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Abstract
Naturally occurring poly(purine·pyrimidine) rich regions in the human genome are prone to adopt
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 diseases-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 3′→5′ polarity with respect to the displaced third
strand. Helicase activity required a 3′-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 5′-overhangs, blunt duplexes,
duplexes with overhangs, or forked duplex substrates. Thus, triplex structures containing a 3′-
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 addition 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·pyrimidine sequences,
cruciforms and hairpin/loops extruded from inverted and direct repeats, respectively, and
multistranded triplex and quadruplex conformations assembled from
poly(purine·pyrimidine) tracts with mirror repeat symmetry and G-rich sequences,
respectively (1–7).
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Bioinformatic analyses on 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 (5)). Specifically, 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·pyrimidine) tracts were
clustered in the pseudoautosomal 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, together
with studies of gene expression profiles (reviewed in (5)), the use of structure-specific
binding probes (14,15) and the sequencing of breakpoints underlying genomic
rearrangements 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 (6) and (20)), identified
a common molecular mechanism of genetic instability based on the DNA structural features
associated with repetitive DNA. The conclusion that such features coincide with non-B
DNA conformations was supported by studies on model 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- to non-B DNA, including transcription and negative
supercoiling, lead to genetic instability. Hence, non-B DNA conformations perform both a
physiological role and potentiate genomic instability.

While the mechanisms that regulate the formation and resolution of non-B DNA structures
remain to be elucidated, the use of exogenous small molecules that either form or stabilize
non-B DNA represents an attractive means for 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 oligonucleotides provides a means to deliver site-specific
interstrand crosslinks (TFO-directed psoralen interstrand crosslinks or Tdp-ICLs) 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 to improve breast cancer therapy (26).

In this context, defining the cellular mechanisms that either promote or inhibit/resolve the
formation of non-B DNA structures would greatly 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 super-complex (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 cellular machinery that are
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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 weight of ~140 kDa and is characterized by 7 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 mammalian cells (reviewed in (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 substrates in vitro with a specific
3′→5′ polarity with respect to the displaced third strand. This activity required a 3′-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 3′-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 a major task, likely involving a larger number of enzymes 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 post-infection 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 mM NaCl, 3 mM KCl, 1x 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 Ni2+-NTA-
Agarose (Qiagen) and with poly(rI·rC)-agarose, as previously described (32). DHX9
concentrations were determined by Bradford assays and polyacrylamide gel electrophoresis
(PAGE).

Preparation of DNA substrates
PAGE-purified single-stranded oligo-deoxyribonucleotides used for the preparation of DNA
substrates were obtained from Integrated DNA Technologies (Coralville, IA, USA) and are
listed in Table 1A. 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
1B), 5′-ends were labeled with [γ-32P]ATP and T4 polynucleotide kinase for 1 h at 37 °C.
The unincorporated nucleotides were removed by size-exclusion chromatography using
MicroSpin G-25 columns (GE, Buckinghamshire, UK). To form the duplex and triplex
substrates (Table 1B), the 5′-end-labeled oligonucleotides were mixed at molar ratios of 1:1
(duplex DNA) and 1:1:1 (triplex DNA), and annealed in triplex binding (TB) buffer [10 mM
Tris·HCl (pH 7.6), 10 mM MgCl2, 10% glycerol (v/v)]. This high Mg2+ concentration was
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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 the rate of 0.1 °C/min. The purity of the annealed
substrates was assessed by 12% native PAGE (29:1, acrylamide/bis-acrylamide) 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 software (Molecular Dynamics, Sunnyvale, CA).

Helicase/strand displacement assay
DHX9 activity was measured by the extent of strand displacement from the duplex or triplex
DNA substrates (Table 1B) as follows; 10 μl reactions were carried out in helicase (H)
buffer, consisting of TB buffer supplemented with 5 mM DTT, 5 mM ATP (unless stated
otherwise) and 5 nM of the specific DNA substrate. The indicated amounts of DHX9 protein
were added to the reaction mixtures and incubated in a temperature-controlled PCR
apparatus at 32 °C for 20 min. This temperature was chosen based on 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 loading buffer (40% sucrose, 0.1%
bromophenol blue and 0.1% xylene cyanol). For the time-course kinetic experiments, 100 μl
reactions 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 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 the
ImageQuant software and the percent of unwinding was determined from the total amount of
the native DNA structures remaining at each time point.

