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Abstract

Dengue viruses (DENV) are endemic pathogens of tropical and subtropical regions and cause 

significant morbidity and mortality worldwide. Although a partially effective vaccine is in 

use in several countries in which DENV are endemic, no antiviral therapeutics are approved 

for combating DENV-associated disease. Herein, we report the characterization of novel small 

molecule inhibitors of DENV replication, VGTI-A3 and VGTI-A3–03, as well as structure-

activity relationship analysis of the molecules using a panel of chemical analogs. VGTI-A3 and 

VGTI-A3–03 are highly virus-specific, with greatest activity against DENV serotype 2. Further 

analysis revealed that treatment of infected cells with VGTI-A3–03 does not inhibit viral RNA 

replication or secretion of viral particles. Rather, the infectivity of secreted particles from A3–

03 treated cells is significantly diminished compared to particles secreted from control cells. 

Elicitation of VGTI-A3–03-resistant mutants demonstrated a clear binding pocket in the capsid 

molecule at the dimerization interface. Additionally, we show that VGTI-A3–03 is incorporated 

into virus particles released from infected cells. In summary, these data provide detailed analysis 

of a potentially useful class of anti-DENV inhibitors and further identify a region of the viral 

capsid protein as a druggable target for other therapeutic approaches.

1. Introduction

Mosquito-borne flaviviruses, which include dengue viruses (DENV), West Nile virus 

(WNV), and the recently emerging Zika virus (ZIKV), are a significant cause of morbidity 

and mortality worldwide. DENV are comprised of four antigenically distinct serotypes 

(DENV1–4) and are estimated to cause ∼100 million symptomatic infections per year (Bhatt 

et al., 2013; Halasa et al., 2012). The range and threat of mosquito-borne flaviviruses is 
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expanding, highlighting the critical need for a clearer understanding of the life cycles of this 

group of pathogens. Yet, there are currently no antivirals in use against DENV, while the 

vaccine currently licensed in some countries offers less than 100% protection (Capeding et 

al., 2014; Villar et al., 2015).

Development of DENV antivirals has been challenging, with many compounds 

demonstrating great potential in vitro but ultimately failing in clinical trials. Antiviral 

compounds designed to target host functions required for viral replication have been both 

developed specifically for DENV or repurposed (reviewed in (Acosta and Bartenschlager, 

2016)). Inhibitors of viral entry and early events, such as ligands for putative DENV 

receptors or inhibitors of viral endocytosis, represent attractive targets. However, the timing 

of administration of such inhibitors in vivo is problematic, and limited clinical trial data 

has demonstrated no efficacy in humans for drugs targeting early events (Borges et al., 

2013; Tricou et al., 2010). Host-targeted compounds directed towards later events in the 

viral life cycle have also been explored, such as inhibitors of cholesterol/lipid biosynthesis 

(Whitehorn et al., 2012, 2016), inhibitors of nucleotide biosynthesis (Carocci et al., 2015; 

Fischer et al., 2013; Fraser et al., 2014) and molecules that target the ubiquitin-proteasome 

pathway (Choy et al., 2015; Nag and Finley, 2012). The most advanced host-targeting 

DENV antiviral, Celgosivir, inhibits DENV by targeting glycosylation events of the viral 

proteins, envelope (E), pre-membrane (prM), and nonstructural protein 1 (NS1), that are 

critical for viral replication and formation of mature viral particles (Courageot et al., 2000; 

Rathore et al., 2011; Watanabe et al., 2012, 2016). Although limited efficacy was observed 

in clinical trials, attempts to optimize dosing and administration protocols are currently 

underway for further human studies (Low et al., 2014; Sung et al., 2016).

Direct targeting of viral proteins has proven a successful approach for identifying antivirals 

directed against other virus families, such as human immunodeficiency virus, hepatitis 

C virus, and influenza virus (reviewed in (Lou et al., 2014)). Extensive research has 

been conducted to discover flavivirus-targeting compounds using a variety of approaches, 

including in vitro enzymatic screens, displacement assays, and protein-protein interaction 

studies. High throughput screens have been developed and conducted to identify compounds 

that specifically inhibit the enzymatic activities of viral proteins, including the protease 

(nonstructural (NS) 2B/3), helicase (NS3), methyltransferase (NS5), and polymerase (NS5). 

Additionally, cell-based and replicon-based approaches have successfully identified viral 

protein targeting compounds as well (Lim et al., 2013). Unfortunately, to date, no 

compounds targeting DENV proteins have demonstrated efficacy in human trials, mostly 

due to pharmacokinetic obstacles. Additionally, viral resistance is always a concern when 

developing virus-targeted drugs.

