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ABSTRACT  

Persistent or chronic infection with the 
hepatitis B virus represents one of the most 
common viral diseases in humans. The hepatitis 
B virus deploys the Hepatitis B Virus X Protein 
(HBx) as a suppressor of host defenses 
consisting of RNAi-based silencing of viral 
genes. Because of its critical role in countering 
host defenses, HBx represents an attractive 
target for antiviral drugs. Here, we developed 
and optimized a loss-of-function screening 
procedure, which identified a potential 
pharmacophore that abrogated HBx’s RNAi 
suppression activity. In a survey of 14,400 
compounds in the Maybridge Screening 
Collection, we prioritized candidate 
compounds via high-throughput screening 
based on reversal of green fluorescent protein 
(GFP)-reported, RNAi-mediated silencing in a 
HepG2/GFP-shRNA RNAi sensor line. The 
screening yielded a pharmacologically active 
compound, N-(2,4-difluorophenyl)-N'-[3-(1H-

imidazol-1-yl) propyl] thiourea (IR415), which 
blocked HBx-mediated RNAi suppression 
indicated by the GFP reporter assay. We also 
found that IR415 reversed the inhibitory effect 
of HBx protein on activity of the Dicer 
endoribonuclease. We further confirmed the 
results of the primary screen in IR415-treated, 
HBV-infected HepG2 cells, which exhibited a 
marked depletion of HBV core protein 
synthesis and downregulation of pre-genomic 
HBV RNA. Using a molecular interaction 
analysis system, we confirmed that IR415 
selectively targets HBx in a concentration-
dependent manner. The screening assay 
presented here allows rapid and improved 
detection of small-molecule inhibitors of HBx 
and related viral proteins. The assay may 
therefore potentiate the development of next-
generation RNAi pathway–based therapeutics 
and promises to accelerate our search for novel 
and effective drugs in antiviral research.  

 http://www.jbc.org/cgi/doi/10.1074/jbc.M117.775155The latest version is at 
JBC Papers in Press. Published on June 5, 2017 as Manuscript M117.775155
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Hepatitis B is a serious infectious 

disease of the human liver caused by the 
hepatitis B virus (HBV). More than 2000 
million people alive today have been infected 
with HBV at some time in their lives. Of them 
350 million remain infected chronically and 
become carriers of the virus. Over 1 million 
people die of chronic hepatitis, serum hepatitis 
and serum jaundice (1). HBV infection often 
becomes chronic resulting in hepatocellular 
carcinoma (HCC). In susceptible host cells, 
HBV generates a favorable environment for its 
replication and escapes the innate immune 
system including the RNAi-mediated defense 
of the host cell (2). Of several host immune 
defense mechanisms, RNA mediated gene 
silencing acts as a robust inducible defense 
mechanism to protect the host from viral 
invasion and establishment (3-6). Viruses in 
turn evade the host RNAi degradative effects 
mostly by encoding suppressors of RNA 
silencing proteins (VSRs) (7-12). Recently, 
we have evaluated the role of hepatitis B virus 
encoded proteins to identify HBx as a viral 
suppressor that confers counter-defense 
strategy (13). Invariably, viral suppressors are 
the pathogenic factors, as identified in diverse 
systems (9,14-16). In light of these reports, we 
presumed that HBx could be a vital anti-viral 
target.  

The biochemical activity of 
nonstructural regulatory protein HBx is 
targeted towards several essential cellular 
functions. Hepatitis B X protein acts as a 
multifunctional regulator to induce HBx-
responsive transcription factors like NF-κβ, 
NF-AT (17,18), interacts with transcriptional 
activator CREB/ATF (19,20), modulates 
intracellular calcium signaling, stimulates 
signal transduction pathways resulting in 
initiation of tyrosine kinases following 
downstream activation of MAP kinases (21-
23). HBx can restrain cellular proliferation 
either by deregulating the action of cyclin-
dependent kinases to affect cell cycle 
progression checkpoints (24) or inducing the 
diverse effect on anti-apoptotic and pro-
apoptotic properties linked with p53 family of 
proteins to determine cell fate (25,26). Several 
studies have addressed the role of HBx by 

