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Abstract: Viral disease is one of the greatest burdens for human health worldwide, with an urgent
need for efficacious antiviral strategies. While antiviral drugs are available, in many cases, they
are prone to the development of drug resistance. A way to overcome drug resistance associated
with common antiviral therapies is to develop antivirals targeting host cellular co-factors critical
to viral replication, such as DEAD-box helicase 3 X-linked (DDX3X), which plays key roles in
RNA metabolism and the antiviral response. Here, we use biochemical/biophysical approaches
and infectious assays to show for the first time that the small molecule RK-33 has broad-spectrum
antiviral action by inhibiting the enzymatic activities of DDX3X. Importantly, we show that RK-33 is
efficacious at low micromolar concentrations in limiting infection by human parainfluenza virus type
3 (hPIV-3), respiratory syncytial virus (RSV), dengue virus (DENV), Zika virus (ZIKV) or West Nile
virus (WNV)—for all of which, no Food and Drug Administration (FDA)-approved therapeutic is
widely available. These findings establish for the first time that RK-33 is a broad-spectrum antiviral
agent that blocks DDX3X’s catalytic activities in vitro and limits viral replication in cells.
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1. Introduction

Viral infections pose a risk to human health worldwide, with an urgent need for efficacious antiviral
strategies. The relatively few antivirals in use typically function by targeting a specific viral protein
critical to viral replication, and hence are only effective against a single pathogen. Although potentially
effective in the short-term, their use can lead to selection for drug resistant strains that threaten the
long-term effectiveness of the treatment [1]. To mitigate the risk of developing drug-resistant strains,
one strategy is to instead target host cellular cofactors critical to viral replication.

DEAD-box helicase 3 X-linked (DDX3X) is a cellular adenosine 5’-triphosphate (ATP)-dependent
RNA helicase that hydrolyzes ATP to unwind duplex RNA, thereby remodeling RNA/RNA—-protein
complexes; these catalytic functions are attributable to highly conserved sequence motifs distributed
over two recombinase A (RecA)-like helicase domains [2,3]. As an ATP-dependent RNNA helicase,
DDX3X has roles in all aspects of RNA metabolism including transcriptional regulation, pre-mRNA
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splicing, messenger ribonucleoprotein particle (mnRNP) assembly, and mRNA export/translation [4].
Accordingly, DDX3X is a prime host target for multiple viruses of medical significance; it is required
for the replication of human immunodeficiency virus type 1 (HIV-1) [5,6], and flaviviruses such as
dengue virus (DENV) and hepatitis C (HCV) [7,8]. Accordingly, DDX3X is an attractive host cellular
co-factor for drug targeting.

The small molecule RK-33 (diimidazo [4,5-d:4’,5"-f]-[1,3]diazepine) is a ring-expanded nucleoside
(REN) analogue [9,10] that has been suggested to target DDX3X based on the observation that
biotinylated RK-33 can immunoprecipitate endogenous DDX3X in cells, and that RK-33 can inhibit
helicase activity of Ded1p, the yeast orthologue of DDX3X [11]. RK-33 has been reported to effect G1
cell cycle arrest [12,13], apoptosis [11], impair Wingless-related integration site (Wnt) signaling [11,14],
reduce mitochondrial translation [15], and reduce tumor proliferation/growth in xenograft mouse
models of Ewing sarcoma, lung cancer and prostate cancer, with or without parallel radiation
dosing [11,13-16]. RK-33 is thus of interest as a broad-spectrum anticancer agent.

Since (1) DDX3X is an essential host co-factor for the replication of multiple viruses, (2) inhibitors
of DDX3X can act as broad-spectrum antivirals [17,18] and (3) REN analogues have antiviral
properties [19-23], we decided to test RK-33’s ability to inhibit infection by viruses belonging to
the Paramyxoviridae and Flaviviridae families. Here, we validate DDX3X as a target of RK-33 for the first,
time using a range of analytical ultracentrifugation, isothermal titration calorimetry and in vitro ATPase
and RNA unwinding assays. Importantly, using cell-based infectious assays, we establish for the first
time that RK-33 has antiviral activity against not only human parainfluenza virus type 3 (hPIV-3) and
respiratory syncytial virus (RSV), but also several flaviviruses including DENV serotype 2 (DENV-2),
Zika virus (ZIKV) and West Nile virus (WNV). These results highlight RK-33 as a broad-spectrum
antiviral agent and support the notion that DDX3X is a viable drug target.

2. Materials and Methods

2.1. Inhibitor

RK-33 of >98% purity, as determined by Proton Nuclear Magnetic Resonance ('H-NMR),
was sourced from AdooQ® BioScience (Irvine, CA, USA). For in vitro experiments and cell-based
infectious assays, an RK-33 stock was made up to 50 mM in 100% dimethyl sulfoxide (DMSO).