Previous research from our group described a high content cell-based screen that identified 

inhibitors of dengue viral replication (Shum et al., 2010). Follow-up studies on several 

hits from this screen have demonstrated that inhibition by these compounds occurs through 

inhibition of host-targeted functions–pyrimidine biosynthesis (Fischer et al., 2013) and MAP 

kinase signaling (Smith et al., 2014). In this study, we describe the characterization of a 

potent inhibitor of DENV2 replication, which we have named VGTI-A3 (PubChem ID: 

4259739). Through extensive medicinal chemistry and structural-activity relationship (SAR) 
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analysis, we have identified an analog—VGTI-A3–03—with increased anti-DENV2 potency 

and solubility. We demonstrate that this inhibitor acts through direct targeting of the DENV2 

capsid (C) protein and perform a detailed characterization of the binding region. Finally, 

we demonstrate that VGTI-A3–03 is directly incorporated into viral particles through 

this interaction with C. During the course of this investigation, a compound with similar 

structure was described, and its activity was also attributed to direct C binding (Byrd et al., 

2013; Scaturro et al., 2014). Our study adds to this research by providing extensive SAR 

analysis of approximately 40 analogs, identifying several resistance-conferring mutations, 

thorough characterization of the region of the viral capsid required for VGTI-A3–03 

inhibition, and demonstration of incorporation into the DENV virion.

2. Results

Previous research from our group described a high content immunofluorescence based 

screen for identification of small molecule inhibitors of DENV2 replication (Shum et al., 

2010). One of the most potent compounds detected was 3-amino-6-phenyl-N- (4-phenyl-1,3-

thiazol-2-yl)- 5,6,7,8- tetrahydrothieno[2,3-b]quinoline- 2-carboxamide (PubChem ID: 

4259739)– from hereon referred to as “VGTI-A3” (Fig. 1A). This small molecule potently 

inhibited production of infectious progeny from DENV-2 infected HEK293 cells, causing 

a maximum viral load reduction (VLR) of approximately three logs, with an inhibitory 

concentration resulting in 90% reduction of titer (IC90) of 112 nM (Fig. 1D). Although 

VGTI-A3 displayed potent antiviral activity, low solubility presented an obstacle to 

development of an antiviral drug. Therefore, a large library of analogs was synthesized 

and tested in an attempt to identify molecules with more favorable physical and antiviral 

properties. All analogs were tested by quantitation of virus in cell culture supernatants by 

focus forming assays (ffa) to determine IC90 and maximum viral load reduction (VLR; 

Supplemental Table S1). Calculated logP values (ChemDraw Professional Version 15.0) 

were also consulted as a measure of solubility (low logP = high solubility). The goal of 

the structure activity relationship (SAR) study was to optimize the solubility of VGTI-A3 

while maintaining its in vitro potency. The phenyl ring on the left-hand side of the molecule 

was replaced with smaller substituents (such as Me and H) and with pyridyl heterocycles. 

The bicyclic system attached via the peptide bond on the right-hand side of the molecule 

was both simplified with alkyl substituents and modified with various heterocyclic systems. 

Of the 39 compounds assayed, one was selected (VGTI-A3–03; Fig. 1B) for follow-up 

studies because of its increased antiviral activity (IC90 = 25 nM, VLR = 3.8), as well as 

its predicted improved solubility (Calc logP = 5.6 vs 4.7). VGTI A3–03 also lacks the 

undesirable chiral center (marked with an asterisk) at the saturated ring atom connected to 

the phenyl group. We next determined susceptibility of other DENV serotypes, DENV1, 3, 

and 4, and the related flavivirus, WNV, to VGTI-A3 or VGTI-A3–03 (Fig. 1E). Interestingly, 

while the antiviral activity of VGTI-A3 appeared to be limited to only DENV serotype 

2 (grey bars), VGTI-A3–03 also demonstrated some inhibitory activity against DENV1, 

DENV4, and WNV (black bars). Anti-DENV activity of a related compound (ST-148) has 

been previously described (Fig. 1C; Supplemental Table 1: VGTI-A3–32) (Byrd et al., 

2013; Scaturro et al., 2014). Because of the similar structures of our original compound 

(VGTI-A3), the improved analog (VGTI-A3–03), and the previously identified compound 
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(ST-148), it is highly likely that the anti-DENV mechanism(s) are shared among these three 

small molecules.