RESULTS
DHX9 protein unwinds triplex DNA, but not blunt-end duplex DNA

In an effort to isolate the components of the enzymatic complex responsible for processing
triplex DNA structures, we conducted co-immunoprecipitation experiments 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 revealed the DHX9 helicase as a major component
enriched with the triplex DNA structure (Suppl. Text, Suppl. Fig. 1 and Suppl. Table 1).
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” (shown in
Tables 1A and 1B). First, the annealing conditions for obtaining the relevant DNA substrates
in high yield were optimized. These conditions included the use of gel-purified oligo-
deoxyribonucleotides and a slow rate of cooling (0.1 °C/min) from 95 °C 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 structures and
single-stranded DNA. Also, the triplex structure containing a 5′-single-stranded overhang
migrated slower than that containing a 3′-single-stranded overhang (Suppl. Text and Suppl.
Fig. 2).

The helicase reaction assays were performed by incubating increasing amounts of purified
human DHX9 protein (0, 50, 100, 200 nM) for 20 min at 32 °C with a constant amount of
DNA substrate (5 nM). The enzyme displaced the third strand from a triplex substrate
containing a 3′-single-stranded overhang in a concentration-dependent manner. Near
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complete displacement of the third strand was 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 triplex DNA substrate showed that at 50, 100, and 200 nM, 84, 57, and
8% triplex DNA remained on average after the reactions, respectively (Figure 2B) (r2 =
0.98). To determine whether this activity resulted from non-specific protein-DNA
interactions, 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 3′-single-stranded overhang, but undetectable activity on the blunt-end duplex
DNA structures.

ATP is required for the strand displacement 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,
200 nM) with triplex DNA substrates containing a 3′-single-stranded overhang either in the
presence or absence of 5 mM ATP (Figure 3A) as well as in the presence of the non-
hyrolyzable analogue of ATP, 5′-adenylyl-beta,gamma-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 200 nM protein concentration, the third strand was 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 DNA unwinding
Using the conditions described above, we then examined the rate of unwinding of DHX9 on
the 3′-single-stranded overhang triplex substrate as a function of time. For this, 100 μl
reaction mixtures were prepared in ‘H’ reaction buffer (“Material and Methods”), from
which 10 μl aliquots were withdrawn at the indicated time points, quickly chilled on ice and
mixed with 2 μl 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 behavior, 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 in a time-dependent manner (Figure 4B). Based on the slope
of the reaction of ~4.8 min−1, we conclude that 4.8 Hoogsteen hydrogen-bonded bases were
unwound per min. 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-nt ssDNA
overhang at either the 3′- or 5′-end of the third strand (Table 1B). To avoid preferences in
sequence composition, the core region of the triplex forming oligonucleotide (TFO) binding
site (the sequence is underlined, Table 1A) contained the same nucleotide sequences. The
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activity of DHX9 on blunt-end triplexes and on the triplexes containing the 3′- or 5′-
overhang is shown in Figure 5A and B. With varying concentrations of enzyme and under
standard experimental conditions, the 3′-single-stranded overhang-containing triplex
substrate was unwound efficiently, whereas little or no activity was detected on the 5′-
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 3′-single-stranded overhang, where it translocates with a specific 3′→5′
polarity.

Forked duplex DNA structures are weak substrates for DHX9 helicase activity
We first characterized DHX9 as a helicase active on duplex DNA substrates consisting of
oligonucleotides hybridized to single-stranded (ss) M13mp18 (31,34). This raised the
question as to whether the enzyme would display stronger activity on triplex DNA, on 3′-
single-stranded overhang 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 herein (see Experimental Procedures). As expected,
DHX9 displaced the oligonucleotides from ssM13mp18 (data not shown) (31,34). Next, we
prepared 10-nt 3′-single-stranded overhang duplexes and forked duplexes, using the
sequences shown in Table 1A and described in “Experimental Procedures”. Five nM each of
forked or 3′-single-stranded overhang duplex substrates were incubated with increasing
amounts of DHX9 protein (50, 100, 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 and B). We
also conducted similar experiments at 3.5 mM Mg2+ concentration, but still did not observe
any detectable displacement activity on forked DNA substrates (data not shown). Thus, the
ability of DHX9 to unwind duplex substrates was weaker than on triplex DNA, irrespective
of the availability of a 3′-single-stranded overhang or a single strand-duplex junction.

