase in mam-
malian cells (reviewed in ref 36).

In this study, we tested the hypothesis that DHX9 unwinds
triplex DNA structures as a part of its role in maintaining
genomic integrity. The data demonstrate that the purified protein
has the capacity to unwind intermolecular triplex DNA sub-
strates in vitro with a specific 30 f 50 polarity with respect to the
displaced third strand. This activity required a 30-single-stranded
overhang on the third strand and was dependent on ATP
hydrolysis. In contrast, we detected comparatively low or no
activity on a variety of duplex and forked duplex substrates,
irrespective of the availability of 30-single-stranded overhangs.
The preference of DHX9 for triplex DNA structures, where it
removes the strand with Hoogsteen hydrogen-bonded bases,
suggests that it may be a part of the enzymatic repertoire of
enzymes capable of resolving non-B DNA substrates. These
findings support the notion that removal of such conformations
may represent amajor task, likely involving a number of enzymes
larger than previously anticipated.

EXPERIMENTAL PROCEDURES

Expression and Purification of Recombinant DHX9
Protein. Baculovirus stocks containing human DHX9 vectors
were used to infect ∼2 � 108 HiV cells at a multiplicity of
infection of 1-5. Cells were harvested 40-48 h postinfection in
TC100 medium. The following day, fresh medium was added
mixed with 1 mL of virus stock and incubated for 48 h at 27 �C.
Cells were harvested by centrifugation at 1000 rpm for 5 min at
4 �C. Cells were washed with ice-cold phosphate-buffered saline
[10 mM sodium phosphate (pH 7.4), 140 mMNaCl, 3 mMKCl,
and 1� PBS], further centrifuged at 1000 rpm for 5 min at 4 �C,
and stored at -70 �C. DHX9 was purified from whole cell
extracts with Ni2þ-NTA-agarose (Qiagen) and with poly(rI 3 rC)-
agarose, as previously described (32).DHX9 concentrationswere
determined by Bradford assays and polyacrylamide gel electro-
phoresis (PAGE).
Preparation of DNA Substrates. PAGE-purified single-

stranded oligodeoxyribonucleotides used for the preparation of
DNA substrates were obtained from Integrated DNA Technol-
ogies (Coralville, IA) and are listed in Table 1. The sequence of
the triplex substrate was from the human rhodopsin gene (37).
Prior to annealing the oligonucleotides to form the various DNA
structures (Table 2), we labeled 50-ends with [γ-32P]ATP and T4

FIGURE 1: Schematic of the DHX9 helicase. The schematic represents the N-terminal region of the protein (left) with double-stranded RNA
binding motifs I and II (dsRBMI and dsRBMII, respectively), followed by the helicase core domain (middle), comprising seven evolutionarily
conservedmotifs, including theATP binding and hydrolysismotif (boxes I, II, andVI), theDNAbindingmotif (box Ia), theDEXHdomain (box
II), the nucleic acid unwinding domain (box III), and the RNAbinding domain (box VI), and finally the C-terminal region (right), containing the
conservedRGGbox involved in single-strandedbinding tonucleic acid substrates.Critical aminoacidswithin the boxes are indicated.The relative
positions of themotifs and spacing betweenmotifs are not to scale. The numbers above the arrows are the typical ranges of amino acids spanning
each region.

1Abbreviations: AMP-PNP, 50-adenylyl β,γ-imidodiphosphate; BSA,
bovine serum albumin; DSB, double-strand break; DTT, dithiothreitol;
PAGE, polyacrylamide gel electrophoresis; ss, single-stranded; Tdp-
ICL, TFO-directed psoralen interstrand cross-link; TFO, triplex-form-
ing oligonucleotide.
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polynucleotide kinase for 1 h at 37 �C. The unincorporated
nucleotides were removed by size-exclusion chromatography
using MicroSpin G-25 columns (GE, Buckinghamshire, U.K.).
To form the duplex and triplex substrates (Table 2), wemixed the
50-end-labeled oligonucleotides at molar ratios of 1:1 (duplex
DNA) and 1:1:1 (triplex DNA) and annealed them in triplex
binding (TB) buffer [10 mM Tris-HCl (pH 7.6), 10 mM MgCl2,
and 10% glycerol (v/v)]. This high Mg2þ concentration was
critical for triplex stability. Samples were heated to 95 �C for 10
min and then cooled to 4 �C in a PCR apparatus (Bio-Rad) at a
rate of 0.1 �C/min. The purity of the annealed substrates was
assessed by 12% native PAGE (29:1 acrylamide:bisacrylamide)
in running (R) buffer [89 mM Tris-borate (pH 8.0) and 10 mM
MgCl2]. Electrophoretic separations were conducted for 4-5 h at
75 V (7.5 V/cm), and gels were exposed to a PhosphorScreen for
visualization of the radiolabeled substrates by using a Storm
PhosporImager and ImageQuant (Molecular Dynamics, Sunny-
vale, CA).
Helicase/Strand Displacement Assay. DHX9 activity was