2.2. Protein Expression and Purification

Sequences encoding an N-terminal hexa-histidine (6His) tag upstream of human DDX3X (residues
1-580) or the catalytically inactive DDX3X mutant K230E (residues 1-580) [6] were cloned into the
pCOLD expression vector (Takara Bio, Kusatsu, Japan). The 6His-DDX3X and the pCOLD-6His-DDX3X
K230E mutant were expressed separately in Escherischia coli (E. coli) BL21 (DE3) cells at 16 °C following
induction at ODggonm = 0.6 with 1 mM isopropyl 1-thiol-3-D-galactopyranoside (IPTG) and harvested
20 h post-induction prior to resuspension in lysis buffer (20 mM Tris-Cl pH 8.0, 500 mM NaCl, 20% (v/v)
glycerol, 0.5 mM TCEP, 10 mM imidazole, supplemented with 1 mg/mL lysozyme, 0.1% (v/v) Tween-20
and cOmplete protease inhibitor tablets (Roche, Basel, Switzerland)). Proteins were extracted by
sonication and clarified prior to purification using Ni-NTA Superflow resin (Qiagen, Hilden, Germany).
Resin was washed with lysis buffer + 20 mM imidazole and 1% (v/v) Tween-20 and eluted in buffer
containing 300 mM imidazole. Eluate was then applied to a Superdex 200 16/60 gel filtration column
equilibrated in 20 mM Tris-Cl pH 8.0, 500 mM NaCl, 20% (v/v) glycerol, and 0.5 mM TCEP. Protein
fractions containing DDX3X were pooled and protein purity determined by SDS-PAGE (Figure 1A).
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Figure 1. RK-33 directly binds to DEAD-box helicase 3 X-linked (DDX3X) residue K230. (A) Coomassie-
stained SDS-PAGE of purified recombinant wild-type and K230E DDX3X. (B) Wavelength scans of
200-500 nm collected in the analytical ultracentrifuge on purified recombinant DDX3X alone (black) and
100 uM RK-33 (gray). Sedimentation velocity studies of RK-33 binding to (C) DDX3X or (D) DDX3X
K230E. c(s) distributions from fits to data collected at 290 and 410 nm were plotted as a function of
s90,w for DDX3X in the presence of 100 uM RK-33 at 290 nm (blue) and 410 nm (pink), 100 uM RK-33
alone (410 nm, gray) and DDX3X with an equivalent % dimethyl sulfoxide (DMSO) (DDX3X alone,
290 nm, black). The residual plots are shown in insets. Data in (C,D) are each representative of two
independent experiments. (E,F) Calorimetry studies of RK-33 binding to DDX3X. RK-33 at (E) 50 uM
and (F) 200 uM was injected into DDX3X (17 uM) in the sample cell. Data were fit to a one-site binding
model. The stoichiometry deduced from data fitting to the two experiments was 1.05 + 0.2, with a Ky of
33 +2 uM and AH of —19 + 0.3 kcal/mol. Reported values represent the average of the two experiments,
with average errors of the fits to the experimental data reported by Origin 7.0.

2.3. Analytical Ultracentrifugation

Sedimentation velocity experiments were conducted using an Optima Analytical Ultracentrifuge
(Beckman Coulter, Brea, CA, USA) at a temperature of 20 °C. Protein was diluted in 20 mM Tris, pH 8.0,
150 mM NaCl, 10% (v/v) glycerol, 1 mM TCEP and where relevant, 100 uM RK-33 or an equivalent %
DMSO was added prior to centrifugation. In total, 380 puL of sample and 400 pL of reference solution
were loaded into a conventional double sector quartz cell and mounted in a Beckman 8-hole An-50
Ti rotor (Beckman Coulter, Brea, CA, USA). Samples were centrifuged at a rotor speed of 40,000 rpm
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and the data were collected continuously at multiple wavelengths (290 and 410 nm). Solvent density
(1.0331 g/mL at 20 °C) and viscosity (1.385 cP at 20 °C), as well as estimates of the partial specific
volume (0.7247 mL/g for DDX3X at 20 °C), were calculated using the program SEDNTERP (Durham,
NH, USA) [24]. Sedimentation velocity data were fitted to a continuous size (c(s)) distribution model
using the program SEDFIT (Bethesda, MD, USA) [25].

2.4. Isothermal Titration Calorimetry (ITC)

Measurements were made using a MicroCal VP-ITC (Malvern Panalytical, Malvern, UK) at
25 °C. For all measurements, DDX3X protein was dialyzed overnight against 20 mM Tris, pH 8.0,
150 mM NaCl, 10% (v/v) glycerol, 1 mM TCEP, and this dialysis buffer used to dilute RK-33. RK-33
(50 uM or 200 puM in 7.5% (v/v) dimethyl sulfoxide (DMSO)), or an equivalent % DMSO, was titrated
into a solution containing DDX3X (17 uM). Measurements were made using 7.5 uL injections and
180's between each injection. ITC data were analyzed with Origin software version 7.0 (OriginLab,
Northampton, MA, USA).

2.5. RNA-Dependent ATP Hydrolysis Assay

DDX3X-mediated ATP hydrolysis was measured using a modification of the protocol of Epling
et al. [26], except that activity was measured in the presence of poly(I:C), a synthetic analogue of
dsRNA (InvivoGen, San Diego, CA, USA), to stimulate ATPase activity. Reactions were performed in
pentaplicate in a final volume of 50 uL in 96-microwell assay plates (Corning, Corning, NY, USA) and
reagents diluted using diethylpyrocarbonate (DEPC)-treated water. Reactions consisted of ATPase
reaction buffer (20 mM Tris-Cl pH 7.5, 1.5 mM DTT, 1.5 mM MgCl,), 200 nM DDX3X (residues 1-580)
or the DDX3X K230E (residues 1-580) variant as a negative control, 0.02 mg/mL poly(I:C), with RK-33
(0-250 uM) or equivalent (2% (v/v)) DMSO, and 0.3 mM ATP (Sigma-Aldrich). Following incubation
for 60 min at room temperature, 100 puL Biomol® Green (Enzo Life Sciences, Farmingdale, NY, USA),
a colorimetric reagent that binds to free inorganic phosphate (Pi), was added to all wells. After 15 min
at room temperature, absorbance at 620 nm, which correlates with the detection of Pi, was measured
using a FLUOstar Omega plate reader (BMG Labtech, Ortenberg, Germany). Phosphate standards
(Enzo Life Sciences, Farmingdale, NY, USA) were serially diluted (0—40 uM) to generate a standard
curve to enable quantitation of the Pi generated by DDX3X catalytic activity in the assay.