To identify the time post infection at which A3–03 blocks DENV2 replication, we added the 

drug at different times pi (up to 24 h pi) and quantified supernatant virus at 48 h pi. Only 

a modest drop in antiviral activity was observed when VGTI-A3–03 was added at 4–24 h 

post-infection, as compared to addition at the time of infection and addition as late as 24 h pi 

still resulted in significant inhibition of viral replication (Fig. 2A). These results suggest that 

early events (i.e., entry, particle uncoating, or initiation of viral genome translation) in the 

viral life cycle are minimally affected by VGTI-A3–03 treatment, and that inhibition likely 

occurs during later steps of the viral life cycle (i.e., genome replication or viral particle 

assembly). To assess the affect of VGTI-A3–03 treatment on viral particle production, 

supernatants from cells infected at high multiplicity of infection (MOI = 3 ffu/cell) were 

assayed at 24 h pi for both infectious particles by focus forming assay and viral genome 

levels by reverse transcriptase quantitative PCR (RT-pPCR; Fig. 2B). Interestingly, although 

a significant decrease in infectious particle production was observed, levels of viral genomes 

were not reduced by VGTI-A3–03 treatment. These results suggest that VGTI-A3–03 does 

not inhibit production of genome-containing particles but instead promotes the formation 

and release of noninfectious virions.

To further dissect the step during the viral life cycle where VGTI-A3–03 is acting, we 

utilized a powerful reporter viral particle (RVP) system (Ansarah-Sobrinho et al., 2008), in 

which replicon-bearing cells that produce the nonstructural region of the DENV genome 

(NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) plus a GFP reporter are transfected with a 

plasmid encoding the DENV structural genes (C, pre-membrane/membrane (prM/M), and 

envelope (E)). Supernatants collected from these transfections contain RVPs carrying the 

reporter replicon that are able to enter naïve cells and initiate translation and replication 

of the viral replicon, but are unable to produce a new generation of viral particles, due 

to the lack of the C, prM, and E proteins. Using this assay, one can distinguish clearly 

between effects on early viral life cycle events (entry, initiation of viral translation) versus 

late (assembly, maturation, and release of viral particles). To determine whether VGTI-A3–

03 affects particle production or assembly, we assessed the effects of adding compound 

either during production of RVPs by addition of compound post-transfection of the structural 

plasmid or during infection of naïve cells with RVPs. Addition of compound during RVP 

production had a profound inhibitory effect, while addition during RVP infection displayed 

no inhibition of GFP production (Fig. 2C). These results demonstrate that VGTI-A3–03 is 

acting against DENV infection by affecting the proper assembly of virus particles.

Another approach to identify antiviral mechanisms of action is to passage virus in the 

presence of compound to promote the formation of resistant viruses, followed by sequencing 

of resistant viruses to identify the viral factor being directly or indirectly targeted by 

the inhibitory compound. Production of resistant viruses by passage in the presence of 

VGTI-A3 was surprisingly easy, and resistant viruses started to appear as early as passage 

3, with virtually the entire viral population of passage 4 displaying total resistance to 

VGTI-A3 treatment (Fig. 3A). Sequencing of multiple independently-derived resistant 

populations revealed a hot spot of mutations between residues 20–30 of the C protein. 
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Fig. 3B indicates the mutations that were identified in resistant populations (threonine-25-

isoleucine, leucine-35-proline, leucine-38-methionine; red) and the corresponding C regions 

of related flaviviruses. The L35P mutation was the most common residue change identified. 

Interestingly, Byrd et al. (2013) have reported resistant mutant formation against ST-148 

at residue 34 of the C protein (serine-34-leucine), providing further evidence that these 

compounds similarly inhibit DENV2 infection.

To confirm the role of these identified mutations in resistance to VGTI-A3–03 treatment, 

the three changes (T25I, L35P, and L38M) identified by our group, as well as the change 

reported by Byrd et al. (S34L) were engineered into the DENV2 16681 infectious cDNA 

clone (Huang et al., 2010). In dose-response assays, wild type virus displayed high 

susceptibility to VGTI-A3–03 treatment, as expected, while all of the mutant viruses 

demonstrated resistance. A revertant virus, in which the L35P residue was mutated back 

to the wild type amino acid within the infectious cDNA clone, exhibited susceptibility 

to VGTI-A3–03 treatment (Fig. 3C). These results confirm the role of this region of the 

C protein in the antiviral mechanism of VGTI-A3/VGTI-A3–03/ST-148, and support the 

notion of direct binding of these small molecules to the viral capsid.

