
SLAS Discovery xxx (xxxx) xxx

Please cite this article as: Deepali Gotur et al., SLAS Discovery, https://doi.org/10.1016/j.slasd.2023.08.006

Available online 23 August 2023
2472-5552/© 2023 The Author(s). Published by Elsevier Inc. on behalf of Society for Laboratory Automation and Screening. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Development of assays to support identification and characterization of 
modulators of DExH-box helicase DHX9 

Deepali Gotur, April Case, Julie Liu, E. Allen Sickmier 1, Nicholas Holt, Kevin E. Knockenhauer, 
Shihua Yao, Young-Tae Lee, Robert A. Copeland, Shane M. Buker, P. Ann Boriack-Sjodin * 

Accent Therapeutics, 1050 Waltham Street, Lexington, MA 02421, USA   

A R T I C L E  I N F O   

Keywords: 
DHX9 
RNA helicase 
DExH-box 
Assay development 
Drug discovery 

A B S T R A C T   

DHX9 is a DExH-box RNA helicase that utilizes hydrolysis of all four nucleotide triphosphates (NTPs) to power 
cycles of 3′ to 5′ directional movement to resolve and/or unwind double stranded RNA, DNA, and RNA/DNA 
hybrids, R-loops, triplex-DNA and G-quadraplexes. DHX9 activity is important for both viral amplification and 
maintaining genomic stability in cancer cells; therefore, it is a therapeutic target of interest for drug discovery 
efforts. Biochemical assays measuring ATP hydrolysis and oligonucleotide unwinding for DHX9 have been 
developed and characterized, and these assays can support high-throughput compound screening efforts under 
balanced conditions. Assay development efforts revealed DHX9 can use double stranded RNA with 18-mer poly 
(U) 3′ overhangs and as well as significantly shorter overhangs at the 5′ or 3′ end as substrates. The enzymatic 
assays are augmented by a robust SPR assay for compound validation. A mechanism-derived inhibitor, GTPγS, 
was characterized as part of the validation of these assays and a crystal structure of GDP bound to cat DHX9 has 
been solved. In addition to enabling drug discovery efforts for DHX9, these assays may be extrapolated to other 
RNA helicases providing a valuable toolkit for this important target class.   

1. Introduction 

DHX9 (also known as RNA Helicase A (RHA) or Nuclear DNA Heli
case II (NDH II); EC:3.6.4.13) is a versatile helicase capable of binding 
single stranded RNA and DNA, unwinding double stranded RNA and 
DNA, RNA-DNA hybrids and R-loops, as well as resolving more complex 
structures including triplex-DNA and G-quadraplexes (reviewed in 
[33]). DHX9 has been reported to have regulatory roles in a variety of 
cellular functions including DNA replication, transcription, translation, 
RNA processing and transport, microRNA processing and maintenance 
of genomic stability [21,33]. 

Consistent with its importance in multiple cellular functions, DHX9 
has been implicated as a therapeutic target of interest in multiple disease 
areas. DHX9 has been identified as a dependency factor for multiple 
viruses (reviewed in [6]) including hepatitis B [13] and HIV-1 [5]. 
Genomic instability is a hallmark of cancer cells and targeting replica
tion stress is an active area of investigation in oncology [16]. DHX9 
prevents genomic instability caused by complex DNA structures 
including triplex-DNA [26] and loss of DHX9 promotes replication 

blockage caused by R-loops. This results in obstruction of DNA repli
cation and thus increases genome instability [11]. In vivo studies uti
lizing an inducible RNAi platform targeting DHX9 showed that protein 
loss was detrimental to select tumor cells but otherwise well-tolerated in 
normal mouse tissue [32] indicating the potential of DHX9 inhibitors as 
a viable pathway for disease modulation. 

DHX9 is a large, 1270 amino acid protein consisting of multiple 
domains whose biological functions have been well characterized [2,3, 
41,42,44]. It is a member of the SF2 helicase superfamily, which is 
defined by the presence of two RecA domains in the helicase core with 
conserved structural motifs. DHX9 also belongs to the DExH-box sub-
family of helicases defined by the sequence Asp-Glu-x-His in motif II of 
the RecA domain 1 [20]. The structure of an N- and C-terminally trun
cated construct of MLE, the DHX9 ortholog in Drosophila, bound to a 
single stranded poly-U RNA and an ATP transition state analog, 
ADP-AlF4, has been solved [37]. The structure revealed the RNA tra
verses thorough a well-defined globular protein; in addition, the 
nucleotide analog was bound in the expected position between the 
RecA1 and RecA2 domains. Recently, structures of three mammalian 
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DHX9 proteins bound to ADP have been reported and show the overall 
domain architecture observed in MLE to be conserved in higher species 
(PDB codes 8SZP, 8SZQ and 8SZR). 

DExH-box helicases can bind and hydrolyze any NTP to unwind 
oligonucleotide substrates. Early reports utilizing human DHX9 from 
HeLa cells [31], bovine DHX9 purified from calf thymus [45] or re
combinant Drosophila melanogaster MLE [30] confirmed full length 
DHX9 was active on both RNA and DNA and could utilize any NTP for 
unwinding activity [45]. Additional characterization of DHX9 activity 
on complex substrates [10] has also been performed. Structure-activity 
investigations into the domain structure of MLE showed the dsRBD2 
domain was critical for unwinding activity but that the glycine-rich RGG 
motif and N-terminal dsRBD1 domain were dispensable [24,37]. Much 
of the characterization of DHX9 activity was performed using gel-shift 
assays to detect strand dissociation. Unfortunately, gel-based methods 
are unsuited for a high-throughput approach required for large-scale 
drug discovery efforts. Assays utilizing either hydrolysis of γ-32P-ATP 
or detection of phosphate by malachite green have been developed for 
DHX9 in 96-well plate format [9]. However, miniaturization to 384-well 
format was not presented and kinetic characterization of the assays was 
not described. 