2.6. RNA Unwinding Assay

RNA binding assays were performed based on the protocol of Kim and Seo [27],
but with the modifications described below. The RNA substrate, based on a sequence
previously shown to act as a DDX3X substrate [28], comprised annealed partially complementary
single-stranded (ssRNA) molecules synthesized by Integrated DNA Technologies (IA, USA): a
Cyb-labeled 15-nt RNA strand (5'-Cy5-CGUCUUUACGGUGCU-3’) and a 41-nt RNA strand,
5-AGCACCGUAAAGACGGUAAAACAAAACAAAACAAAACAAAA-3, where the duplex region
is underlined). A 15-nt duplex with 26-nt 3’ overhang was generated by combining equimolar
concentrations of the 15- and 41-nt RNAs in annealing buffer (60 mM KCl, 6 mM HEPES-pH 7.5,
0.2 mM MgCl,) and heating to 95 °C before slowly cooling to room temperature. Reaction mixtures
(20 pL) contained 25 mM Tris-HCl, pH 7.8, 2 mM MgCl,, 2 mM dithiothreitol, 0.1 mg/mL BSA, 15 fmol
of duplexed RNA, 0.3 mM ATP in the presence of RK-33 (0250 uM) or equivalent (2% (v/v)) DMSO.
Reactions were initiated by the addition of 300 nM DDX3X (residues 1-580) or DDX3X K230E (residues
1-580) as the negative control. After incubation at 37 °C for 30 min, reactions were stopped by
the addition of 4 uL of a solution containing 0.6% SDS, 60 mM EDTA, 40% (w/v) sucrose and 0.25%
bromophenol blue. As a positive control, duplex RNA was separated into monomers by heating at 95 °C
for 5 min, followed by rapid cooling in ice. Samples were electrophoresed on a 15% polyacrylamide gel
in 0.5x Tris-borate-EDTA (TBE). Cy5-labeled RNA was visualized by fluorescence using a Typhoon 5
(GE Healthcare, Chicago, IL, USA) and quantified using Image Studio Lite (Li-Cor, Lincoln, NE, USA).
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The percentage of unwinding was calculated using the formula (monomer/total) X 100, where “total”
is the amount of monomer plus duplex.

2.7. Cell Culture and Virus Propagation

Vero (African green monkey kidney) and baby hamster kidney (BHK)-21 cell lines were maintained
in Dulbecco’s modified eagle serum (DMEM) media and C6/36 (Aedes albopictus) cells were maintained
in basal medium eagle (BME) media supplemented with 10% heat-inactivated fetal bovine serum (FBS)
at 37 °C (28 °C for C6/36 cells) in a humidified incubator supplemented with 5% CO, [29]. Viral stocks
of DENV-2 (New Guinea C; M29095) were propagated in C6/36 cells [30], and RSV (A2 strain) [31],
hPIV-3 (GenBank accession no. AY283063), ZIKV (Asian/Cook Islands/2014) [32] and WNV (Kunjin;
MRMB61C strain) in Vero cells; cells at 80% confluency were infected at a multiplicity of infection (MOI)
of 0.1. At 48 h, when >70% of the cells were detached, the supernatant (cell associated sample for RSV)
was harvested as the virus stock. Viral titre was subsequently determined by plaque assay (see below).

2.8. Viral Infection and RK-33 Treatment

Vero cells were infected with DENV-2, RSV, hPIV-3, ZIKV and WNV at an MOI 1 for 2 h, after
which virus was removed, and fresh medium containing 2% fetal bovine serum (FBS) containing the
indicated concentration (0.01, 0.04, 0.16, 0.63, 1.25, 2.5, 10, 20, 50 M) of RK-33 or equivalent volume of
the vehicle DMSO. Culture medium was collected 22 h later and viral titres determined by plaque
assay or RT-qPCR.

2.9. Plaque Assay

BHK-21 (used for DENV-2) or Vero (used for RSV, hPIV-3, ZIKV and WNV) cells were seeded into
24-well plates at a density of 2 X 10° cells/well and grown overnight in culture medium at 37 °C with
5% CO,, prior to infection. The virus inoculum was removed and replaced with semisolid overlays of
0.8% aquacide II (Calbiochem, San Diego, CA, USA) in DMEM containing 2% FBS, and the mixture was
incubated at 37 °C with 5% CO,. After 3—4 days, the cells were fixed with neutral buffered formalin
(Sigma-Aldrich, St. Louis, MO, USA) for 2 h at room temperature, rinsed with tap water, and stained
with 1% crystal violet for 10 min. The stain was removed by rinsing the cells with tap water, and
the viral plaques were counted visually. Dose-response curves were plotted from the plaque number
(plaque forming units (pfu)/mL) versus the logarithmic value of the concentrations of RK-33. Statistical
analysis was performed using GraphPad Prism 8 software. Outlier points were excluded.

2.10. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

qRT-PCR to estimate the number of viral genomes was performed as previously for RSV [31],
ZIKV [32] and DENV-2 [30]. For WNV and hPIV-3 infections, supernatants from infected Vero cell
cultures were extracted using the Isolate Il RNA extraction kit (Bioline, London, UK), and the absolute
number of RNA copies determined using TagMan Fast Virus 1-Step Master Mix (Applied Biosystems,
Foster City, CA, USA) by extrapolation from a standard curve generated from in vitro-transcribed
WNV and hPIV-3 RNA. qRT-PCR conditions were 50 °C for 5 min, 95 °C for 20 s, 40 cycles of
95 °C for 3 s and 60 °C for 30 s. RT-PCR was used to detect hPIV-3 or WNV mRNA. Primers
and probes used were: WNV probe: 5'-6FAM-TCACACTCTTCCGGCTGTCAATCAC-3"; WNV
primers: 5'-CAAACTTTAAGGCAAGCAGGG-3’ and 5-ATTCCTACCAATGCGTCCTC-3'. hPIV-3
probe: 5 -6FAM-CCCGGGACACCCAGTTGTGTTGCA-3’; hPIV-3 primers: 5'-CCATCTGTTGGA
CCAGGGAT-3" and 5'-TGATTGCAGTCCCTCTGTGT-3'. Dose-response curves were plotted from the
viral RNA copies versus the logarithmic value of the concentrations of RK-33. Statistical analysis was
performed using GraphPad Prism 7 software (San Diego, CA, USA). Outlier points were excluded.
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2.11. Cell Cytotoxicity Assay

Cell viability was determined by XTT (sodium 30-[1-[(phenylamino)-carbony]-3,4-tetrazolium]-
bis(4-methoxy-6-nitro) benzene-sulfonic acid hydrate) assay as previously described [30], using XTT
sodium salt (Sigma-Aldrich, St. Louis, MO, USA) and phenazine methosulfate (PMS, Sigma-Aldrich,
St. Louis, MO, USA). Cells were treated the same as for the infection assay with increasing concentrations
of RK-33, and XTT added 22 h later.