To finely map the region of C dictating VGTI-A3–03 antiviral activity, the RVP system 

was again utilized. Introduction of the resistance-conferring mutations (L35P, S34L), as well 

as mutation of amino acids 23–39 of the C protein to alanine (A), in the RVP structural 

plasmid was assessed for ability to confer resistance to VGTI-A3–03 treatment during 

particle formation. Susceptibility of wild type RVPs and resistance of S34L or L35P RVPs 

was confirmed (Fig. 4A and B). The results of the alanine scan over the C 23–39 region 

are presented in Fig. 4C. Interestingly, while mutation of residues 34 and 35 to leucine and 

proline, respectively, was tolerated for RVP formation and conferred resistance as expected, 

mutation of either of these residues to alanine completely eliminated particle formation. 

After consultation of the published structure of DENV C dimer (PBD: 1R6R (Ma et al., 

2004);), as well as the binding site of ST148 predicted by Byrd et al. on the C dimer, a 

number of other residues were selected for addition to the alanine scan study (F47, G64, 

R68, T71, and I72), due to their putative proximity to the predicted VGTI-A3–03 binding 

site. Ribbon diagrams (front and side views) of the C dimer highlighting residues that confer 

resistance (red), or are irrelevant to (green), VGTI-A3–03 inhibition are shown in Fig. 4D. 

These results suggest direct binding within a pocket formed between the α1 and α3’ helices 

of the C dimer. This pocket is in a distinct region from the of RNA and lipid binding motifs 

(Ma et al., 2004) of the C dimer and corresponds to the predicted binding site of ST148 

by Byrd et al., who propose that ST-148 binding within this region promotes the formation 

of dimer-dimer interactions that support the higher order structure formation of the viral 

particle (Byrd et al., 2013; Mateo et al., 2015; Scaturro et al., 2014).

To investigate the possibility that VGTI-A3–03 is directly binding to C dimers in viral 

particles and causing production of malformed virions, we examined the effect of VGTI-

A3–03 treatment during virus production on the mobility of resultant particles in a sucrose 

density gradient. Supernatants collected at 24 h pi (+/− 1uM VGTI-A3–03) were purified 

over a sorbitol cushion, then centrifuged through a discontinuous sucrose gradient. Fractions 

were collected, and infectious particles, viral genomes, and envelope were measured 
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by focus forming assay, RT-qPCR (Fig. 5A), and western blot (Fig. 5B). VGTI-A3–03 

treatment did not cause a significant change in mobility of genome- or envelopeGTI-A3–

03 treatment did not cause a significant change in mobility of genome- or econtaining 

particles over the sucrose gradient, suggesting that the noninfectious particles produced in 

the presence of VGTI-A3–03 have similar physical properties.

The possibility that VGTI-A3–03 is directly incorporated within released viral particles was 

also investigated. Gradients were prepared as above in the absence or presence of virus 

infection, and concentration of VGTI-A3–03 was assessed using mass spectrometry (Fig. 

5C). In the absence of viral particles (white bars), the majority of compound fractionated 

to the lightest (23%) and heaviest fractions (40%; most likely a result of precipitation). 

Conversely, in the presence of wild type viral particle release (black bars), approximately 

50% of the compound was found in fractions #8–11, the same fractions where particles 

were observed (Fig. 5A and B). These results demonstrate that VGTI-A3–03 is incorporated 

into the viral particle, presumably through interaction with C protein dimers during virion 

assembly. Assessment of VGTI-A3–03 fractionation in the presence of S34L (red) or L35P 

(blue) mutant viruses revealed similar patterns, suggesting that compound is incorporated 

into mutant virions with equal efficiency. These data are consistent with previous results 

that demonstrate ST-148 binding to wild type and S34L-mutated recombinant C proteins 

occurs with similar affinity (Byrd et al., 2013). Taken together, these results suggest that this 

class of compounds binds to C dimers during viral assembly and promotes dimer-dimer 

interactions, becoming incorporated into the virion. Resultant VGTI-A3–03 containing 

particles then display a defect in infection of naïve cells.