In this report, a suite of assays capable of identifying and validating 
modulators of human DHX9 is presented. An in vitro assay monitoring 
ATP hydrolysis has been developed and optimized for high-throughput 
screening efforts. This assay was utilized to characterize DHX9 
enzyme kinetics and optimal substrate concentrations were determined 
to enable compound screening under balanced conditions. Additionally, 
the first plate-based functional assay to measure compound effects on 
the ability of DHX9 to unwind double stranded oligonucleotides has 
been established. A robust SPR assay has been developed to confirm 
compounds identified in the enzymatic assays bind specifically to the 
protein and determine compound affinity. This suite of assays was uti
lized to validate and characterize GTPγS as a nucleotide-competitive 
inhibitor of DHX9 and a crystal structure of a mammalian DHX9 
bound to GDP in the nucleotide binding site was solved. These assays 
provide a valuable toolkit for drug discovery efforts on DHX9. 

2. Materials and methods 

2.1. Reagents 

RNA oligomers were synthesized by Integrated DNA Technologies 
(Coralville, IA) and purified by high-performance liquid chromatog
raphy (HPLC) to greater than 95% purity. Non-hydrolyzable nucleotide 
analogs were purchased from Jena Biosciences (Catalog # NK102; Jena, 
Germany). White, medium binding, polypropylene 384-well assay plates 
(Catalog #781075) and black, non-binding, polypropylene plates (Cat
alog #781075) were obtained from Greiner Bio-One (Frickenhausen, 
Germany) for the ATPase assay and helicase assay respectively. The 
ADP-Glo™ kinase assay kit (Catalog # V9102) was purchased from 
Promega Inc. and, in addition, supplied the ultra-pure ATP and ADP 
used in the experiments. 

2.2. Protein production 

All wild type constructs for human (Homo sapiens) DHX9 (UniProt 
entry: Q08211-1) or cat (Felis sivestris catus) DHX9 (UniProt entry: 
A0A337SGK2-1) were generated through subcloning from synthesized, 
full-length DHX9 DNA sequences that were codon optimized for protein 
overexpression. Human DHX9 (aa 150-1150-FLAG; referred to as 
hDHX9), avi-tagged human DHX9 (aa 150-1150-FLAG-Avi; referred to 
as hDHX9Avi) and cat DHX9 (aa 151-1151-FLAG; referred to as 
catDHX9) were each cloned into the pFastBac1 vector (Invitrogen). 
Human DHX9 with Asp 511 mutated Ala (hDHX9 D511A) was generated 
by PCR-based site-directed mutagenesis utilizing the Site-Directed 
Mutagenesis Kit (SDM-15, SBS Genetech) and hDHX9 as a template. 

Viral amplification was performed using standard procedures. For pro
tein expression, Sf9 cells (2-2.5 × 106 cells/mL) were infected with virus 
at 1:100 ratio (v/v) and cultured for 72 h at 27 ̊C. Cells were harvested 
by centrifugation and stored at -80 ̊ C until purification. hDHX9 was 
purified by resuspending the cells in a binding buffer containing 25 mM 
HEPES, pH 7.5, 300 mM NaCl supplemented with protease inhibitor 
cocktail (Roche). After sonication and subsequent centrifugation to 
remove cell debris, the supernatant was added to anti-FLAG affinity gel 
(Sigma) pre-equilibrated with the binding buffer and incubated for 2 h at 
4 ̊C. The resin was washed three times sequentially with binding buffer, 
binding buffer with 5 mM ATP and 10 mM MgCl2 and then binding 
buffer. The target protein was eluted by addition of 250 µg/mL FLAG 
peptide to the binding buffer. After elution of the protein from the FLAG 
resin, the protein was concentrated and a size exclusion column 
(Superdex 200, GE) was run using buffer containing 25 mM HEPES, pH 
7.5 and 100 mM NaCl. The eluted protein was concentrated to > 4 mg/ 
mL, flash frozen in liquid nitrogen and stored at -80 ̊C. SDS-page gel 
showed the final protein to be highly pure and SEC chromatography 
profile was consistent with a monomer (Supplemental Fig. S1A and 
S1B). The final protein yield for hDHX9 was 9 mg protein per 1 L of 
insect cell culture. The same purification method was used for hDHX9 
D511A resulting in monomeric protein of high purity (Supplemental 
Fig. S1C and S1D) with final yields of 4.4 mg protein per 1 L insect cell 
culture. 

CatDHX9 was purified in the same manner as hDHX9 except 2 mM 
TCEP was added to all buffers and the SEC column was run using a buffer 
containing 300 mM NaCl. SDS-page gel showed the final protein to be 
highly pure and SEC chromatography profile was consistent with a 
monomer (Supplemental Fig. S1E and S1F). The final protein yield for 
catDHX9 was 13.3 mg protein per 1 L of insect cell culture. hDHX9-Avi 
was purified by FLAG affinity in the same manner as hDHX9, with some 
modifications. After elution from the FLAG resin, the protein was bio
tinylated using a His-tagged BirA protein using methods previously 
established [12]. The protein solution was added to a nickel affinity 
column preincubated with binding buffer and hDHX9-Avi was eluted 
with binding buffer containing 20 mM imidazole. The protein was then 
purified by size exclusion chromatography in the same manner as 
hDHX9. SDS-page gel showed the final protein to be highly pure and SEC 
chromatography profile was consistent with a monomer (Supplemental 
Fig. S1G and S1H). The final protein yield for hDHX9 was 5.3 mg protein 
per 1 L of insect cell culture. 