targeting it using either short hairpins RNAs 
(shRNAs) (27,28) or siRNA for cessation of 
HBV replication (29). Molecular mechanisms 
of HBx for in vivo replication in woodchuck 
hepatitis virus as well as in human HBV have 
garnered interest, highlighting the crucial 
function of this protein during viral replication 
(30,31). The transcriptional transactivation 
function of HBx stimulates the first regulatory 
step of synthesis of HBV 3.5 kb pre-genomic 
RNA transcript with parallel augmentation 
effect on stimulation of HBV replication, thus 
being indispensable for both hepatitis B 
transcription and replication machinery (32-
34). Furthermore, hepatitis B virus is a major 
etiological factor of HBV associated 
hepatocellular carcinoma (HCC) development 
and the disease prognosis conceivably 
contributes to potential involvement of HBx-
mediated oncogenicity (35). The extending 
modes of action of HBx from viral replication 
to epigenetic modification and triggering 
malignancy in liver cells makes HBx an 
attractive drug target. 

Since the antiviral roles of RNAi 
pathways for mammalian viruses are becoming 
more explicit, more cogent approaches are 
being developed towards the discovery of 
RNAi related druggable gene targets in 
principle. We believe no systematic approach 
has been reported up till now for screening 
small molecular ligands that can target the 
VSRs for inactivation of animal viruses. In the 
present study, we customized an assay by 
measuring the quantitative expression of the 
reporter as a read-out for high throughput 
screening of pharmacologically active 
compounds from the Maybridge library, for 
their ability to bind HBx and inhibit its RNAi 
suppressor activity. Consequently, inhibition of 
HBx mediated RNAi suppression was observed 
with putative chemical compound N-(2,4-
difluorophenyl)-N'-[3-(1H-imidazol-1-yl) 
propyl] thiourea, termed here as IR415. The 
success of the primary screen was further 
confirmed by interference of the drug in viral 
replication processes in other human cell-lines 
as well. Our results therefore provide evidence 
for antiviral function of host RNAi machinery 
in HBV replication and identify a 
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pharmacophore that binds and blocks HBx 
activity. 
 
RESULTS 
 

In silico structural modelling and 
virtual screening Since HBx has been 
described as being important for HBV 
replication and also functions as an RNAi 
suppressor protein, we aimed at identifying 
small molecules that bind HBx and block its 
activity. While the complete structure of HBx 
remains to be elucidated, a small interface helix 
of HBx (Residues 88-101) has been previously 
crystallized as a part of complex with another 
protein; PDB ID: 317H (36) . We initiated the 
study by modelling the three-dimensional 
structure of HBx protein using threading based 
I-TASSER web-server (37), which computed 
five 3D conformation solutions. The five 
predicted conformational models (M1-M5) 
were manually scrutinized for the interface 
helix (Residues 88-101) (36). Amongst the five 
models, two models (M1 and M2) displayed the 
desired helical segment and M1 model 
demonstrated the best theoretical conformation 
as revealed by the Ramachandran plot of the 
model structure (data not shown). The 
generated 3D HBx model was subjected to 
Molecular Dynamics (MD) simulation for 
evaluation of its conformational stability in 
explicit water solvent environment (TIP3P 
molecules; see materials and methods) using 
Root Mean Square Deviation (RMSD) analysis 
(Fig. 1A). The analysis suggested that 
maximum stability and minimum conformation 
dynamics in HBx structural coordinates was 
observed after 1500 ps (1.5 ns) (Fig. 1B) of 
simulation period. Since the protein dynamics 
remain stable till final frame of the trajectory, 
we selected this structure for further analysis. 
For the docking studies and virtual screening, 
we exploited a library of 14,400 compounds 
from Maybridge, a pre-selected and pre-
screening library uniquely designed for lead 
generation. The library was evaluated for the 
best HBx binder by virtual screening procedure 
using AutoDock Vina (38). At the beginning of 
virtual screening procedure, a 3D grid was 
designed around the active site helix of the 
stable ligand conformations using default 