measured by the extent of strand displacement from the duplex or
triplex DNA substrates (Table 2) as follows. Reactions (10 μL)
were conducted in helicase (H) buffer, consisting of TB buffer
supplemented with 5 mM DTT, 5 mM ATP (unless stated
otherwise), and the specific DNA substrate at 5 nM. The
indicated amounts of DHX9 protein were added to the reaction
mixtures and incubated in a temperature-controlled PCR ap-
paratus at 32 �C for 20 min. This temperature was chosen on the
basis of previous experiments of helicase function on triplex
structures (38, 39). The reactions were stopped by quick chilling

on ice, followed by the addition of 2 μL of loading buffer (40%
sucrose, 0.1% bromophenol blue, and 0.1% xylene cyanol). For
the time course kinetic experiments, 100 μL reaction mixtures
were prepared as described above, from which 10 μL aliquots
were withdrawn at the indicated time points, quick chilled on ice,
and mixed with 2 μL of loading buffer. The reaction products
were resolved by electrophoresis on 12% native polyacrylamide
gels in R buffer and visualized using a PhosphorImager. The
images were quantified using ImageQuant, and the percent of
unwindingwas determined from the total amount of nativeDNA
structure remaining at each time point.

RESULTS

The DHX9 Protein Unwinds Triplex DNA, but Not
Blunt-End Duplex DNA. In an effort to isolate the compo-
nents of the enzymatic complex responsible for processing triplex
DNA structures, we conducted co-immunoprecipitation experi-
ments using anti-RPA antibodies in 293T cells to pull down
protein complexes associated with plasmid substrates containing
a triplex structure. MALDI-TOF analyses of the proteins
resolved and eluted from denaturing polyacrylamide gels re-
vealed the DHX9 helicase as a major component enriched
with the triplex DNA structure (Figure 1 and Table 1 of the
Supporting Information). This result prompted speculation that
DHX9 may be involved in maintaining overall genome stability
by resolving triplex DNA structures, a known source of DSBs
leading to genomic rearrangements (21, 24, 25). Hence, to test the
activity of DHX9 on triplex structures, substrates were prepared
as described in Experimental Procedures (listed in Tables 1 and 2).

Table 2: Schematic Structures of DNA Substrates Used in This Study

Table 1: Oligonucleotides Used in This Study

oligo name length (no. of nucleotides) sequence (50 f 30)a

21R 21 GGAAGC GGT AGG GGG AGG GGG

21Y 21 GTA CAC GGT GAT CCT CTA GAG

21R with a 30-overhang 31 CTC TAG AGG ATC ACC GTG TAC GTC ATA GTA T

31R with a 30-overhang 31 GGAAGC GGT AGG GGG AGG GGG CAG TCG AGC G

31R with a 50-overhang 31 ATA GCA GCT AGG AAG CGG TAG GGG GAG GGG G

41R 41 AAA CAA CAC TGG GGG AGG GGG ACG GTG AAG GCC AAG TTC CC

41Y 41 GGG AAC TTG GCC TTC ACC GTC CCC CTC CCC CAG TGT TGT TT

45R 45 ACT CTA GAG GAT CCC CGG GTA CGT TAT TGC ATG AAA GCC CGG CTG

45Y 45 ACT ATAATA GCG ACG TAC CGC CAT TAC CCG GGG ATC CTC TAG AGT

aThe triplex-forming oligonucleotide (TFO) binding site sequence is underlined.
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First, the annealing conditions for obtaining the relevant DNA
substrates in high yield were optimized. These conditions inclu-
ded the use of gel-purified oligodeoxyribonucleotides and a slow
rate of cooling (0.1 �C/min) from 95 to 4 �C. Gel mobility shift
experiments indicated that the products (duplex and triplex)
migrated at the expected positions according to their mass and
structure on 12% native polyacrylamide gels. Specifically, the
triplex DNA structures migrated slower than the duplex struc-
tures and single-stranded DNA. Also, the triplex structure con-
taining a 50-single-stranded overhang migrated slower than that
containing a 30-single-stranded overhang (Figure 2 of the Sup-
porting Information).