2.3. DHX9 ATPase assay 

The DHX9 ATPase assay was performed in small-volume, medium 
binding, 384-well white plates at a final volume of 10 µL/well. Opti
mized 1X assay buffer was 40 mM HEPES (pH 7.5), 0.01% Tween 20, 
0.01% BSA, 1 mM DTT, 20 mM MgCl2, 0.004 U/ml RNAseOUT (cat. No. 
10777019, Thermo Fisher Scientific). For nucleotide testing, DHX9 
(final concentration (f.c.) = 0.625 nM) was added using a Multidrop 
Combi (Thermo Fisher Scientific) and preincubated for 15 min. Re
actions were initiated by adding double stranded RNA substrate (f.c.=
15 nM) and ultra-pure ATP (f.c.= 5 µM) substrates. Reactions proceeded 
for 45 min and were stopped by the addition of ADP-Glo reagent. The 
reactions were then treated with Kinase Detection Reagent for 45 min. 
The plates were centrifuged at 800 rpm for 15 s and read on an Envision 
(PerkinElmer) plate-based reader for total luminescence signal. 

2.4. DHX9 helicase assay 

A DHX9 helicase assay was performed in small-volume, non-binding, 
384-well black plates at a final volume of 20 µL/well. Optimized 1X 
assay buffer was 40 mM HEPES pH 7.5, 0.01% Tween 20, 0.01% BSA, 1 
mM DTT, 20 mM MgCl2, 0.004 U/ml RNAseOUT (cat. No. 10777019, 
Thermo Fisher Scientific). To test GTPγS, DHX9 ((f.c.) = 2.5 nM) and 
oligonucleotide (f.c.= 12.5 nM) were added into assay ready plates 
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containing the inhibitor using a Multidrop Combi (Thermo Fisher Sci
entific) and preincubated for 15 min. Reactions were started by adding 
Ultra-pure ATP (f.c.= 5 µM). An Envision plate reader (Perkin Elmer, 
Waltham, MA) with excitation and emission wavelengths set to 620 nm 
and 685 nm, respectively, was used to read the reaction kinetically at 60 
s intervals for 30 min monitoring fluorescence signal. For kinetic anal
ysis, raw fluorescence data was used calculate slopes by applying linear 
regression analysis to the linear phase of the reaction. 

2.5. Biochemical assay data analysis 

Enzyme kinetics and parameters such as KM and kcat were calculated 
using Michaelis–Menten fits of steady-state enzyme velocities in 
GraphPad (San Diego, CA). Scigillian Analyze software (Montreal, QC, 
Canada) was used to calculate IC50 values and Hill slopes using four- 
parameter fits. The quality and robustness of the assay were deter
mined by analysis of the Z’ factor. IC50 values for inhibitors were 
calculated from the midpoint values of concentration–response plots. 

2.6. SPR assay development and data analysis 

Surface Plasmon Resonance (SPR) binding studies were conducted 
using a Biacore S200 (Cytiva) at 20◦C using 25 mM HEPES pH 7.5, 150 
mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 5% glycerol, 0.005% Tween 20, 
+/- 1% DMSO as the running buffer.  hDHX9-Avi protein was immo
bilized on a SA series S sensor chip (Cytiva).  Prior to ligand immobili
zation, all flow cells were preconditioned by 3 consecutive injections of 
50 mM NaOH in 1 M NaCl at 30 μL/min per manufacturer instructions. 
To immobilize several thousand response units of hDHX9-Avi on the SA 
chip, the protein was captured by injecting 20 μg/mL protein diluted in 
running buffer at 5 μL/min. The reference flow cell was left untreated. 
Analyte binding was tested in multicycle kinetic mode with 120 s as
sociation and 240 s dissociation at a flow rate of 30 μL/min. The data 
was solvent corrected when DMSO was included in the buffer and 
double reference subtracted using the streptavidin reference surface and 
a buffer blank injection. Competition experiments with ATP and ADP 
were run in A-B-A injection mode, where 100 μM ADP or ATP in running 
buffer served as solution A. Solution B was a titration series of GTPγS or 
GTP in solution A. Pre-sample contact time in solution A was 60 s, fol
lowed by 120 s for solution B, and 120 s post-sample contact time in 
solution A. Data were analyzed using the Biacore Insight Evaluation 
software (Cytiva) and curves were fit using the standard 1:1 binding 
kinetic model. 

2.7. Crystallography 

GDP was cocrystallized with catDHX9 using the hanging drop vapor 
diffusion method at 18◦C. GDP was solubilized to 100 mM in water and 
added to catDHX9 (8 mg/ml) at a final concentration of 5 mM in a buffer 
containing 20 mM HEPES pH 7.5, 300 mM NaCl, 2 mM TCEP, and 50 
mM MgCl2. 1 μL of protein was added to 1 μL of precipitant solution 
containing 0.15 M ammonium sulfate, 0.1 M Tris, pH 8.2, 15% w/v 
PEG4000. A 0.5 mL reservoir was used for crystallization. Crystals were 
passed through a cryosolution containing 20% ethylene glycol and 80% 
precipitant solution prior to freezing in liquid nitrogen. 

Diffraction data were collected at beamline BL45XU at Spring8. Data 
reduction and scaling were performed with XDS [28] and Aimless [19]. 
Structure determination was performed using the structure of 
ADP-bound catDHX9 (PDB code 8SZQ) and visual inspection of the 
electron density maps. The GDP dictionary was imported from the COOT 
monomers library and ligand fitting was performed manually in COOT 
[18]. Structure refinement was completed using iterative cycles of 
refinement and model building using REFMAC [34] and COOT [18], 
respectively. Validation of the refined structure was performed at the 
Protein Data Bank validation server (validate.wwpdb.org). Data 
collection and refinement statistics are shown in Table 1. The structure 

has been deposited in the Protein Data Bank (8SZS). 