3. Results

RK-33 is a REN with anticancer properties [11,13-16] speculated to target the ATP binding site of
DDX3X [11]. Since DDX3X plays a role in the replication of various viruses [5-8], we set out here for
the first time to confirm RK-33’s ability to bind directly to DDX3X, inhibit its enzymatic activities, and
test its ability to inhibit a range of viral infections.

3.1. RK-33 Binds Directly to the Active Site of DDX3X

To confirm direct binding of RK-33 to recombinant human DDX3X (Figure 1A), we exploited
the spectroscopic properties of RK-33, which absorbs strongly between 330 and 430 nm (Figure 1B),
in multi-wavelength analytical ultracentrifugation experiments. We collected sedimentation velocity
data at 290 and 410 nm; the latter enabled the specific detection of RK-33 either alone or in complex
with DDX3X, or DDX3X K230E that harbors a substitution within motif I (Walker A) and is deficient
in ATP hydrolysis and RNA-unwinding [6]. At 290 nm and in the absence of RK-33, both DDX3X
(Figure 1C, black) and DDX3X K230E (Figure 1D, black) sedimented as single species with sedimentation
coefficients (syg w) of 3.65. DDX3X data collected at both 290 and 410 nm and in the presence of 100 uM
RK-33 also revealed a 3.6S species, indicating RK-33 bound directly to DDX3X (Figure 1C, pink).
However, when DDX3X K230E was incubated in the presence of 100 uM RK-33 this overlapping
species was absent (Figure 1D, pink), indicating a lack of complex formation. These findings imply
that RK-33 binds residue K230 within the Walker A motif, which forms part of the DDX3X active site.

The thermodynamics of RK-33 binding to DDX3X was measured by ITC (Figure 1E,F). RK-33
bound weakly (Figure 1E), with only low c value hyperbolic curves [33] obtained when using higher
concentrations of RK-33 (Figure 1F). Fitting to a one-site binding model enabled estimation of the
dissociation constant (Kq4) of 33 M.

3.2. RK-33 Inhibits DDX3X Catalytic Activities

To assess the effect of RK-33 binding on DDX3X, increasing concentrations of the agent were
added to a colorimetric assay detecting DDX3X’s ability to hydrolyze ATP and generate free Pi in the
presence of poly(I:C). Inhibition was clearly evident, with a half maximal inhibitory concentration
(ICs0) of ~40 pM RK-33 (Figure 2A, black); the extent of maximal inhibition of DDX3X corresponded to
the low levels of activity of the catalytically inactive DDX3X K230E mutant control [6] in either the
absence or presence of RK-33 (Figure 2A, red).
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Figure 2. RK-33 inhibits DDX3X helicase and ATPase activity. DDX3X (black) and DDX3X K230E (red)
proteins were assessed for their ability to (A) hydrolyze ATP and (B-F) unwind a synthetic analogue
of duplex RNA (poly(I:C)), in the presence of increasing concentrations of RK-33 or equivalent %
DMSO. (A) The effect of up to 200 pM RK-33 on the formation of free inorganic phosphate (Pi) by
DDX3X (ICs5p = 40 uM) was determined by a colorimetric assay, where free phosphate reacts with
the Biomol® Green reagent to initiate color development quantified at 620 nm. Results represent the
mean +/— standard error of the mean (SEM) for pentaplicate wells from a single assay, representative
of two (n = 2) independent experiments; (B,C) The capacity of DDX3X and DDX3X K230E to unwind
Cyb5-labeled double-stranded RNA (dsRNA) into single-stranded RNA (ssRNA) was determined by a
helicase assay. Following incubation of 0-0.5 tM DDX3X or DDX3X K230E with dsRNA for 30 min at
37 °C, reactions were stopped by the addition of STOP solution (0.6% SDS, 60 mM EDTA, 40% (w/v)
sucrose and 0.25% bromophenol blue). Cy5-labeled dsRNA and ssRNA were visualized by fluorescence
on polyacrylamide gel. (D-F) The effect of RK-33 or equivalent % DMSO on the capacity of DDX3X
to unwind dsRNA (IC5 = 35 uM) was determined. Cy5-labeled dsRNA and ssRNA were visualized
by fluorescence on polyacrylamide gels in (D) and (E) were quantified using Image Studio Lite, with
the ratio of the intensities for the ssSRNA:dsRNA bands plotted as a % unwound in (F). Results in
(F) represent the mean + SEM for three independent experiments (n = 3)—of which, (D) and (E) are
representative. A non-linear, sigmoidal dose response model was fit to the RK-33 concentration-activity
data using GraphPad Prism 8 to generate figures. Lane 1 in each gel depicts heat-denatured RNA.

Next, we tested whether RK-33 could inhibit DDX3X from unwinding a double-stranded RNA
(dsRNA) using a helicase unwinding assay, where the fluorescent RNA products are analyzed by
quantitative polyacrylamide gel electrophoresis (PAGE). Purified recombinant DDX3X (Figure 1A) was
incubated with an RNA duplex, in which one strand bears a 5" Cy5 fluorescent label, in the absence
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or presence of increasing concentrations of RK-33. In the absence of RK-33, DDX3X (Figure 2B) but
not the DDX3X K230E control (Figure 2C), was capable of unwinding the RNA duplex, as indicated
by the appearance of ssRNA. As expected, DDX3X K230E remained incapable of unwinding RNA in
the presence of RK-33 (Figure 2D, quantified in Figure 2F). In contrast, DDX3X unwinding activity
was progressively impaired by increasing concentrations of RK-33, with an ICsq of 35 uM (Figure 2E,
quantified in Figure 2F) aligning well with the results from the ATPase assay (Figure 2A). Together,
these findings establish that RK-33 binding can inhibit DDX3X’s ability to both hydrolyze ATP and
unwind RNA, consistent with RK-33 binding to the Walker A motif.