DISCUSSION
The results presented in this study demonstrate that DHX9 has a marked preference for
triplex DNA structures containing a 3′-single-stranded overhang over other triplex and
duplex DNA substrates with or without 3′-tails, where it unwinds the Hoogsteen-bound
bases by translocating with a 3′→5′ polarity. Unwinding required hydrolyzable ATP and the
reaction was dependent on the amount of enzyme and incubation time. After 20 min
incubation at 32 °C, 200 nM DHX9 completely unwound the triplex DNA substrate at a rate
of ~24 bases min−1μM−1. Strand displacement was not observed when the non-hydrolysable
ATP analog 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
transcriptional activation, since a point mutation (Lys to Asn) into the conserved ATP
binding motif (Gly-Lys-Thr) of DHX9 led to the reduction in the level of transcription (41).
DHX9 also required a 3′-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 3′-single-stranded overhang, or
forked duplex DNA molecules. These data support a model whereby DHX9 loads onto the
3′-ssDNA region of triplex substrates and subsequently unwinds the third strand with a
3′→5′ polarity. The requirement for a 3′-single-stranded overhang to load and translocate
along triplex DNA is consistent with our earlier reports (31,34) showing that DHX9 requires
a pre-existing 3′-single-stranded overhang for unwinding. Herein, we show that this activity
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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
carried out by homo-oligomeric complexes (reviewed in (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 ageing and cancer (38,44,45). The WRN and BLM helicases unwind
triplex substrates with the same polarity (i.e. from 3′→5′) as DHX9, whereas BRIP1
requires a 5′-single-stranded overhang to load onto triplex DNA structures (39). The WRN,
BLM, and BRIP1 helicases can also unwind synthetic Holliday junctions, 12-nt bubble
structures, G-quadruplex DNA, and forked structures (46–48). Moreover, WRN activity is
potentiated by DHX9 on recombination-like DNA intermediates in vitro (42). In our assays,
DHX9 was not able to unwind 3′-single-stranded overhang duplex DNA at 10 mM Mg2+ or
forked DNA substrates at either 10 mM or 3.5 mM Mg2+ but displayed weak activity on
oligodeoxynucleotides bound to ssM13mp18 when assayed at 3.5 mM Mg2+ (herein and
(31,34)). We showed previously that DHX9 activity may be suppressed by high (20 mM)
Mg2+ concentrations (31). Since the stability of these DNA substrates increases with
increasing Mg2+ concentration in the range of (0–10 mM) (49) and Hoogsteen-bound third
strands in triplexes exhibit lower melting temperatures than their duplex counterparts
(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 50,000 bp in human) (52)
and are enriched in introns and 5′- or 3′-untranslated regions of genes involved in cell
communication and signaling (10). Analyses of chromosome translocation junctions support
a model whereby non-B DNA sequences induce DSBs that are subsequently processed by
non-homologous end-joining (NHEJ) (24,53), which requires DNA-PKcs, Ku, and XRCC4-
DNA ligase IV (54–57). The findings that DNA-PKcs can phosphorylate DHX9 and that
DHX9 co-immuonoprecipitates with the Ku antigen (58), raises the possibility that the
protein participates in NHEJ repair. This postulate is supported by the finding that,
following induction of DSBs, the helicase co-localizes with gamma 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 facilitating
degradation through the 3′→5′ exonuclease activity of WRN (60). Given its preference for
RNA:DNA hybrids, 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-terminal 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 unwind non-B DNA conformations suggests that the enzyme may belong to the
class of DNA helicases that assist in maintaining genomic stability by functioning in DNA
replication, recombination, and repair. The observations made in this study have in vivo
implications since 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 understanding of the mechanism(s) involved in processing non-B
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DNA structures and/or the structural intermediates of DNA metabolism important for the
maintenance of genomic stability.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
We thank Ms. Sarah Henninger for manuscript preparation, and the members of the Vasquez laboratory and
members of Richard Wood’s laboratory for helpful discussions.

ABBREVIATIONS
The abbreviations used are:

AMP-PNP 5′-adenylyl-beta,gamma-imidodiphosphate

bp base pairs

BSA bovine serum albumin

DSB double strand break

DTT dithiothreitol

PAGE polyacrylamide gel electrophoresis

ss single-stranded

Tdp-ICL TFO-directed psoralen interstrand crosslink

TFO triplex-forming oligonucleotide
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Figure 1. Schematic of the DHX9 helicase
The schematic represents the N-terminal region of the protein (left) with the double-stranded
RNA binding motifs I and II (dsRBMI and dsRBMII), followed by the helicase core domain
(middle), comprising 7 evolutionarily conserved motifs, including the ATP binding and
hydrolysis motif (boxes I, II and VI), the DNA binding motif (box Ia), the DEXH domain
(box II), the nucleic acid unwinding domain (box III), and the RNA binding domain (box VI)
and finally the C-terminal region (right), containing the conserved RGG box involved in
single-stranded binding to nucleic acid substrates. Critical amino acids within the boxes are
indicated. The relative positions of the motifs and spacing between motifs are not to scale.
The numbers above the arrows are the typical range of amino acids spanning each region.
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Figure 2. DHX9 unwinds triplex DNA
Panel A. Five nM of triplex or double-stranded [γ32P]ATP-labeled DNA substrate (left) was
incubated with various concentrations (0–200 nM) of DHX9 helicase or 150 nM BSA for 20
min at 32 °C (for details see “Experimental Procedures”). Helicase activity leading to
strand-displacement was assessed by 12% native PAGE. Triangle; control lane in which
triplex DNA was heat-denatured (5 min, 95 °C) to yield the duplex DNA plus the free third
strand. Panel B. PhosphorImager quantification of DHX9 helicase activity on triplex DNA
as a function of DHX9 concentration (mean ± SE from 3 independent experiments).
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Figure 3. ATP is required for DHX9 helicase activity
Panel A. Triplex DNA (see legend to Figure 1) was incubated with 0–200 nM DHX9
helicase in the presence (left) or in the absence (right) of 5 mM ATP. Panel B. Triplex DNA
was incubated with 200 nM DHX9 in the presence of 5 mM ATP or in the presence 5 mM
AMP-PNP, a nonhydrolyzable nucleotide analogue. Triangle; as specified in Figure 1.
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Figure 4. Time-dependent DHX9 helicase activity
Panel A. Triplex DNA was incubated with 200 nM DHX9 (Figure 1 and “Experimental
Procedures”) and aliquots were withdrawn at the indicated time points and resolved by 12%
native PAGE. Panel B. Graph of percent triplex remaining as a function of time (mean ± SE
from 2 independent experiments). The rate of unwinding was calculated from the slope of
the linear portion of the graph.
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Figure 5. DHX9 activity requires a 3′-single-stranded overhang and displays 3′→5′ polarity
Panel A. Lanes 1–2, mobility of the single-strands used to prepare the duplex and blunt-end
triplex DNA structures. Helicase activity (see “Experimental Procedures”) in the presence of
ATP was assessed on blunt-end duplex DNA (lanes 3–4) and blunt-end triplex DNA (lanes
5–8) by using 200 and 0–200 nM DHX9, respectively, whereas lane 9 shows the helicase
activity of 200 nM DHX9 on blunt-end triplex in the absence of ATP. Triangle; as specified
in Figure 1. Panel B. Helicase activity of DHX9 on various types of triplex structures. Lanes
1–3, mobility of the single-strands used to assemble triplex DNA structures with blunt-ends
(lanes 5–6), 5′-single-stranded overhang (lanes 7–8) and 3′-single-stranded overhang (lanes
9–10) 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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Figure 6. Forked duplex DNA structures are weak substrates for DHX9 activity
Panel A. Lanes 1–2, 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 in the absence (lanes 7–8) of ATP by using the indicated concentrations of DHX9
protein. Lane 9, the heat denatured (5 min, 95 °C) forked duplex structure without DHX9 to
visualize the free participating single strands. Panel B. Helicase activity of DHX9 on various
types of duplex and 3′-overhang triplex structures. Lanes 1–2, electrophoretic mobility of
21R with a 3′-overhang and 31R with a 3′-overhang single strand used to assemble the 3′-
overhang duplex (lanes 5–6) and 3′-single-stranded overhang triplex (lanes 9–10) DNA
structures. Lanes 3–4 and 5–6, 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 on top of each lane.

Jain et al. Page 17

Biochemistry. Author manuscript; available in PMC 2011 August 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Jain et al. Page 18

Table 1A

Oligonucleotides used in this study.

Oligo Name Length Sequence (5′→3′)

21R 21 GGAAGC GGT AGG GGG AGG GGG

21Y 21 GTA CAC GGT GAT CCT CTA GAG

21R with 3′-overhang 31 CTC TAG AGG ATC ACC GTG TAC GTC ATA GTA T

31R with 3′-overhang 31 GGA AGC GGT AGG GGG AGG GGG CAG TCG AGC G

31R with 5′-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 ATA ATA GCG ACG TAC CGC CAT TAG CCG GGG ATC CTC TAG AGT

The triplex-forming oligonucleotide (TFO) binding site sequence is underlined
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Table 1B

Schematic structures of DNA substrates used in this study.

Substrate name Structure Oligos used to make substrate

Blunt duplex DNA 41R + 41Y

Blunt triplex DNA 41R + 41Y + 21R

3′-overhang triplex DNA 41R + 41Y + 31R with 3′-overhang

5′-overhang triplex DNA 41R + 41Y+ 31R with 5′-overhang

3′-overhang duplex DNA 21R with 3′-overhang + 21Y

Forked duplex DNA 45R + 45Y
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