3. Results 

3.1. DHX9 protein construct selection 

Production of homogeneous, pure and biochemically active protein 
is an important component of assay development efforts. Human DHX9 
is a relatively large protein with multiple domains critical to helicase 
enzyme function. Purification of full length DHX9 has been documented, 
but quantification of yields for the purification was not reported [44]. 
Several full length constructs with N- and/or C-terminal affinity tags for 
expression in eukaryotic systems were generated and tested for 
expression, but no full-length construct from either mammalian or insect 
cell expression methods produced protein of sufficient quality, quantity 
and purity to support assay development, subsequent hit finding and 
compound validation efforts (data not shown). The Drosophila DHX9 
ortholog MLE containing the dsRBD2, L2, MTAD, RecA1, RecA2, HA2, 
OB and L3 linker domains (aa 105-1158) was previously shown to be 
enzymatically active [37]. Based on this information, a human DHX9 
containing the equivalent residues (amino acids 150-1150) was gener
ated. A construct containing a C-terminal FLAG tag was well expressed 
in insect cells and purified to homogeneity (Supplemental Fig. S1A). Size 
exclusion chromatography confirmed the protein eluted as a single peak 
(Supplemental Fig. S1B); the protein was 97.6% pure as measured by 
Bioanalyzer (Agilent, Santa Clara, CA). This construct, which was found 
to have ATPase activity using an ADP-Glo™ assay (Promega), was 
selected for further characterization and will be referred to as hDHX9 in 
this report. 

3.2. Optimization and kinetic characterization of DHX9 ATPase assay 

Initial activity characterization of hDHX9 utilized a buffer containing 
40 mM HEPES (pH 7.5), 0.01% BSA, 1 mM DTT, 20 mM MgCl2, 0.004 U/ 
ml RNAseOUT, 1% DMSO (v/v), and substrate concentrations of 500 nM 

Table 1 
Crystallographic data collection and refinement statistics.  

Compound GDP 

Space group P43212 
Cell constants: 

a, b, c (Å) 
α, β, γ (◦ )  

86.11, 86.11, 347.24 
90.0, 90.0, 90.0 

Resolution range (Å) 
(Highest resolution shell) 

48.03-2.38 
(2.45-2.38) 

Completeness overall (%) 100.0 (100.0) 
Reflections, unique 53722 
Multiplicity 26.1 (24.2) 
I/σ 17.4 (2.4) 
Rr.i.m 

1 0.147 (1.561) 
Rvalue overall (%) 2 0.220 (0.281) 
Rvalue free (%) 3 0.265 (0.346) 
Number of atoms: 

Non-hydrogen protein atoms  6817 
Non-hydrogen ligand atoms (GDP) 28 
Solvent molecules 294 
R.M.S. deviations from ideal values 
Bond lengths (Å) 0.0022 
Bond angles (◦) 0.79 
Average B values (Å2) 
Protein all atoms 54.6 
Ligand 47.4 
Solvent 50.7 
Φ, Ψ angle distribution for residues 
Most favoured regions (%) 98 
In additional allowed regions (%) 2 
1 Rr.i.m. = Rmerge[N/(N – 1)]1/2, where N = data multiplicity 

2 Rvalue =Σhkl ||Fobs| - |Fcalc|| / Σhkl |Fobs| 
3Rfree is the cross-validation R factor computed for the test set of 5% of unique 
reflections  
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and 500 μM for RNA and ATP, respectively. The ADP-Glo™ Kinase assay 
kit (Promega) provides a luminescent readout of ATP hydrolysis 
(Fig. 1A) and was used to quantify enzyme activity. The RNA substrate 
used for initial testing was a double stranded 31-mer with a single 5′ 
overhang (Fig. 1B). A DHX9 variant with a mutation in the Asp-Glu-x- 
His sequence in motif II, hDHX9 D511A, was tested for activity along
side the wild-type protein and found to be inactive, showing the ATPase 
activity seen in the reaction was specific to hDHX9 protein (Fig. 1C). 
Buffer optimization testing pH, detergents, ionic strength and reducing 
agents was performed with a focus on conditions appropriate for large- 
scale screening efforts. RNaseOUT (0.004 U/μL) was included to pre
serve RNA integrity at concentrations previously shown to be beneficial 
by mass spectrometry [8]. There was no significant change in enzyme 
activity between HEPES pH 6.5, 7.5, and 8.0; pH 7.5 was selected to best 
approximate physiological pH. Addition of either NaCl or KCl decreased 
activity even at relatively low concentrations (ie, 25 mM). Enzyme ac
tivity was dependent on addition of MgCl2 although concentrations 
above 50 mM significantly reduced activity; 20 mM was selected as 
maximum activity was observed at this concentration. Detergent and 
protein carrier were desired in the final buffer to minimize potential 
nonspecific binding. Both Triton X-100 and Tween-20 detergents 
significantly improved enzyme activity but Tween-20 consistently 
showed higher activity than Triton X-100 at concentrations less than or 
equal to 0.01%. BSA was well tolerated in the assay. DMSO was toler
ated up to 1% but sensitivity was seen at higher concentrations, 
providing an upper limit for this reagent for any future hit-finding 
efforts. 

Using these optimized conditions, select double stranded RNA con
structs differing with either one or three nucleotide 3′ sequence over
hang as well as the single stranded RNA common to all duplex RNAs 
used (Fig. 1B) were tested for ATPase activity with DHX9 and compared 
with the activity of the single base 5′ overhang sequence using excess of 
both substrates (100 nM RNA and 100 μM ATP). Gel analysis of the RNA 
stock solutions indicated a majority of the three double stranded RNA 
samples were in duplex form (Supplemental Fig. S2) confirming any 
ATPase activity seen would be from the annealed substrate rather than 
single stranded RNA. The double stranded 31-mer RNA with a single 
nucleotide 5′ overhang provided optimum activation of ATPase activity 