parameters. The designed grid involves central 
coordinates (-4.27, 55.82, 22.79) with 
dimensions of 20 Å, 18 Å and 38 Å in X, Y and 
Z directions, respectively. AutoDock Vina 
generated 9 different conformations for each 
ligand which are sorted by binding affinity 
(kcal/mol). To retain the compounds with best 
conformation orientations on HBx surface, 
ligands with affinity higher than 90th percentile 
(-8.8 kcal/mol) were selected for subsequent 
analysis (Fig. 1C). In total, 1392 compounds 
were retained with very high affinity for HBx 
surface. To ensure the reliability, more 
stringent filtration criterion was applied on 
selected compounds by computing its drug-
likeliness QED (Quantitative Estimation of 
Drugs) score (39). Compounds with QED score 
higher than the hard threshold of 0.40 among 
the selected compounds were shortlisted (Fig. 
1D). The filtration step removed several 
compounds with high binding affinity 
predicted for HBx structure, including the 
compound with highest affinity score, and 
generated a set of 1057 drug-like compounds 
(Supplemental data 1). Finally, a subset of 100 
compounds with top affinity score from the 
filtered set was selected for experimental 
evaluation. 

 
Development and validation of drug 

screening platform using reversal of Green 
Fluorescent Protein silencing assay in HepG2 
cells- We have previously generated RNAi 
sensor cell lines of insect to identify RNAi 
silencing suppressors (RSSs) of different 
animal viruses. Using these lines, we identified 
NS4B of dengue virus and HBx of HBV as viral 
suppressor proteins (VSPs) (9,12,13). With a 
similar approach in the present study, we 
generated two stable HepG2 cell lines; (i) a 
reporter line, which constitutively expressed 
GFP and was created by integrating the turbo-
GFP gene into the cellular genome using 
commercial vector pGFP-V-RS, (ii) second, a 
HepG2/GFP-shRNA RNAi sensor line where 
GFP expression is silenced and was generated 
by transfecting the HepG2 cells with a pGFP-
V-RS tGFP shRNA vector (13). A schematic 
representation of the constructs used in the 
generation of the above cell lines is shown in 
Fig. 2A. The expression of GFP in the 
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transgenic lines was visualized and quantitated 
by microscopic, qRT-PCR and FACS analyses 
(Fig. 2 A, B, C). 

Since we aimed at identification of 
inhibitors of HBx, we first re-investigated the 
potential RSS activity of HBx in HepG2/GFP-
shRNA RNAi sensor line. The RNAi sensor 
line was transfected with a plasmid 
(pCDNA3.1+) containing the HBx gene in 
order to transiently overexpress the HBx 
protein as described earlier (13). Analysis of 
GFP expression using fluorescent microscopy 
and FACS analysis in the HBx transfected cells 
revealed significantly higher levels of reversion 
of tGFP silencing in comparison to the RNAi 
sensor line (Fig. 2C). The GFP reversion 
parameter was compared against another VSR 
protein FHVB2 that served as a positive 
control. The expression of the HBx gene was 
confirmed using Western blot analysis of the 
cell lysates prepared from the transfected 
HepG2/GFP-shRNA cells using anti-HBx 
antibodies. The HBx protein caused at least 2-
fold higher GFP reversion when compared to 
the mock-transfected cells under similar 
conditions. This change in phenotype due to 
HBx function was used for a high content 
screening assay with pharmacologically active 
compounds from Maybridge Library.  

Since compounds from the 
computationally screened filtered set (n = 100) 
had similar HBx binding affinity scores, we 
randomly sampled different compounds for 
their experimental evaluation. The putative 
small molecule(s), which were able to restrain 
reversal of silencing of the reporter tGFP gene 
by blocking HBx activity, were identified as 
potential HBx-inhibitor(s). The fold reduction 
in the mean fluorescent intensity was plotted as 
a ratio of tGFP levels from cells treated with 
putative drug candidates versus control 
untreated cells where only HBx expression 
occurred. Small molecules that revealed poor 
reproducibility, non-specific activity exhibited 
bad dose-response profile, and non-specific 
activity or were found to disrupt the reversion 
assay (fluorescent artifacts or quenchers) were 
eliminated. After initial screening, three 
compounds demonstrated promising HBx 
inhibition potential in our preliminary assays. 
Motivated by the finding, we re-performed the 