3. Discussion

In this study, a molecular compound with potent anti-DENV activity was identified, VGTI-

A3, and, through extensive SAR analysis, a novel analog, VGTI-A3–03, was developed 

with improved solubility and antiviral characteristics. Previous identification of a molecule 

with a similar structure, ST-148 (Byrd et al., 2013; Scaturro et al., 2014), demonstrated 

direct binding of ST-148 to the DENV C protein. Data presented here suggests a similar 

mechanism of VGTI-A3–03, but extends this research to thoroughly characterize the 

residues of the C protein that direct this interaction. Interestingly, although Scaturro 

et al. observe inhibition of DENV entry, as well as impaired formation of infectious 

particles by ST-148, our data suggest that VGTI-A3–03 acts exclusively during virion 

morphogenesis. One explanation may be that ST-148 is able to penetrate the virion and 

bind C dimers during the initial entry more efficiently, while VGTI-A3–03 can only be 

incorporated during assembly of new particles. Whether this difference is due to the different 

structures of the two compounds or to the model systems employed still remains to be 

elucidated. Nevertheless, this class of compounds appears to be exerting its antiviral effects 

through direct binding in a pocket formed by the α1/α3′-helices of the DENV C dimer. 

Binding during virion formation results in VGTI-A3–03 incorporation into the viral particle, 

which results in the formation of noninfectious particles. Although VGTI-A3–03-containing 

virions display no discernible differences in density, as demonstrated by sedimentation 

patterns on a sucrose gradient, they are unable to initiate new infections in a naïve cell. 

These data are consistent with the mechanism proposed by Scaturro et al. that compound/

Smith et al. Page 6

Antiviral Res. Author manuscript; available in PMC 2022 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



capsid binding stabilizes dimer-dimer interactions within the virion, hindering particle 

disassembly following entry into a naïve cell.

Viral capsid/core proteins represent an attractive target for antiviral development due to 

the specificity and decreased likelihood of off-target effects resulting from binding to host 

factors, as compared to nucleoside analog based drug therapies, for example. Additionally, 

because these drugs can act during the later stages of infection, the time of effectiveness 

of such compounds may be extended in relation to drugs that rely on inhibition of entry 

or genome replication. A number of capsid targeting compounds have shown promise as 

antivirals against other enveloped viruses, including hepatitis B virus (Delaney et al., 2002; 

Deres et al., 2003; King et al., 1998) and human immunodeficiency virus (Blair et al., 

2010; Fader et al., 2011; Tremblay et al., 2012). Of note, the mechanism of action of these 

capsid-targeting compounds is often related to stabilization of higher order structures as 

well.

In addition to the thorough SAR analysis of VGTI-A3 and its analogs and identification of 

VGTI-A3–03 as an analog with increased potency and solubility, we have also presented 

here an in-depth investigation into the specific residues within the VGTI-A3–03 binding 

pocket that dictate susceptibility to this class of compounds. Through this analysis, we are 

able to more comprehensively understand not only the C interaction properties of these 

compounds, but also the residues at the C dimer interface contributing to interdimer contact 

required for proper virion formation. Additionally, by demonstrating that virions assembled 

in the presence of VGTI-A3–03 do not display any apparent physical differences, but that 

they are indeed packaging compound within mature particles, our data add further support 

to the hypothesis that this class of compounds exerts its effects through promoting stronger 

dimer-dimer interactions and preventing viral genome un-coating.

Discovery and development of flavivirus-targeting antivirals has been challenging, 

compelling researchers to consider less traditional targeting strategies when the conventional 

approaches, such as nucleoside analogs, protease inhibitors, and entry-directed compounds, 

have failed. The class of compounds described here, which includes VGTI-A3, VGTI-A3–

03, and the previously described ST-148 (Byrd et al., 2013), exert their antiviral effects 

by targeting the viral C proteins, a strategy that, although has been shown to work well 

against other enveloped viruses, has not yet been fully explored in the context of flavivirus 

infections. This study extends our understanding of the specific C-targeting mechanism of 

these compounds, provides some insight about the C interdimer interface, and highlights the 

value of exploring the therapeutic potential of C-targeting antivirals.

4. Materials and Methods

Cell culture and reagents

HEK293, C6/36, and Vero cells were grown in modified Eagle medium (MEM; Gibco) 

supplemented with 10% fetal bovine serum (Hyclone), 2 mM L-glutamine (Invitrogen), 100 

U/ml penicillin G sodium, 100 μg/ml streptomycin sulfate (Invitrogen) and 1× nonessential 

amino acids (Gibco).
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VGTI-A3 series synthesis

A detailed description of the synthesis methods is provided in Supplemental Material, 

including a diagram of VGTI-A3–03 synthesis strategy (Fig. S1).