while 1 or 3-base 3′ overhang RNAs had reduced activity and the single 
stranded RNA (ssRNA) had the lowest activity (Fig. 1D). With this in
formation, assay development efforts continued with the 31-mer single 
base 5′ overhang double stranded RNA. Assay linearity was tested at 
multiple enzyme concentrations and at multiple timepoints. Reactions 
proceeded linearly for enzyme concentrations between 0.625 nM and 5 
nM within the time course of the experiment, and 0.625 nM enzyme and 
a 45 min reaction time were selected (data not shown). Steady-state 
enzyme kinetic analysis was then performed by titrating either ATP or 
the dsRNA substrate at a fixed concentration of the other substrate. 
Multiple timepoints at each of these conditions were collected and initial 
velocities calculated from the linear region of the progress curves. 
Fitting of the data to the Michaelis-Menten equation yielded substrate 
KM values for ATP and RNA of 5.1 ± 0.5 μM and 35 ± 8 nM, respectively 
(Fig. 1E and 1F). kcat values derived from these experiments were similar 
at 46.6 ± 0.8 min− 1 for ATP and 28.2 ± 1.8 min− 1 for RNA. Final 
concentrations for RNA and ATP substrates within 2-fold of the KM 
values, 15 nM and 5 μM respectively, were selected to run the assay 
under balanced conditions. 

3.3. Optimization and kinetic characterization of DHX9 helicase assay 

In addition to measurement of ATP hydrolysis, an assay to probe the 
functional unwinding activity of DHX9 was desired. Hanson et al. re
ported FRET-based fluorescence assays for measurement of hepatitis C 
virus helicase activity utilizing either a “split beacon” substrate (fluo
rophore and quencher on different oligonucleotide strands) or a “mo
lecular beacon” substrate (fluorophore and quencher on the same 
oligonucleotide strand) [22]. Only the “split beacon” substrate was 
active with DHX9 and this methodology was adapted to develop a 
plate-based helicase assay (Fig. 2A). Oligonucleotides with sequences 
comparable to substrate in Hanson et al. were synthesized to incorporate 
a Cy5 fluorescent probe into an RNA strand and BHQ quencher into a 
DNA strand that could be annealed with the single stranded RNA to yield 
a double stranded substrate containing an 18 base 3′ poly(U) overhang 
(Fig. 2B, hereafter referred to as SB-RNA). The SB-RNA substrate was 
active in the hDHX9 helicase assay (Fig. 2C) and assay optimization was 
initiated. Identical buffer conditions as the ATPase assay were chosen to 

Fig. 1. Development and characterization of the DHX9 ATPase assay: A schematic of the assay is shown (A). Multiple RNA constructs (B) were assembled for activity 
testing. Wild type hDHX9 (red) and variant hDHX9 D511A (blue) were tested for ATPase activity (n=3 technical replicates) (C); only the wild type protein showed 
enzymatic activity. Single and double stranded RNAs were tested for ATPase activity (n=3 technical replicates) (D). KM values were determined for dsRNA (E) and 
ATP (F) using conditions described in the Materials and Methods section; n=2 biological replicates were performed with n=4 technical replicates contained within 
each KM experiment. 
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directly compare ATPase and helicase activity. A KM value of 9.9 ± 0.8 
μM was measured for ATP in the helicase assay (Fig. 2D), but it was not 
possible to determine the KM of the SB-RNA as the background fluo
rescence increased upon addition of increasing SB-RNA substrate. 
Theoretically, the SB-RNA substrate could be tested in the ATPase assay 
and RNA and ATP KM values generated. However, in this case, the choice 
of Cy5 probe and BHQ quencher could be problematic as the wavelength 
of luminescent readout of the ADP-Glo assay (560 nm), the excitation 
wavelength of the Cy5 moiety in the SB-RNA construct (620 nm) and the 
quenching wavelength range of the BHQ group (480-580 nm) are close 
enough to cause interference and potentially skew resulting KM values. 
Instead, the final concentration for the ATP substrate (5 µM) was 
selected based on the KM value found for the helicase assay and the final 
RNA substrate concentration (12.5 nM) was chosen to closely match the 
duplex RNA concentration for the ATPase assay. 

3.4. Development of DHX9 SPR assay 

Development of an SPR assay for hDHX9 was desired as an orthog
onal method to measure specific, reversible binding of compounds to the 
protein. The C-terminal avi-tagged hDHX9 protein (hDHX9-Avi) was 
captured on a streptavidin-coated chip.  Buffer conditions were modified 
from the assay buffer conditions to enable robust delivery of compound 
data and minimize non-specific binding to the chip. Specifically, the salt 
concentration was increased, glycerol was added to the running buffer, 
the Tween-20 concentration was reduced and the protein components 

(BSA and RNaseOUT) were removed. Final buffer conditions were 25 
mM HEPES pH 7.5, 150 mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 5% 
glycerol, 0.005% Tween and the hDHX9-Avi surface was stable under 
these optimized conditions. A 24 h stability study revealed the hDHX9- 
Avi surface lost only 15% of its starting binding activity (data not 
shown).  Inclusion of 1% v/v DMSO was also well tolerated. To validate 
the assay, binding data were generated for the hDHX9-Avi substrate ATP 
and the product ADP.  Both nucleotides bound comparably well to 
hDHX9-Avi, with KD = 0.94 ± 0.25 μM for ATP and KD = 0.40 ± 0.16 
μM for ADP (Fig. 3A and 3B). Kinetic rate constants for substrate and 
product were also similar and comparable to KM values determined in 
the ATPase and unwinding assays. 