3.3. RK-33 Is a Potent Broad-Spectrum Antiviral Agent

Since RK-33 has only been tested for its anticancer properties, we tested its ability to limit infection
by key members of the Paramyxoviridae (RSV and hPIV-3) and Flaviviridae (WNV, DENV-2, ZIKV)
families. Vero cells were infected at an MOI of 1 with RSV [34], hPIV-3, DENV-2 [30,35], ZIKV [32,35]
or WNV [35], followed 2 h later by the addition of increasing concentrations of RK-33. Then, 22 h
later, virus production was quantified by plaque assays and qRT-PCR analysis of the cell supernatant
(DENV-2, ZIKV, WNV, hPIV-3) and cell lysates (RSV). Strikingly, RK-33 potently inhibited not only
DENV-2, ZIKV and WNV (Figure 3A-C) but also RSV and hPIV-3 replication (Figure 3D,E), with
ECsps of <10 uM (see Table 1 for pooled data). These results were consistent with qRT-PCR analysis
indicating that RK-33 inhibited all viruses with comparable EC5( values (Figure 4, Table 1).
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Figure 3. RK-33 is a broad-spectrum inhibitor of infectious virus. Vero cells were infected with
(A) dengue virus serotype 2 (DENV-2), (B) Zika virus (ZIKV), (C) West Nile virus (WNV), (D) respiratory
syncytial virus (RSV) or (E) human parainfluenza virus type 3 (hPIV-3) at a multiplicity of infection (MOI)
of 1 for 2 h, after which virus was removed, and fresh medium containing 2% FBS was supplemented
with the indicated concentration of RK-33. Released virus samples (for hPIV-3, DENV-2, ZIKV and
WNV) or cell-associated samples (for RSV) were collected 22 h later, and viral titres (expressed as
plaque forming units (pfu) per mL) determined by plaque assay. Dose-response curves were plotted
from the viral titres (pfu) versus the logarithmic value of the concentrations of RK-33. Results represent
the mean +/— standard deviation (SD) for duplicate wells from a single assay, representative of two
(n = 2) independent experiments. See Table 1 for pooled data from the two assays.
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Table 1. Pooled half maximal effective concentration (ECsp) data from replicate plaque assays

and RT-qPCRs.
ECsp (uM) 1
Virus hPIV-3 RSV DENV-2 ZIKV WNV
Plaque assay 5.1+/-27(2) 92+/-01(2) 37+/-01(2) 24+/-08(2) 06+/-03()
qRT-PCR 185+/-13.8(2) 11+/-34(2) 85+/-5.1() 7.0 (1) 8.5(1)

1 Results represent the mean +/— standard deviation (SD) (n) from analysis as per Figures 3 and 4.
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Figure 4. RK-33 is a broad-spectrum inhibitor of virus replication. Vero cells were infected with
(A) DENV-2, (B) ZIKV, (C) WNV, (D) RSV or (E) hPIV-3 at an MOI of 1 for 2 h, after which virus
was removed, and fresh medium containing 2% FBS or 2% FBS supplemented with the indicated
concentration of RK-33. Released virus samples (for hPIV-3, DENV-2, ZIKV and WNV) or cell-associated
samples (for RSV) were collected 22 h later, and viral RNA (vVRNA) copies determined by qRT-PCR.
Dose-response curves were plotted from the VRNA copies versus the logarithmic value of the
concentrations of RK-33. Results represent the mean +/— SD for duplicate wells from a single
assay, representative of two (n = 2) independent experiments. See Table 1 for pooled data from the

two assays.

Importantly, the viral inhibitory effects of RK-33 were not due to cytotoxic effects, as indicated by
XTT cell viability assays, which revealed that RK-33 concentrations below 30 uM had no impact on
Vero cell numbers/viability (Supplementary Figure S1).

4. Discussion

Even though viral infections pose a significant threat to human health, antivirals to combat them
are few and often lead to the development of drug resistance. A strategy to avoid drug resistance is
to develop antivirals targeting host cell co-factors critical to viral replication. DDX3X is a prime host
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target for multiple viruses of medical significance, being required for replication of HIV-1 [5,6] and
flaviviruses such as Japanese encephalitis virus (JEV) [36] and HCV [7,8].

RK-33 is a REN, containing the imidazo[4,5-e][1,3]diazepine ring system that is known for
its anticancer properties [9,11,15,16]. RK-33 has been suggested to target DDX3X based on
coimmunoprecipitation studies and work examining DDX3X’s yeast orthologue Ded1p (~53% sequence
identity) [11]. Here, using AUC and ITC, we establish for the first time that RK-33 binds directly to
DDX3X at low uM concentrations, likely within the Walker A motif that contributes to ATP-binding.
Consistently, we also confirm using an ATPase assay and fluorescence-based RNA unwinding
assay that RK-33 inhibits DDX3X’s ATPase and RNA unwinding activities at uM concentrations.
Bol and colleagues [11] reported inhibition of helicase activity of yeast Ded1p at lower (nM) RK-33
concentrations. The basis of this difference in sensitivity is likely due to differences in the proteins
themselves. The DDX3X used in this study lacked the C-terminal 82 residues that play a role in
oligomerization, which is important for RNA duplex binding and DDX3X’s catalytic activity [28,37].
Further to this full-length DDX3X and Ded1p are only 53% identical, have different substrate preferences,
and differ quantitatively in their RNA unwinding catalytic efficiency [38], meaning that the nature
of the RNA substrate differs for the two enzymes. This is also consistent with other studies showing
marked differences in the efficacy of compounds against the same enzyme from a range of bacterial
species [38].

REN analogues that modulate the helicase activity of target viral or host helicases have been
shown to have antiviral activity against HIV-1 [21], HCV [22], JEV [22], WNV [22,23] and hepatitis
B [19,20]. Consistent with the antiviral properties of REN derivatives and of agents targeting DDX3X,
our virus infection studies reveal here for the first time that the DDX3X-targeting REN derivative RK-33
also has antiviral properties. Notably, RK-33 exhibited broad-spectrum antiviral activity, inhibiting the
replication of RSV from the Paramyxoviridae family, and the closely related flaviviruses DENV and WNV.
Further to this, we are the first to show that RK-33 can also inhibit the replication of additional members
of the Paramyxoviridae and Flaviviridae families, namely hPIV-3 and ZIKYV, respectively. Our findings
suggest a hitherto unrecognized role for DDX3X in hPIV-3 and ZIKV replication and may further
expand the list of viruses for which anti-DDX3X agents may be effective and reinforce the antiviral
properties of REN derivatives.