IC90 and VLR assays

Infections of HEK293 cells were performed at MOI = 0.1 ffu/cell in the presence of 

30uM, 10uM, 3uM, 1uM, 300 nM, 100 nM, 30 nM compound or DMSO in triplicate. 

At 3d pi, supernatants were collected and titrated by focus forming assay. IC90 values 

were determined by fitting data points to a nonlinear regression model using GraphPad 

Prism software. Viral load reduction (VLR) was calculated as VLR = log10(average(DMSO 

values))−log10 log10(average(30μM values)).

Virus strains

DENV1 (strain TH-Sman), DENV2 (New Guinea C), DENV3 (H87), and DENV4 (H241) 

were obtained from ATCC. West Nile virus (385–99) has been previously described (Xiao et 

al., 2001). Stocks were passaged one time on C6/36 cells, and purified stocks were produced 

by growth for 7 days on C6/36 cells. Supernatants were pelleted over a sorbitol cushion and 

resuspended in DMEM/0.1%FBS. Stock titers were determined by focus forming assay, as 

previously described (Shum et al., 2010).

Toxicity assays

HEK293 cells were incubated in cell media containing increasing concentrations of 

compounds in constant 1%DMSO (vol/vol). At 72 h, XTT reagent (ATCC: XTT Cell 

Proliferation Assay Kit; cat no 30–1011 K) was added, and absorbance was measured 

according to the manufacturer’s instructions. CC50 values were calculated using GraphPad 

Prism software.

Time-of-addition assay

HEK293 cells were infected with DENV2 at MOI = 3 ffu/cell in low volume with rocking 

for 1 h at 37 °C. Cells were washed and refed with regular growth media. At indicated times 

post-infection, media was removed and replaced with 1uM VGTI-A3 or DMSO diluted in 

media. Supernatants were collected at 48 h post-infection and quantitated by focus forming 

assay.

RNA replication assay

HEK293 cells were infected with DENV2 at MOI = 3 ffu/cell +1uM VGTI-A3–03 or 

DMSO control. At 24 h post-infection, RNA was isolated from supernatants and analyzed 

by RT-qPCR using a universal primer/probe set designed to amplify regions of the DENV 

genome within the 3’ untranslated region (UTR) (Gurukumar et al., 2009).

Reporter virus particle (RVP) production

The DENV replicon (pDENV2-reo-GZ) and structural (pDENV-CprME) plasmids were a 

kind gift of T. Pierson (NIH; (Ansarah-Sobrinho et al., 2008; Mukherjee et al., 2014). 

HEK293 cell lines stably maintaining pDENV2-reo-GZ were constructed by transfection 

Smith et al. Page 8

Antiviral Res. Author manuscript; available in PMC 2022 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and selection at 3d post-transfection with 300ug/ml zeocin. Clonal populations were isolated 

by limited dilution. To produce RVPs, DRep2A-293 cells were transfected with 6ug of 

pDENV-CprME in a 100 mm dish using Lipofectamine 3000 (Life Technologies), media 

was changed the next day, and supernatants were collected at 3d post-transfection. RVPs 

were pelleted at 30,000 rpm for 2 h over a 20% sorbitol cushion to purify and concentrate. 

Infectious units were quantified by TCID50 as previously described (Ansarah-Sobrinho et 

al., 2008). RVP treatments were carried out at MOI = 5 IU/cell, and number of GFP + 

cells/frame (6 independent frames) were counted at 3d post-infection using ImageJ software.

Resistance mutant generation

HEK293 cells were infected at MOI = 0.1 ffu/cell in the presence of 1uM VGTI-A3. 

Supernatants were collected at 3 days p.i. and passaged onto naïve HEK293 cells+ 1uM 

VGTI-A3. Virus collected at each passage was assayed for resistance to VGTI-A3 treatment 

and sequenced by Sanger sequencing. Results are reflective of more than 5 independent 

derivations of resistant viruses.

Infectious clone

The DENV2 cDNA infectious clone (16681 strain) was a kind gift of C. Huang (CDC Fort 

Collins, CO). Infectious clone-derived virus was produced as previously described (Huang 

et al., 2010). Briefly, plasmid was digested with XbaI to linearize, precipitated, then used 

as a template for capped in vitro transcription (ivt) using the mMessage mMachine T7 

capped ivt kit (Ambion #AM1340). Ivt reactions were electroporated into 1 × 107 Vero cells. 