3.5. Identification and validation of GTPγS as an inhibitor of DHX9 

Prior to initiation of large-scale hit finding efforts, validation of the 
hDHX9 assay suite was desired with a tool compound that would bind to 
DHX9 and inhibit enzymatic activity. The use of non-hydrolyzable ATP 
analogs as non-selective, active site inhibitors of kinases is well known 
and this same approach with ATP analogs has recently been applied to 
the bacterial helicase DnaB [29]. Unfortunately, the nature of substrate 
detection in the ATPase assay made non-hydrolysable ATP analogs un
tenable for this purpose due to the potential for high background caused 
by ATP and/or ADP contamination in the commercial material (data not 
shown). However, DHX9 can utilize NTP other than ATP to drive heli
case activity [45] and the use of non-hydrolyzable analogs of other 

Fig. 2. Development and characterization of the DHX9 helicase assay: A schematic of the assay is shown (A). The Cy5 moiety was incorporated into an RNA sequence 
and BHQ was incorporated into a DNA sequence; RNA was used as the complementary strand (B). Example of raw fluorescence data generated by the helicase assay 
(n=2 technical replicates) (C). ATP KM was determined (D); n=2 biological replicates were performed with n=3 technical replicates contained within 
each experiment. 

Fig. 3. Direct binding of nucleotides to DHX9 by Sur
face Plasmon Resonance: SPR sensorgrams in response 
to increasing concentrations of compound (color) and 
kinetic fits (black) flowed over immobilized Avi- 
hDHX9 are shown for ATP (A) and ADP (B). Kinetic 
fit analysis determined KD values of 0.94 ± 0.25 μM 
(ka = 1.1 × 104 M− 1 s− 1, kd = 9.9 × 10− 3 s− 1) and 0.40 
± 0.16 μM (ka = 1.9 × 104 M− 1 s− 1, kd = 7.5 × 10− 3 

s− 1) for ATP and ADP respectively. Error reported as 
standard deviation. SPR experiments were performed 
in triplicate, representative sensorgrams shown.   
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nucleotides would not have the same issues in the biochemical assay due 
to the specificity of the assay detection for ADP rather than NDP. 
Therefore, characterization of the binding affinity of another NTP to 
DHX9 by SPR was performed. GTP was selected over other NTPs as it is 
also a purine nucleotide and could be expected to have similar affinity to 
DHX9. Indeed, binding of GTP to the enzyme showed equivalent affinity 
and kinetics to that of ATP (GTP KD = 0.86 ± 0.35 μM; Fig. 4A). 
Furthermore, GTP binding was completely blocked upon addition of 
ATP in the buffer (Supplemental Fig. S3). Although expected, it was 
satisfying to see binding of an alternate NTP substrate in this assay with 
affinity equivalent to ATP and, presumably, in direct competition with 
ATP for the nucleotide binding site. 

Since robust binding of GTP to hDHX9 observed by SPR, non- 
hydrolyzable analogs of GTP as well as the hydrolysis product, GDP, 
were tested for activity in the DHX9 ATPase assay (Fig. 4B). GTPγS was 
the most potent nucleotide, therefore, it was selected for additional 
assessment in the assay suite. When fully profiled, GTPγS was shown to 
have similar inhibitory activity in the ATPase assay (IC50 = 6.5 ± 0.7 
μM; Fig. 4C) and the helicase assay (IC50 = 9.6 ± 3.9 μM; Fig. 4D). 
GTPγS also bound hDHX9-Avi as demonstrated by SPR (0.82 ± 0.15 μM; 
Fig. 4E). The binding of GTPγS was completely blocked upon addition of 
saturating levels of ADP in the buffer (Fig. 4F) indicating competitive 
binding to DHX9 for the two ligands. This result is consistent with 
binding of GTPγS in the ATP-binding site, as would be expected from a 
non-hydrolyzable analog of a DHX9 NTP substrate. 

3.6. Crystal structure of GDP bound to DHX9 

A structure of GTPγS bound to hDHX9 would be considered ideal to 
complete the validation package for this nucleotide analog as a DHX9 
inhibitor. Crystal structures of human, cat and dog DHX9 orthologs with 
the same amino acid boundaries as hDHX9 have recently been reported 
with ADP bound in the nucleotide binding site (PDB codes 8SZP, 8SZQ 
and 8SZR for human, cat and dog, respectively) but to date, no structures 

of mammalian DHX9 bound to substrates or substrate analogs have been 
reported. Extensive crystallization screening with GTPγS was performed 
for this study, but no crystalline hits were identified and therefore no 
structure of GTPγS could be solved. Presumably, the conformation of 
DHX9 bound to the substrate analog, GTPγS, is incompatible with the 
packing interactions seen in the crystal system formed by the product 
ADP. This may be due to global changes in the three-dimensional 
structure of the DHX9 when bound to GTPγS which may be analogous 
to differences seen between the ADP-bound mammalian DHX9 struc
tures and the RNA and/or ATP transition state-bound Drosophila MLE 
structures [25,37]. 

In an effort to determine if other nucleotide products could be solved 
in DHX9 in place of ADP using the known DHX9 crystal systems, cat 
DHX9 was cocrystallized in the presence of GDP which showed inhibi
tory activity in the initial screening of GTP analogs. This effort was 
successful and resulted in a 2.38 Å structure (Fig. 5A). The structure 
reveals the diphosphate nucleotide and a magnesium ion bound between 
the RecA1 and RecA2 domains, consistent with the previously reported 
ADP-bound structures. Although electron density maps at this resolution 
cannot distinguish between the carbonyl oxygen and amine nitrogen 
that differ between guanine and adenine bases at C6, the electron den
sity maps clearly show the presence of the NH2 group at the C2 position 
(Fig. 5B) which confirms the bound nucleotide as GDP. The guanine base 
is stacked between Arg 457 and Phe 700 (Fig. 5C) while the ribose and 
phosphate groups of GDP as well as the magnesium ion make several 
direct and water-mediated interactions with the protein (Fig. 5C and 
5D). The structures of cat DHX9-GDP and cat DHX9-ADP (PDB code 
8SZQ) co-complexes show high similarity with a Cα RMSD of 0.68 Å and 
the ADP and GDP nucleotides superimpose well in the nucleotide 
binding site (Fig. 5E). Consistent with the ability of DHX9 to utilize 
multiple NTP in its enzymatic activity, no hydrogen bonds are made 
between the base and the protein that could result in selectivity between 
substrates. This result is also concordant with the similar binding af
finities seen for ATP and GTP by SPR. 