Collectively, our findings support the idea that DDX3X-targeting agents have potential as
broad-spectrum antiviral agents, and that RK-33 is one such agent, although it should be stressed that
demonstration of RK-33 selectivity for DDX3X in a cellular context remains the focus of further study
in this laboratory. Our data further suggest that RK-33’s ability to block DDX3X’s ATPase and RNA
unwinding activities is the basis of its broad-spectrum antiviral properties.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4409/9/1/170/s1,
Figure S1: RK-33 is not toxic to Vero cells at concentrations effective at inhibiting hPIV-3, RSV and
flavivirus infections.

Author Contributions: Conceptualization, D.A.J., and N.A B.; methodology, SN.Y.Y,, S.C.A.,, M.D.A., and SM.H;
formal analysis, SN.Y.Y., and S.C.A.; writing—original draft preparation, S.N.Y.Y., S.C.A., D.A.J and N.A.B,;
writing—review and editing S.N.Y.Y,, S.C.A,, D.A.].,, N.A.B,; supervision, D.A.]., and N.A.B.; funding acquisition,
D.AJ., and N.A.B. All authors have read and agreed to the published version of the manuscript.

Funding: We gratefully acknowledge financial support from BioCurate Pty Ltd. and the Australian National
Health and Medical Research Council (NHMRC, APP1157053). S.C.A. is supported by an Australian Research
Council Discovery Early Career Research Award (DE190100304) and D.A.]. by an NHMRC Senior Principal
Research Fellowship (APP1103050).

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.


http://www.mdpi.com/2073-4409/9/1/170/s1

Cells 2020, 9, 170 110f13

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

Irwin, K.K.; Renzette, N.; Kowalik, T.F.; Jensen, J.D. Antiviral drug resistance as an adaptive process.
Virus Evol. 2016, 2, vew014. [CrossRef] [PubMed]

Hogbom, M,; Collins, R.; Van Den Berg, S.; Jenvert, R.M.; Karlberg, T.; Kotenyova, T.; Flores, A.; Karlsson
Hedestam, G.B.; Schiavone, L.H. Crystal structure of conserved domains 1 and 2 of the human DEAD-box
helicase DDX3X in complex with the mononucleotide AMP. J. Mol. Boil. 2007, 372, 150-159. [CrossRef]
[PubMed]

Putnam, A.A.; Jankowsky, E. DEAD-box helicases as integrators of RNA, nucleotide and protein binding.
Biochim. Biophys. Acta 2013, 1829, 884-893. [CrossRef] [PubMed]

Soto-Rifo, R.; Ohlmann, T. The role of the DEAD-box RNA helicase DDX3 in mRNA metabolism.
Wiley Interdiscip. Rev. RNA 2013, 4, 369-385. [CrossRef]

Ishaq, M.; Hu, J.; Wu, X,; Fu, Q.; Yang, Y.; Liu, Q.; Guo, D. Knockdown of cellular RNA helicase DDX3 by
short hairpin RNAs suppresses HIV-1 viral replication without inducing apoptosis. Mol. Biotechnol. 2008,
39, 231-238. [CrossRef]

Yedavalli, V.S.; Neuveut, C.; Chi, Y.H.; Kleiman, L.; Jeang, K.T. Requirement of DDX3 DEAD box RNA
helicase for HIV-1 Rev-RRE export function. Cell 2004, 119, 381-392. [CrossRef]

Ariumi, Y.; Kuroki, M.; Abe, K.; Dansako, H.; Ikeda, M.; Wakita, T.; Kato, N. DDX3 DEAD-box RNA helicase
is required for hepatitis C virus RNA replication. J. Virol. 2007, 81, 13922-13926. [CrossRef]

Randall, G.; Panis, M.; Cooper, ].D.; Tellinghuisen, T.L.; Sukhodolets, K.E.; Pfeffer, S.; Landthaler, M.;
Landgraf, P.; Kan, S.; Lindenbach, B.D.; et al. Cellular cofactors affecting hepatitis C virus infection and
replication. Proc. Natl. Acad. Sci. USA 2007, 104, 12884-12889. [CrossRef]

Kondaskar, A.; Kondaskar, S.; Kumar, R.; Fishbein, ]J.C.; Muvarak, N.; Lapidus, R.G.; Sadowska, M.;
Edelman, M.].; Bol, G.M.; Vesuna, F; et al. Novel, broad spectrum anti-cancer agents containing the tricyclic
5:7:5-fused diimidazodiazepine ring system. ACS Med. Chem. Lett. 2010, 2, 252-256. [CrossRef]

Kumar, R.; Ujjinamatada, R.K.; Hosmane, R.S. The first synthesis of a novel 5:7:5-fused diimidazodiazepine
ring system and some of its chemical properties. Org. Lett. 2008, 10, 4681-4684. [CrossRef]

Bol, G.M,; Vesuna, E; Xie, M.; Zeng, ].; Aziz, K.; Gandhi, N.; Levine, A.; Irving, A.; Korz, D.; Tantravedi, S.;
et al. Targeting DDX3 with a small molecule inhibitor for lung cancer therapy. EMBO Mol. Med. 2015,
7, 648-669. [CrossRef] [PubMed]

Amemiya, Y.; Azmi, P; Seth, A. Autoubiquitination of BCA2 RING E3 ligase regulates its own stability and
affects cell migration. Mol. Cancer Res. MICR 2008, 6, 1385-1396. [CrossRef] [PubMed]

Xie, M.; Vesuna, E; Tantravedi, S.; Bol, G.M.; Heerma Van Voss, M.R.; Nugent, K.; Malek, R.; Gabrielson, K.;
Van Diest, PJ.; Tran, P.T.; et al. RK-33 radiosensitizes prostate cancer cells by blocking the RNA helicase
DDX3. Cancer Res. 2016, 76, 6340-6350. [CrossRef] [PubMed]