Media was changed the following day. At 7d post-transfection, supernatants were collected, 

cleared, then passaged on to naïve Vero cells at a 1:5 dilution for 7 days, before passage 

on to C6/36 cells. Supernatants were collected at 7d post-infection, cleared, and purified 

over a 20% sorbitol cushion. Susceptibility to VGTI-A3 was determined by infection at 

MOI = 0.1 ffu/cell +30 nM→→10μM and quantification of infectious virus at 3d pi by ffa. 

Introduction of mutations into the 16681 infectious clone or pDENV-CprME plasmids was 

carried out by site-directed mutagenesis using the QuikChange protocol with Phusion Taq 

mix (Thermofisher F530). Successful mutagenesis was confirmed by Sanger sequencing.

RVP resistance assay

RVPs were produced by transfection of pDENV-CprME (wild-type or mutated) into 

pDRep2rep-gz-HEK293 cells. At 24 h pt, media was removed and replaced with DMSO 

or 1uM VGTI-A3–03 in normal growth media. At 3d pt, supernatant were collected, cleared, 

and purified over a sorbitol cushion. Purified RVPs were used to infect naïve HEK293 cells, 

and GFP-positivity was assayed at 3d p.i. Susceptibility to VGTI-A3–03 was identified as > 

50% reduction of RVPs produced in the presence of VGTI-A3–03 versus DMSO.

Sucrose gradients

Supernatants from infected HEK293 cells (+1uM VGTI-A3–03 or DMSO, 48 h) were 

purified over a sorbitol cushion, then spun over a discontinuous sucrose (15/35/50%) 

gradient (40,000 rpm, 4 h). 1 ml fractions were collected and infectious virus, genome 

levels, and envelope levels were determined by ffa, RT-qPCR, and western blot, respectively. 
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Western blots were carried out using mouse anti-envelope (4G2 (Henchal et al., 1982);). The 

hybridoma for production of the pan-flavivirus anti-E antibody 4G2 was obtained from the 

ATCC. The hybridoma was maintained and antibody purified from culture supernatant by 

the Vaccine and Gene Therapy Institute monoclonal antibody core facility (OHSU).

LC-MS/MS Analysis of A3–03 in gradient fractions:

Frozen fractions were thawed and vortex mixed for 1 min then centrifuged for 1 min at 

10,000 g. A portion of the supernatant was removed, placed in an autosampler vial and A3–

03 content was analyzed in a 25 μL aliquot using a 4000 QTRAP hybrid/triple quadrupole 

linear ion trap mass spectrometer (SCIEX, Foster City, CA) with electrospray ionization 

(ESI) in positive mode. The mass spectrometer was interfaced to a Shimadzu (Columbia, 

MD) SIL-20AC XR auto-sampler followed by 2 LC-20AD XR LC pumps. HPLC separation 

consisted of a gradient mobile phase was delivered at a flow rate of 0.50 ml/min and 

consisted of two solvents, 10 mM ammonium formate in water (A) and 10 mM ammonium 

formate in 90% acetonitrile and 10% water (B). Initial concentration of B was 50% and 

increased to 95% B by 9 min held at 95% for 1 min, decreasing to 50% again over 0.5 

min, followed by re-equilibration for 2.5 min. The column used was a Luna C8(2) 100 Å, 

5u, 50 × 3 mm column maintained at 35 °C using a Shimadzu CTO-20AC column oven. 

The instrument was operated with the following settings: source voltage 5000 kV, GS1 50, 

GS2 50, CUR 20, TEM 600 and CAD gas Medium. A3–03 was detected using multiple 

reaction monitoring with the following transitions optimized by direct infusion of the pure 

compound. Each transition was monitored with a 50 ms dwell time: m/z = 484 → 282 

and m/z = 484 → 308. Data were acquired using Analyst 1.6.2 software and the area of 

the A3 peak integrated using Multiquant 3.0.1 software. The area was used for the relative 

comparison of the content of A3 in each fraction.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Identification of a potent anti-DENV compound and an analog with increased activity.
(A) Structure of VGTI-A3 and its analog, VGTI-A3–03 (B) and a previously identified 

anti-DENV compound, ST-148 (C). (D) HEK293 cells were infected with DENV at MOI = 

0.1 ffu/cell + increasing concentrations of VGTI-A3 or VGTI-A3–03 (DMSO, 30 nM, 100 

nM, 300 nM, 1uM, 3uM, 10uM, 30uM). Supernatants were collected at 3d pi, and assayed 

for infectious virus by focus forming assay (ffa). Calc LogP, IC90, VLR, and CC50 were 

calculated as described in Materials and Methods. (E) HEK293 cells were infected with 

indicated viruses at MOi = 0.1 ffu/cell in the presence of DMSO (white) or 1uM VGTI-A3 

(grey) or VGTI-A3–03 (black). At 3 days pi, supernatants were collected and assayed by 

focus forming assay. Data are presented as mean ± SEM in triplicate.
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Fig. 2. VGTI-A3–03 inhibits DENV during assembly of viral particles.
(A) HEK293 cells were infected with DENV at MOI = 3 ffu/cell. At indicated times 

p.i., media was removed wand replaced with media containing DMSO or 1uM VGTI-A3. 