Fig. 4. Identification, validation and characterization of GTPγS as an inhibitor of DHX9: GTP binds DHX9 with a KD value determined by kinetic fit analysis of of 0.86 
± 0.35 μM (ka = 5.6 × 103 M− 1 s− 1, kd = 5.0 × 10− 3 s− 1) (A); error reported as standard deviation, triplicate experiments performed with a representative sen
sorgram shown. Nonhydrolyzable analogs of GTP and the product GDP were tested in the ATPase assay (n=2 technical replicates) (B); GTPγS was selected for 
additional profiling. GTPγS IC50 values were determined using the ATPase assay (IC50 = 6.5 ± 0.7 μM (n=3 technical replicates)) (C) and the helicase assay (IC50 =

9.6 ± 3.9 μM (n=3 technical replicates)) (D). SPR determined a KD = 0.82 ± 0.15 μM (ka = 6.2 × 103 1/Ms, kd = 5.3 × 10− 3 1/s) (experiments performed in 
triplicate) (E). A lack of dose response in SPR when ADP is in the buffer indicates GTPγS binding is fully blocked by the nucleotide (F). 
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4. Discussion 

Helicases play an important role in a variety of critical cellular 
functions and RNA helicases are increasingly seen as important targets 
for drug discovery efforts. However, development of potent and selec
tive inhibitors of RNA helicases has been challenging [1]. DHX9 plays 
critical roles in multiple cellular functions, including maintenance of 
genomic stability. Notwithstanding the clinical importance of this target 
enzyme, no selective inhibitors of DHX9 are currently known. Devel
opment of a suite of assays to enable compound screening is an impor
tant step in initial drug discovery efforts. Biochemical and biophysical 
assays as well as crystallography efforts were critical in the identifica
tion, validation, and optimization of inhibitors for the DNA helicase 
SMARCA2 [36]. 

The plate-based ATPase assay presented here is the first to be re
ported for DHX9 utilizing a double stranded RNA, and the helicase assay 
is the first plate-based assay capable of measuring the unwinding ac
tivity of the enzyme. Previous plate-based ATPase assays for DHX9 
utilized single stranded poly(U) RNA to stimulate ATPase activity and 
development of an unwinding assay was unsuccessful due to an insuf
ficient signal-to-noise window [9]. In this report, ssRNA stimulates ATP 
hydrolysis but it does so less effectively than the double stranded RNA 
substrates presented in this report. It is unknown if the full ensemble of 
conformational states of the enzyme is sampled in the absence of the 
double stranded or more structurally complex substrates. Utilizing 
double stranded substrates in the ATPase assay ensures all conforma
tions required for unwinding activity are sampled during compound 
screening, although conformational states sampled only when DHX9 is 
bound to more complex substrates, such as triplex DNA or G-quad
ruplexes, could be missed. Importantly, the ability to measure the 
modulation of both the ATPase and RNA unwinding by DHX9 provides a 
valuable assessment of whether any inhibitors of the in vitro ATPase 
activity may also be inhibitors of the functional activity in cells. 

Development of a DHX9 assay under conditions when both nucleo
tide and RNA substrate concentrations are close to KM values is preferred 
for screening large diversity libraries. These conditions provide an equal 
likelihood of identifying inhibitors with differing interaction modalities 

with the target enzyme [14,15]. The use of malachite green as a 
detection method may be the reason substrate concentrations well above 
KM values (2.5 μM RNA and 2 mM nucleotide) were used previously in 
plate-based DHX9 assays [9]. The malachite green detection reagent is 
able to detect 1 μM inorganic phosphate [23] while the ADP-Glo assay 
can measure 1 pM ADP [43]. Hydrolysis of ATP produces both ADP and 
inorganic phosphate, therefore, the use of the Promega ADP-Glo kit 
provides increased sensitivity for ATP hydrolysis over other phosphate 
detection methods, enabling a reasonable signal window with low 
nanomolar concentrations of enzyme and RNA substrate. However, the 
concentrations of RNA are significantly lower than typical concentra
tions of compounds used for screening efforts (1-30 μM). This concen
tration difference could result in a significant number of false positive 
compound hits if the compounds inhibit the assay by binding, precipi
tating or otherwise inactivating the RNA substrate used in the assay. To 
filter out such false positive compounds, an assay measuring binding of 
compounds directly to the double stranded RNA could be applied after 
initial screening efforts. An assay measuring intercalation of a fluores
cent intercalator with DNA has been described for the DNA helicase, 
WRN, specifically to identify these types of compounds [4] and can be 
adapted for DHX9. 

DExH-box helicases typically require the presence of a 3′ overhang 
for unwinding activity [27,35,38]. In this report, the ATPase activity of 
double stranded RNA substrates was significantly higher than single 
stranded RNA and the 5′ single base overhang was the most active of the 
limited number of double stranded RNAs tested. In studies of Drosophila 
MLE with an equivalent protein construct [37], MLE was active on RNA 
constructs with 10 uridine 3′ overhangs but unable to unwind RNA 
constructs with 10 uridine 5′ overhangs. However, MLE was also able to 
unwind blunt-ended RNA duplexes, albeit less efficiently than RNA 
molecules with longer 3′ overhangs, a characteristic that was seen as 
unique among DExH helicases. Given the significant amount of ATPase 
activity for duplex RNA substrates containing short 5′ or 3′ overhangs, it 
appears DHX9 is capable of utilizing these short, single base overhangs 
for hydrolysis of ATP. Therefore, it can be inferred that DHX9 shares this 
unique characteristic of unwinding blunt-ended or near-blunt ended 
substrates with MLE. A comprehensive and quantitative study of DHX9 