Heerma Van Voss, M.R.; Vesuna, F; Trumpi, K; Brilliant, J.; Berlinicke, C.; De Leng, W.; Kranenburg, O.;
Offerhaus, G.J.; Burger, H.; Van Der Wall, E.; et al. Identification of the DEAD box RNA helicase DDX3 as a
therapeutic target in colorectal cancer. Oncotarget 2015, 6, 28312-28326. [CrossRef]

Heerma Van Voss, M.R.; Vesuna, F; Bol, GM.; Afzal, J.; Tantravedi, S.; Bergman, Y.; Kammers, K,;
Lehar, M.; Malek, R.; Ballew, M.; et al. Targeting mitochondrial translation by inhibiting DDX3: A novel
radiosensitization strategy for cancer treatment. Oncogene 2018, 37, 63-74. [CrossRef]

Wilky, B.A.; Kim, C.; McCarty, G.; Montgomery, E.A.; Kammers, K.; DeVine, L.R.; Cole, RN.; Raman, V,;
Loeb, D.M. RNA helicase DDX3: A novel therapeutic target in Ewing sarcoma. Oncogene 2016, 35, 2574-2583.
[CrossRef]

Brai, A.; Fazi, R.; Tintori, C.; Zamperini, C.; Bugli, F.; Sanguinetti, M.; Stigliano, E.; Este, ].; Badia, R.; Franco, S.;
et al. Human DDX3 protein is a valuable target to develop broad spectrum antiviral agents. Proc. Natl. Acad.
Sci. USA 2016, 113, 5388-5393. [CrossRef]

Brai, A.; Martelli, E; Riva, V.; Garbelli, A.; Fazi, R.; Zamperini, C.; Pollutri, A.; Falsitta, L.; Ronzini, S.;
Maccari, L.; et al. DDX3X helicase inhibitors as a new strategy to fight the West Nile virus infection.
J. Med. Chem. 2019. [CrossRef]


http://dx.doi.org/10.1093/ve/vew014
http://www.ncbi.nlm.nih.gov/pubmed/28694997
http://dx.doi.org/10.1016/j.jmb.2007.06.050
http://www.ncbi.nlm.nih.gov/pubmed/17631897
http://dx.doi.org/10.1016/j.bbagrm.2013.02.002
http://www.ncbi.nlm.nih.gov/pubmed/23416748
http://dx.doi.org/10.1002/wrna.1165
http://dx.doi.org/10.1007/s12033-008-9040-0
http://dx.doi.org/10.1016/j.cell.2004.09.029
http://dx.doi.org/10.1128/JVI.01517-07
http://dx.doi.org/10.1073/pnas.0704894104
http://dx.doi.org/10.1021/ml100281b
http://dx.doi.org/10.1021/ol8020176
http://dx.doi.org/10.15252/emmm.201404368
http://www.ncbi.nlm.nih.gov/pubmed/25820276
http://dx.doi.org/10.1158/1541-7786.MCR-08-0094
http://www.ncbi.nlm.nih.gov/pubmed/18819927
http://dx.doi.org/10.1158/0008-5472.CAN-16-0440
http://www.ncbi.nlm.nih.gov/pubmed/27634756
http://dx.doi.org/10.18632/oncotarget.4873I
http://dx.doi.org/10.1038/onc.2017.308
http://dx.doi.org/10.1038/onc.2015.336
http://dx.doi.org/10.1073/pnas.1522987113
http://dx.doi.org/10.1021/acs.jmedchem.8b01403

Cells 2020, 9, 170 12 0f13

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Chen, HM.; Sood, R.; Hosmane, R.S. An efficient, short synthesis and potent anti-hepatitis B viral
activity of a novel ring-expanded purine nucleoside analogue containing a 5:7-fused, planar, aromatic,
imidazo[4,5-e][1,3]diazepine ring system. Nucleosides Nucleotides 1999, 18, 331-335. [CrossRef]

Sood, R.K.; Bhadti, V.S.; Fattom, A.L.; Naso, R.B.; Korba, B.E.; Kern, E.R.; Chen, H.M.; Hosmane, R.S. Novel
ring-expanded nucleoside analogs exhibit potent and selective inhibition of hepatitis B virus replication in
cultured human hepatoblastoma cells. Antivir. Res. 2002, 53, 159-164. [CrossRef]

Yedavalli, V.S.; Zhang, N.; Cai, H.; Zhang, P.,; Starost, M.F.; Hosmane, R.S.; Jeang, K.T. Ring expanded
nucleoside analogues inhibit RNA helicase and intracellular human immunodeficiency virus type 1 replication.
J. Med. Chem. 2008, 51, 5043-5051. [CrossRef]

Zhang, N.; Chen, H.M.; Koch, V.; Schmitz, H.; Liao, C.L.; Bretner, M.; Bhadti, V.S.; Fattom, A.I.; Naso, R.B.;
Hosmane, R.S,; et al. Ring-expanded (“fat”) nucleoside and nucleotide analogues exhibit potent in vitro
activity against flaviviridae NTPases/helicases, including those of the West Nile virus, hepatitis C virus, and
Japanese encephalitis virus. J. Med. Chem. 2003, 46, 4149—-4164. [CrossRef]

Zhang, N.; Chen, H.M.; Koch, V.; Schmitz, H.; Minczuk, M.; Stepien, P.; Fattom, A.I; Naso, R.B.; Kalicharran, K,;
Borowski, P; et al. Potent inhibition of NTPase/helicase of the West Nile Virus by ring-expanded (“fat”)
nucleoside analogues. J. Med. Chem. 2003, 46, 4776-4789. [CrossRef]

Laue, TM.; Shah, B.D.; Ridgeway, T.M.; Peletier, S.L. Computer-aided interpretation of analytical
sedimentation data for proteins. In Analytical Ultracentrifugation in Biochemistry and Polymer Science;
Harding, S., Rowe, A., Horton, J., Eds.; Royal Society of Chemistry: Cambridge, UK, 1992; pp. 90-125.
Schuck, P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and
lamm equation modeling. Biophys. ]. 2000, 78, 1606-1619. [CrossRef]