The helicase reaction assays were performed by incubation of
increasing amounts of purified humanDHX9 protein (0, 50, 100,
and 200 nM) for 20min at 32 �Cwith a constant amount ofDNA
substrate (5 nM). The enzyme displaced the third strand from a
triplex substrate containing a 30-single-stranded overhang in a
concentration-dependent manner. Nearly complete displacement
of the third strandwas achieved at 200 nM, as evidenced from the
products of the helicase reaction (Figure 2A), which migrated at
the same position as the labeled single-strand and duplex DNA.
In contrast, DHX9 (at 200 nM) failed to unwind a DNA duplex
substrate of the same length and sequence composition as the
duplex portion of the triplex substrate. Quantification of the

activity of DHX9 helicase as a function of protein concentration
on the triplexDNAsubstrate showed that at 50, 100, and 200 nM,
84, 57, and 8% triplex DNA, respectively, remained on average
after the reactions (Figure 2B) (r2= 0.98). To determine whether
this activity resulted from nonspecific protein-DNA interac-
tions, we tested the activity of bovine serum albumin (BSA) on
the triplex DNA substrate. No detectable unwinding activity was
observed (Figure 2A). Together, these results indicate that
DHX9 possesses strand displacement activity on triplex DNA
structures containing a 30-single-stranded overhang, but unde-
tectable activity on the blunt-end duplex DNA structures.
ATP IsRequired for the StrandDisplacement Activity of

DHX9 on Triplex Structures. Next, we explored whether
hydrolysis of ATP was required for the unwinding activity of
DHX9 on triplex DNA substrates. We incubated increasing
amounts of protein (0, 50, 100, and 200 nM) with triplex DNA
substrates containing a 30-single-stranded overhang either in the
presence or in the absence of 5 mMATP (Figure 3A) as well as in
the presence of the nonhydrolyzable analogue of ATP, 50-
adenylyl β,γ-imidodiphosphate (AMP-PNP) (Figure 3B). In
the absence of ATP or in the presence of AMP-PNP, DHX9
failed to catalyze third strand displacement from the triplex
substrate (Figure 3). In contrast, in the presence of hydrolyzable
ATP (5 mM), the enzyme was able to displace the third strand
from the triplex substrates.At a protein concentration of 200 nM,
the third strand appeared to be entirely displaced from the triplex
DNA substrate (Figure 3A), leaving duplex DNA intact. Hence,
we conclude that ATP hydrolysis was indispensable for the
helicase activity leading to strand displacement.
Kinetic Analysis of DNAUnwinding.Using the conditions

described above, we then examined the rate of unwinding of
DHX9 on the 30-single-stranded overhang triplex substrate as a
function of time. For this, 100 μL reaction mixtures were
prepared in H reaction buffer (Experimental Procedures), from
which 10 μL aliquots were withdrawn at the indicated time
points, quickly chilled on ice, and mixed with 2 μL of loading
buffer to terminate the reaction. The reaction products were
separated by 12% native polyacrylamide gel electrophoresis for
analysis. DHX9 progressively unwound the third strand from the
triplex DNA substrate (Figure 4A) with a biphasic kinetic beha-
vior, which included a transient initial “burst” phase (∼2 min)
followed by a slower, linear phase (∼18 min). This analysis
confirmed that the DHX9 protein unwound the triplex substrate

FIGURE 2: DHX9 unwinds triplex DNA. (A) Triplex or double-
stranded [γ-32P]ATP-labeled DNA substrate at 5 nM (left) was
incubated with various concentrations (0-200 nM) of DHX9 heli-
case or 150 nMBSA for 20min at 32 �C (for details, see Experimental
Procedures). Helicase activity leading to strand displacement was
assessed by 12% native PAGE. The right-most lane is a control lane
inwhich triplexDNAwasheat-denatured (5min at 95 �C) toyield the
duplex DNA with the free third strand. (B) PhosphorImager quanti-
fication of DHX9 helicase activity on triplex DNA as a function of
DHX9 concentration (mean ( standard error from three indepen-
dent experiments).