Supernatants collected at 48 h p.i. were assayed by ffa. (B) Supernatants were collected from 

HEK293 cells infected at 3 ffu/cell ± 1uM A3 at 48 h p.i. Genomes per ml were quantified 

by RT-qPCR, and infectious virus was assayed by ffa. (C) Reporter virus particles (RVPs) 

were either produced in the presence of 1uM A3 (left, ‘RVP production’) or used to infect 

cells in 1uM A3 (right, ‘RVP infection’). The number of GFP + cells per frame (6 frames 

per sample) was quantified using ImageJ software. Data are presented as mean ± SEM in 

triplicate.
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Fig. 3. Mutations in the DENV capsid confer resistance to VGTI-A3.
(A) Virus was passaged 4 times in the presence of 1uM VGTI-A3 at MOI = 0.1ffu/cell on 

HEK293 cells. Virus was assayed for resistance at each passage, and RNA isolated from p4 

virus was sequenced by Sanger sequencing. (B) Region of the DENV2 C protein (residues 

20–40) with mutations (red) found in resistant virus populations and corresponding region of 

related flaviviruses, DENV1–4 and WNV. (C) Mutations were introduced into the DENV2 

16681 infectious clone, and resultant viruses were assayed for resistance by infection of 

HEK293 at MOI = 0.1 ffu/cell in the presence of 30 nM-10μM VGTI-A3. Infectious virus 

present in the supernatants collected at 3 days p.i. was quantitated by focus forming assay. 

Data are presented as mean ± SEM in triplicate. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the Web version of this article.)

Smith et al. Page 16

Antiviral Res. Author manuscript; available in PMC 2022 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 4. Discovery of residues within compound binding pocket that define susceptibility to VGTI-
A3–03.
(A) DENV2 reporter virus particles (RVPs) expressing GFP were produced by transfection 

of DRep2A-expressing cells with a plasmid encoding DENV2 structural proteins (wild type 

or containing the C S34L or L35P mutations). At 1 day p.t., media was removed and 

replaced with 1uM VGTI-A3–03 or DMSO control. Supernatants containing RVPs were 

collected at 4 days p.t., purified over a sorbitol cushion, and used to infect naïve HEK293 

cells at MOI = 5 IU/ml. GFP + cells were assayed at 3 days p.i. (B) GFP + cells were 

quantitated from 6 independent frames using ImageJ software. (C) RVPs constructed with 

indicated C residues mutated to alanines were tested for resistance conference to A3–03 as 

above. Residues that did not tolerate mutation to alanine, as indicated by no RVP production, 

are indicated with an asterisk. (D) Front and side views of MacPyMol depiction of the 

C dimer (PBD: 1R6R) with resistance conferring C mutations (red) or resistance neutral 

(green). The hydrophobic cleft, where the ER membrane is predicted to interact, and the 

putative RNA binding surface are indicated on front view. Data are presented as mean ± 
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SEM in triplicate. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the Web version of this article.)

Smith et al. Page 18

Antiviral Res. Author manuscript; available in PMC 2022 November 02.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 5. VGTI-A3–03 is incorporated into DENV particles.
(A) Supernatants collected from HEK293 cells infected with DENV2 (MOI = 3 ffu/ml) 

for 24 h in the presence of 1uM VGTI-A3–03 or DMSO control were first pelleted over 

a sorbitol cushion, then loaded on top of a discontinuous (15/35/50%) sucrose gradient. 

Samples were centrifuged at 40,000 rpm for 4 h 1 ml fractions were collected and assayed 

for infectious particles by focus forming assay (FFUs) or viral genome equivalents by 

RT-qPCR or envelope by western blot (B). (C) Pelleted supernatants from no infection 

control, wild type or S34L-, L35P-mutated virus were centrifuged over a sucrose gradient as 

above. Fractions were assayed for relative VGTI-A3–03 levels by mass spectroscopy.
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