compound evaluation at different 
concentrations and replicates (Supplemental 
data 2A). To ensure the reliability of the 
finding, a test set of compounds for 
experimental re-evaluation was created. Two 
different criteria were considered for the choice 
of drugs in the test set – less binding affinity 
and high drug likeliness. Total 26 compounds 
from the test set were screened and none of the 
compound demonstrated anti-HBx activity 
(Supplemental data 2B-C). IR415 was found to 
have a dose-dependent inhibitory effect on 
HBx, with a minimal effective concentration of 
50 µM (Fig. 2C, D & E). Data were normalized 
for cells growing in the presence of either 
IR415 alone (non HBx transfected) or to the 
specified concentration of DMSO alone to 
observe and nullify the solvent effect. 
However, the effects amongst the replicates in 
reference to the controls were insignificant. 
IR415, therefore, with consistent effect on 
suppressor inhibition action, was selected for 
further analysis. The observation of a distinct 
phenotypic expression in response to drug 
treatment led us to investigate the effect of the 
drug to physiologically relevant processes like 
HBx mediated down-regulation of RNAi 
components.  

 
Effect of IR415 on Dicer mediated 

Cleavage - To gain insight into the mode of 
action of IR415, we evaluated the IR415 effect 
in a dicing assay in the presence of recombinant 
HBx protein. HBx protein was expressed in a 
heterologous E. coli expression system and 
purified according to the protocol described 
earlier (13). In vitro dicing assay involves 
processing of long dsRNA substrates by 
commercially available human Dicer enzyme 
that generates siRNAs of ~22 mers (Fig. 3A, 
lanes 1 and 2). The in vitro assay was 
performed according to the manufacturer's 
instructions by adding 1 unit of human Dicer 
enzyme to in vitro-synthesized dsRNA (∼900 
nt) in the presence of recombinant HBx protein 
and IR415 at increasing concentrations. Fig. 3A 
(lane 2) reveals that 1 unit of human dicer was 
able to process the dsRNA substrates into 
siRNAs (∼22 bp), while 2 µg of HBx protein 
blocked dicer processing thus completely 
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inhibiting siRNA biogenesis (lane 3). 
However, the digest patterns were recapitulated 
in the presence of IR415 in a dose-dependent 
manner (lanes 4 and 5). The other 
nonspecific/random compound from library did 
not inhibit HBx-mediated restoration of dicing, 
thus highlighting HBx-IR415 specificity (Fig. 
3A, B). Consequences of rejuvenated siRNA 
generation by Dicer catalysis established the 
efficacy of IR415 and suggested the 
proficiency of IR415-HBx interactions. 
 

Binding affinity and kinetics of HBx–
drug interaction- To investigate bimolecular 
interaction between drug and HBx, Surface 
Plasmon Resonance (SPR) assays employing 
solubilized HBx as the immobilized ligand was 
performed. The stabilized HBx was covalently 
linked to a S-Series CM5 sensor chip and 
sensograms were recorded upon addition of 
different concentration of the drug. The 
representative reference subtracted sensogram, 
characterizing the affinity of candidate drug 
molecule, is depicted in Fig. 4. The binding of 
IR415 increased linearly with time and 
concentration (Fig. 4). The analysis of the 
sensogram revealed linear increase in 
interaction, in response to the increasing 
concentration of the drug followed by complete 
dissociation (Supplemental data 3). The rate of 
association (ka) or the 'on rate' was 4.24x106 M-

1s-1 and the rate of dissociation (kd) or the 'off 
rate' was found to be 8.475x10-3 s-1. Therefore, 
the equilibrium dissociation constant (KD) or 
'binding constant', which is calculated by kd/ ka 
was found to be 2.00x10-9 M or 2 nM.  

Analysis of binding co-efficient 
revealed significant binding as a function of 
concentration of IR415. Statistical analysis 
highlighted the linear increase in association 
between IR415 and the bound HBx with due 
course of time. The instrument proved to be 
extremely sensitive while detecting small 
molecule-protein interactions. A bulk shift in 
the response after reference subtraction was 
observed even after maintaining the same 
concentration of DMSO in each dilution. 
Nevertheless, the analysis shows proportional 
increase in response units to the increasing 
concentration of the drug. Fig. 4B shows the 
SDS PAGE and Western blot of purified 17 

kDa HBx protein used for dicing assay (Fig. 
3A) and SPR experiments. 
 