FIGURE 3: ATP is required for DHX9 helicase activity. (A) Triplex
DNA (see the legend of Figure 1) was incubated with 0-200 nM
DHX9helicase in the presence (left) or absence (right) of 5mMATP.
(B) Triplex DNA was incubated with 200 nMDHX9 in the presence
of 5 mM ATP or in the presence 5 mM AMP-PNP, a nonhydrolyz-
able nucleotide analogue. Please see the legend of Figure 1 for a
description of the right-most lanes.
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in a time-dependentmanner (Figure 4B). On the basis of the slope
of the reaction of ∼4.8 min-1, we conclude that 4.8 Hoogsteen
hydrogen-bonded bases were unwound per minute. In summary,
DHX9 displays a “bona fide” enzymatic behavior with respect to
triplex DNA that follows pseudo-zero-order kinetics, in which
the secondary DNA structure represents the substrate and the
single-strand and duplex DNA species represent the reaction
products.
DHX9 Polarity and Substrate Specificity. The strand to

which helicases bind and migrate defines their polarity (40). To
determine the polarity of DHX9 translocation, three different
types of triplex DNA substrates were prepared: one blunt-end
triplex and two triplex DNA substrates containing a 10-nucleo-
tide ssDNAoverhang at either the 30- or 50-end of the third strand
(Table 2). To avoid preferences in sequence composition, the core
region of the triplex-forming oligonucleotide (TFO) binding site
(the sequence is underlined in Table 1) contained the same
nucleotide sequences. The activity of DHX9 on blunt-end triple-
xes andon the triplexes containing the 30- or 50-overhang is shown
in Figure 5A,B. With varying enzyme concentrations under
standard experimental conditions, the 30-single-stranded over-
hang-containing triplex substrate was unwound efficiently,
whereas little or no activity was detected on the 50-single-stranded
overhang and blunt substrates (Figure 5B). Indeed, no significant
(>5%) unwinding activity on blunt-end triplexes was observed
at any protein concentration tested (Figure 5A). These findings
indicate that DHX9 has a strong preference for triplex DNA
substrates with a 30-single-stranded overhang, where it translo-
cates with a specific 30 f 50 polarity.
Forked Duplex DNA Structures Are Weak Substrates

for DHX9Helicase Activity.We first characterized DHX9 as
a helicase active on duplex DNA substrates consisting of oligo-
nucleotides hybridized to single-stranded (ss) M13mp18 (31, 34).
This raised the question of whether the enzyme would display
stronger activity on triplex DNA, on a 30-single-stranded over-
hang on duplex substrates, or on other non-canonical DNA
structures, such as forked duplexes. These structures are known
to arise as intermediates during in vivo DNA metabolic events,
such as replication. To address this question, we first repeated the
studies conducted previously (34) on oligonucleotides bound to
ssM13mp18 using the enzymatic preparations described here (see
Experimental Procedures). As expected, DHX9 displaced the
oligonucleotides from ssM13mp18 (data not shown) (31, 34).

Next, we prepared 10-nucleotide 30-single-stranded overhang
duplexes and forked duplexes, using the sequences listed in
Table 1 and described in Experimental Procedures. Forked or
30-single-stranded overhang duplex substrates at 5 nM were
incubated with increasing amounts of DHX9 protein (50, 100,

FIGURE 4: Time-dependent DHX9 helicase activity. (A) Triplex DNA was incubated with 200 nM DHX9, and aliquots were with-
drawn at the indicated time points and resolved by 12% native PAGE. (B) Graph of percent triplex remaining as a function of time
(mean ( standard error from two independent experiments). The rate of unwinding was calculated from the slope of the linear portion
of the graph.