Fig. 5. Crystal structure of catDHX9 bound to GDP: (A) GDP (magenta) binds to catDHX9 (rainbow ribbon; N-terminus colored blue, C-terminus colored red) at the 
interface of the RecA1 and RecA2 domains. (B) An electron density map (Fo-Fc, 3.0 σ,) generated in the absence of GDP and magnesium shows clear density for the 
C6 amide of the guanine base. (C) The guanine base is in a π-stacking interaction with Arg 457 of RecA1 and Phe 700 of RecA2 and the ribose makes hydrogen 
bonding interactions (black dashed lines) with Asn 724 and water (red spheres). (D) Multiple hydrogen bonds are made between the GDP phosphate oxygen atoms 
and amino acids 414-420 and magnesium is coordinated by water molecules and the side chains of Glu 513 and Thr 419 (grey dashed lines). (E) Crystal structures of 
catDHX9 bound to GDP or ADP (light grey) superimpose well with respect to both protein and ligand. 
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substrate preference has not been performed in this study which was 
instead focused on developing an assay suite suitable for enabling drug 
discovery efforts for DHX9. For this application, the use of a double 
stranded RNA as the DHX9 substrate was preferred over single stranded 
oligonucleotides due to the varied nature of DHX9 cellular substrates. 
However, the assays presented in this report provide a cogent platform 
with which to characterize fully the impact of oligonucleotide type 
(RNA, DNA or hybrid), duplex length, overhang length, orientation, 
sequence and other oligonucleotide variables on binding and enzyme 
turnover by measuring differences in KM and kcat for each potential 
substrate in both the ATPase assay and unwinding assay. This level of 
quantification and mechanistic detail is not possible with gel-based and 
like methods, although close attention to the excitation wavelength of 
any probe or quencher group absorbance range for labeled RNA should 
be noted to ensure interference with ATPase luminescence signal is 
avoided. Additionally, the assays presented here may be adapted to 
other helicases for similar investigations. 

Identification of a specific, reversible tool compound is an important 
validation step during assay development. However, the use of non- 
hydrolysable ATP analogs as specific, non-selective tool inhibitors of 
in vitro activity as was shown for the bacterial helicase DnaB [29] was 
not possible due to increased background in the ATPase assay (data not 
shown), presumably from adenine-based contaminants. As a member of 
the DExH-box helicase subfamily, DHX9 can utilize all NTP as sub
strates, not just ATP. This NTP promiscuity of the enzyme and deter
mination of the low μM binding affinity of GTP to hDHX9 by SPR was 
exploited to select a non-hydrolyzable analog of GTP, GTPγS, as a po
tential inhibitor of DHX9 ATP hydrolysis without compromising assay 
fidelity. Indeed, this approach proved to be successful as GTPγS was 
found to be an inhibitor of the enzyme ATPase activity and helicase 
activity as well as bind to DHX9 by SPR with low micromolar potency. 

It has been noted that inhibitors that bind to the nucleotide binding 
site of RNA helicases may not be preferred for drug discovery due to 
conservation across family members and the potential for cross- 
reactivity with other enzymes [39]. While competitive inhibitors for 
the nucleotide binding site will be identified under balanced screening 
conditions, these can be rapidly categorized using enzymatic method
ologies [7] and/or SPR methods using saturating concentrations of ATP 
or other nucleotides. In this study, as expected given the 
mechanism-guided methodology used to identify the compound, SPR 
methods unambiguously identified GTPγS as a competitive inhibitor of 
ATP. Given these results, this suite of biochemical and biophysical as
says can be utilized to characterize additional nucleotide analogs or 
identify and validate non-nucleotide small molecule inhibitors of DHX9 
that may be more suitable for drug discovery objectives. 

A crystal structure of GTPγS bound to DHX9 in the nucleotide 
binding site would have provided unambiguous evidence for the inhi
bition of activity due to binding in the active site of the molecule. Un
fortunately, a crystal structure with GTPγS could not be obtained. 
Instead, efforts were undertaken to cocrystallize GDP with DHX9 using 
the same crystal system utilized for the structure of cat DHX9 with ADP 
(PDB code 8SZQ) to see if the published conditions could be repeated 
with a similar compound, in this case, another nucleotide hydrolysis 
product. This effort was successful as the resulting electron density maps 
clearly showed binding of GDP in the nucleotide binding site, providing 
a second structure of a nucleotide diphosphate bound to a mammalian 
DHX9. The ATPase and helicase assays presented in this report sample 
all conformations of DHX9 required for ATP hydrolysis and substrate 
unwinding. Therefore, an inhibitor of DHX9 activity found using the 
assays presented in this report may bind to any conformational state of 
DHX9 sampled during the reaction process; alternatively, a compound 
may induce a new conformation of the DHX9 protein upon binding. The 
biochemical and biophysical experiments presented here can be used to 
inform on the appropriate use of substrates or other ligands to utilize in 
crystallization screening when seeking to obtain structural validation of 
a compound identified in a screening campaign. This information is 

critical to maximize the potential for enablement of structure-based 
design efforts and will be particularly valuable for a target with signif
icant structural movements as part of its enzymatic mechanism such as 
DHX9. That said, it remains to be seen if the product-bound conforma
tion of DHX9, captured in the ADP and GDP structures, will be useful for 
the validation of any compounds identified through screening efforts. 

As a target class, helicases can provide unique challenges for inhib
itor identification and optimization [17,40]. Screening of large diversity 
libraries requires robust, high-throughput, plate-based assays optimized 
for compound screening efforts. Validation and characterization of hits 
identified by screening requires orthogonal assays to ensure only spe
cific inhibitors of enzyme function are advanced. The assays for DHX9 
presented here provide a toolkit for initiation of drug discovery efforts 
on this enzyme, an opportunity to investigate substrate specificity for 
this unique DExH-box helicase and a framework for the development of 
biochemical assays for other helicases of biological interest. 
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