Epling, L.B.; Grace, C.R.; Lowe, B.R.; Partridge, ].F,; Enemark, E.J. Cancer-associated mutants of RNA helicase
DDX3X are defective in RNA-stimulated ATP hydrolysis. ]. Mol. Biol. 2015, 427, 1779-1796. [CrossRef]
Kim, J.H.; Seo, Y.S. In vitro assays for studying helicase activities. Methods Mol. Biol. 2009, 521, 361-379.
[CrossRef]

Sharma, D.; Putnam, A.A.; Jankowsky, E. Biochemical differences and similarities between the DEAD-Box
helicase orthologs DDX3X and Ded1p. J. Mol. Biol. 2017, 429, 3730-3742. [CrossRef]

Wagstaff, K.M.; Sivakumaran, H.; Heaton, S.M.; Harrich, D.; Jans, D.A. Ivermectin is a specific inhibitor of
importin alpha/beta-mediated nuclear import able to inhibit replication of HIV-1 and dengue virus. Biochem. J.
2012, 443, 851-856. [CrossRef]

Fraser, ].E.; Watanabe, S.; Wang, C.; Chan, W.K,; Maher, B.; Lopez-Denman, A.; Hick, C.; Wagstaff, K.M.;
Mackenzie, ].M.; Sexton, PM.; et al. A nuclear transport inhibitor that modulates the unfolded protein
response and provides in vivo protection against lethal dengue virus infection. J. Infect. Dis. 2014,
210, 1780-1791. [CrossRef]

Bajorek, M.; Caly, L.; Tran, K.C.; Maertens, G.N.; Tripp, R.A.; Bacharach, E.; Teng, M.N.; Ghildyal, R.;
Jans, D.A. The Thr205 phosphorylation site within respiratory syncytial virus matrix (M) protein modulates
M oligomerization and virus production. J. Virol. 2014, 88, 6380-6393. [CrossRef]

Wang, C.; Yang, S.N.Y.; Smith, K.; Forwood, ] K.; Jans, D.A. Nuclear import inhibitor N-(4-hydroxyphenyl)
retinamide targets Zika virus (ZIKV) nonstructural protein 5 to inhibit ZIKV infection. Biochem. Biophys.
Res. Commun. 2017, 493, 1555-1559. [CrossRef]

Turnbull, W.B.; Daranas, A.H. On the value of ¢: Can low affinity systems be studied by isothermal titration
calorimetry? J. Am. Chem. Soc. 2003, 125, 14859-14866. [CrossRef]

Caly, L.; Li, HM.; Bogoyevitch, M.A.; Jans, D.A. c-Jun N-terminal kinase activity is required for efficient
respiratory syncytial virus production. Biochem. Biophys. Res. Commun. 2017, 483, 64-68. [CrossRef]

Yang, S.N.Y.; Atkinson, S.C.; Fraser, ].E.; Wang, C.; Maher, B.; Roman, N.; Forwood, J.K.; Wagstaff, K.M.;
Borg, N.A; Jans, D.A. Novel flavivirus antiviral that targets the host nuclear transport importin alpha/betal
heterodimer. Cells 2019, 8, 281. [CrossRef]

Li, C.; Ge, L.L,; Li, PP; Wang, Y.; Dai, ].J.; Sun, M.X,; Huang, L.; Shen, Z.Q.; Hu, X.C.; Ishag, H.; et al.
Cellular DDX3 regulates Japanese encephalitis virus replication by interacting with viral un-translated
regions. Virology 2014, 449, 70-81. [CrossRef]


http://dx.doi.org/10.1080/15257779908043079
http://dx.doi.org/10.1016/S0166-3542(01)00204-2
http://dx.doi.org/10.1021/jm800332m
http://dx.doi.org/10.1021/jm030842j
http://dx.doi.org/10.1021/jm030277k
http://dx.doi.org/10.1016/S0006-3495(00)76713-0
http://dx.doi.org/10.1016/j.jmb.2015.02.015
http://dx.doi.org/10.1007/978-1-60327-815-7_20I
http://dx.doi.org/10.1016/j.jmb.2017.10.008
http://dx.doi.org/10.1042/BJ20120150
http://dx.doi.org/10.1093/infdis/jiu319
http://dx.doi.org/10.1128/JVI.03856-13
http://dx.doi.org/10.1016/j.bbrc.2017.10.016
http://dx.doi.org/10.1021/ja036166s
http://dx.doi.org/10.1016/j.bbrc.2017.01.005
http://dx.doi.org/10.3390/cells8030281
http://dx.doi.org/10.1016/j.virol.2013.11.008

Cells 2020, 9, 170 13 0f 13

37. Song, H.; Ji, X. The mechanism of RNA duplex recognition and unwinding by DEAD-box helicase DDX3X.
Nat. Commun. 2019, 10, 3085. [CrossRef]

38. Mitsakos, V.; Dobson, R.C.; Pearce, EG.; Devenish, S.R.; Evans, G.L.; Burgess, B.R.; Perugini, M.A;
Gerrard, J.A.; Hutton, C.A. Inhibiting dihydrodipicolinate synthase across species: Towards specificity for
pathogens? Bioorg. Med. Chem. Lett. 2008, 18, 842-844. [CrossRef]

® © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1038/s41467-019-11083-2
http://dx.doi.org/10.1016/j.bmcl.2007.11.026
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Inhibitor 
	Protein Expression and Purification 
	Analytical Ultracentrifugation 
	Isothermal Titration Calorimetry (ITC) 
	RNA-Dependent ATP Hydrolysis Assay 
	RNA Unwinding Assay 
	Cell Culture and Virus Propagation 
	Viral Infection and RK-33 Treatment 
	Plaque Assay 
	Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR) 
	Cell Cytotoxicity Assay 

	Results 
	RK-33 Binds Directly to the Active Site of DDX3X 
	RK-33 Inhibits DDX3X Catalytic Activities 
	RK-33 Is a Potent Broad-Spectrum Antiviral Agent 

	Discussion 
	References