FIGURE 5: DHX9activity requires a 30-single-strandedoverhang and
displays 30 f 50 polarity. (A) Lanes 1 and 2 show the mobility of the
single strands used to prepare the duplex and blunt-end triplex DNA
structures. Helicase activity (see Experimental Procedures) in the
presence ofATPwas assessed on blunt-end duplexDNA (lanes 3 and
4) and blunt-end triplex DNA (lanes 5-8) by using 200 and 0-200
nMDHX9, respectively, whereas lane 9 shows the helicase activity of
200nMDHX9on theblunt-end triplex in the absenceofATP. See the
legend of Figure 1 for a description of the right-most lane. (B) Helicase
activity of DHX9 on various types of triplex structures. Lanes 1-3
show the mobility of the single strands used to assemble triplex
DNA structures with blunt ends (lanes 5 and 6), a 50-single-stranded
overhang (lanes 7 and 8), and a 30-single-stranded overhang (lanes 9
and 10) as depicted above the lanes. Lane 4 shows the mobility of
duplex DNA. A total of 200 nM DHX9 was used to determine the
helicase activity on each type of triplex DNA structure.
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and 200 nM) in H reaction buffer (Experimental Procedures).
The results showed little or no displacement of single strands
from the duplex structures, even at the highest concentration
(200 nM) of DHX9 used (Figure 6A,B). We also conducted
similar experiments at 3.5 mM Mg2þ to optimize conditions for
DHX9 activity but still did not observe any detectable displace-
ment activity on forkedDNA substrates (data not shown). Thus,
the ability of DHX9 to unwind duplex substrates was weaker
than that on triplex DNA, irrespective of the availability of a
30-single-stranded overhang or a single strand-duplex junction.

DISCUSSION

The results presented in this study demonstrate thatDHX9has
a marked preference for triplex DNA structures containing a 30-
single-stranded overhang over other triplex and duplex DNA
substrates with or without 30-tails, where it unwinds the Hoogs-
teen-bound bases by translocation with a 30 f 50 polarity.
Unwinding required hydrolyzable ATP, and the reaction was
dependent on the amount of enzyme and incubation time. After a
20 min incubation at 32 �C, 200 nMDHX9 completely unwound
the triplex DNA substrate at a rate of ∼24 bases min-1 μM-1.
Stranddisplacementwas not observedwhen the nonhydrolyzable
ATP analogue AMP-PNP was substituted for ATP. Previously,
it was reported that ATP binding and/or ATP hydrolysis

activities of DHX9 were required for cAMP-mediated transcrip-
tional activation, since a point mutation (Lys to Asn) in the
conserved ATP binding motif (Gly-Lys-Thr) of DHX9 led to a
reduction in the level of transcription (41). DHX9 also required a
30-single-stranded overhang on the third strand of the triplex
substrate. Conversely, the enzyme failed to displace strands from
a blunt-end DNA duplex and displayed little or no activity on
duplexes containing a 30-single-stranded overhang or forked
duplex DNA molecules. These data support a model in which
DHX9 loads onto the 30-ssDNA region of triplex substrates and
subsequently unwinds the third strandwith a 30 f 50 polarity. The
requirement for a 30-single-stranded overhang to load and
translocate along triplex DNA is consistent with our earlier
reports (31, 34) showing that DHX9 requires a preexisting 30-
single-stranded overhang for unwinding. Herein, we show that
this activity is ∼17-fold higher on triplex than on duplex DNA
substrates (42). Thus, DHX9, like other DNA helicases, may be
activated by ssDNA regions where DNA unwinding is initiated
and conducted by homo-oligomeric complexes (reviewed in
ref 43).

The unwinding activity of helicases on triplex DNA substrates
is not without precedent. Mammalian WRN, BLM (38), and
BRIP1 (also known as BACH1 and FANCJ) (39), which belong
to the helicase superfamily 2 and share sequence similarity with
DHX9, can also unwind non-B DNA structures in vitro. These
enzymes play important roles in maintaining chromosomal
stability, and as such, defects in their function can lead to genetic
disorders, such as premature aging and cancer (38, 44, 45). The
WRN and BLM helicases unwind triplex substrates with the
same polarity (i.e., from 30 f 50) as DHX9, whereas BRIP1
requires a 50-single-stranded overhang to load onto triplex DNA
structures (39). The WRN, BLM, and BRIP1 helicases can also
unwind synthetic Holliday junctions, 12-nucleotide bubble struc-
tures, G-quadruplex DNA, and forked structures (46-48).
Moreover, WRN activity is potentiated by DHX9 on recombi-
nation-likeDNA intermediates in vitro (42). In our assays,DHX9
was not able to unwind 30-single-stranded overhang duplexDNA
at 10mMMg2þ or forkedDNAsubstrates at either 10 or 3.5mM
Mg2þ but exhibited weak activity on oligodeoxynucleotides
bound to ssM13mp18 when assayed at 3.5 mM Mg2þ (herein
and refs 31 and 34). We showed previously that DHX9 activity
may be suppressed by high (20 mM) Mg2þ concentrations (31).
Because the stability of these DNA substrates increases with an
increase in Mg2þ concentration in the range of 0-10 mM (49)
and Hoogsteen-bound third strands in triplexes exhibit melting
temperatures lower than those of their duplex counter-
parts (50, 51), it is possible that the DHX9 kinetic properties,
such as Vmax, may depend on the thermal stability of the
underlying DNA substrate. Previously, we have demonstrated
that H-DNA-forming sequences induce mutations, largely by
promoting the formation of DSBs (24). These sequences are
abundant in the human genome (∼1 in 50000 bp in humans)
(52) and are enriched in introns and 50- or 30-untranslated regions
of genes involved in cell communication and signaling (10).
Analyses of chromosome translocation junctions support a
model inwhich non-BDNA sequences induceDSBs that are sub-
sequently processed by nonhomologous end joining (NHEJ)
(24, 53), which requires DNA-PKcs, Ku, and XRCC4-DNA
ligase IV (54-57). The findings that DNA-PKcs can phosphory-
late DHX9 and that DHX9 co-immunoprecipitates with the Ku
antigen (58) raise the possibility that the protein participates in
NHEJ repair. This postulate is supported by the finding that,

FIGURE 6: Forked duplex DNA structures are weak substrates for
DHX9 activity. (A) Lanes 1 and 2 show the electrophoretic mobility
of the participating single strands (45R and 45Y) used to make the
forked duplex structure. DNA helicase activity was determined (as
described in Experimental Procedures) on a forked duplex structure
in the presence (lanes 3-7) and absence (lanes 7 and 8) of ATP by
using the indicated concentrations of DHX9 protein. Lane 9 shows
the heat-denatured (5 min at 95 �C) forked duplex structure without
DHX9 to visualize the free participating single strands. (B) Helicase
activity of DHX9 on various types of duplex and 30-overhang triplex
structures. Lanes 1 and 2 show the electrophoretic mobility of 21R
with a 30-overhang and 31R with a 30-overhang single strand used to
assemble the 30-overhang duplex (lanes 5 and 6) and 30-single-
stranded overhang triplex (lanes 9 and 10) DNA structures. Lanes
3 and 4 and lanes 5 and 6 represent blunt and forked duplex
structures, respectively. A total of 200 nM DHX9 was used to
determine the helicase activity on each type of DNA structure
(5 nM). The structure of each substrate is shown above each lane.
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following induction of DSBs, the helicase colocalizes with
γ-H2AX and Ku70 in the nucleus (59). Thus, DHX9 may be
involved in resolving non-B DNA structures by interacting with
Ku, thereby leading to an NHEJ-mediated processing of DNA
secondary structures. DHX9 has also been implicated in assisting
in the resolution of DNA metabolic intermediates, such as
D-loops, that arise during recombination events (60), by facil-
itating degradation through the 30 f 50 exonuclease activity of
WRN (60).Given its preference forRNA-DNAhybrids,DHX9
may also play a role in resolving R-loops during transcription
and/or intermediates that might form at stalled replication forks.
Finally, the enzyme has been found to interact with the C-term-
inal domain of BRCA1 in a complex with Ku80 at sites of
DSBs (61-64), further supporting a role in genome stability.

In conclusion, our results demonstrate the ability of DHX9 to
preferentially resolve mutagenic triplex DNA structures in an
ATP-dependent fashion. The observation that DHX9 can un-
wind non-B DNA conformations suggests that the enzyme may
belong to the class of DNA helicases that assist in maintaining
genomic stability by functioning inDNA replication, recombina-
tion, and repair. The observations made in this study have in vivo
implications because the triplex DNA substrates used herein are
structurally very similar to the naturally occurring H-DNA
conformations known to block replication fork progression
and transcription (65-69) and to induce genetic instability
(24, 25). Further investigations are warranted for a better under-
standing of themechanism(s) involved in processing non-BDNA
structures and/or the structural intermediates of DNA metabo-
lism important for the maintenance of genomic stability.
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