Transient HBV replication assays and 
pre-genomic RNA quantification upon drug 
exposure- As the virus-encoded suppressors 
have an imperative role in viral genome 
replication, IR415 was expected to have an 
impact on HBV replication. Hence, we next 
analyzed the effect of IR415 on HBV 
replication in a transient HBV replication assay 
(40). Briefly, HepG2 cells were transfected 
with a plasmid containing full-length HBV 
viral genome of 3.2 kb (pHBV). Supernatant 
was harvested 48 hours after the transfection 
and ELISA analysis was carried-out to analyze 
the levels of hepatitis B virus surface antigen 
HBsAg and secretory antigen HBeAg. To know 
the effect of IR415 on viral replication, the 
HepG2 cells transfected and treated with IR415 
was exposed up to 24 or 48 hours. As a positive 
control, transfected cells were treated with 
Tenofovir, a drug currently being used against 
HBV proliferation. As a negative control, a 
random drug from the library with lowest 
binding affinity for HBx or DMSO was used. 
On days 4th and 5th post drug treatment, HBsAg 
and HBeAg levels in the medium were 
measured respectively. Total RNA was isolated 
from the pHBV transfected HepG2 cells on 48 
hours’ post drug exposure and qRT-PCR was 
performed. HBV replication was confirmed by 
qRT-PCR with the detection of HBV-specific 
pre-genomic RNAs. We also measured 
concentration dependent inhibitory effect of 
IR415 in different time points during infection 
cycle and exposure period.  

As shown in Fig. 5A & B, treatment 
reduced the amount of both HBeAg and HBsAg 
in culture medium. A concentration dependent 
inhibitory effect was observed in different time 
points during infection cycle and exposure 
period (Fig. 5C) and HBV replication as 
measured by relative expression of pre-
genomic RNA (fold change) was considerably 
depleted (Fig. 5D) compared to the untreated 
and control groups in three independent 
experiments. Tenofovir treatment also showed 
similar effects as IR415 treatment. Together, 
our results show that a putative 
pharmacological relevant compound IR415 
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inhibits HBV replication by blocking the HBx 
suppressor activity, thereby implying its 
prospective role as an anti-HBV drug 
candidate. 
 
DISCUSSION 
 With the recognition of RNAi as an 
important host antiviral defense mechanism, a 
lot of effort is invested in the discovery of viral 
proteins involved in host RNAi suppression. A 
number of viral encoded suppressors, such as 
SARS virus 7a protein, influenza A virus NS1 
protein have been identified from several 
animal viruses that display RNAi suppression 
activity (10,16,41,42). Our group has recently 
identified NS4B and HBx as viral suppressor 
proteins in dengue and hepatitis B viruses 
respectively (9,13). Importantly, many of these 
VSRs are being considered as targets for new 
drug candidates. Thus, RNAi suppressor 
proteins add to the repertoire of targets for the 
multidimensional antiviral therapies. We had 
earlier described RNAi suppressor activity of 
HBx that acts by blocking the host dicing 
activity. The present study describes the 
identification of compound that blocks of viral 
suppression activity of HBx from a library of 
chemical compounds. 

Since the crystal structure of HBx has 
not been determined, we modeled the structure 
of HBx protein using several computational 
approaches like 3D structure, relevant 
protonation state and multiple tautomeric form 
formation. Similar approaches have been 
routinely performed to illustrate structures of 
macromolecules whose X-ray crystal structures 
are not available (43). Based on conformational 
stability in explicit solvent environments, a 
structure was selected for docking the small 
molecular weight compounds from Maybridge 
library. We chose Maybridge library since it 
represents a collection of small chemical 
entities that are pharmacologically rich and 
have been used by a number of studies to 
identify pharmacophores/inhibitors (44-47). 
The library has a quantifiable diversity through 
the application of standard chemo metrics. To 
identify a potential HBx interacting molecule 
from the library, docking was performed taking 
into consideration various parameters like 
molecular weight, calculated LogP and a 

number of rotatable bonds that 'dock' the 
Maybridge small molecules into the iteratively 
predicted macromolecular structure of target 
HBx. The interaction feasibility scored for their 
probable complementarity based on binding 
affinity for hit identification and lead 
optimization. The most fit small molecules–
HBx interactions predicted by AutoDock Vina 
were selected for in vivo drug profiling studies. 
Following the docking analysis and virtual 
screening, we performed biological screening 
of small molecular weight compounds through 
high throughput screening platform based on 
reversal of silencing assay developed by us 
(9,12,13). The high through put screening 
platform employs a laboratory developed GFP 
expressing HepG2 cell line that also carries a 
GFP-shRNA gene. Transfection of a plasmid 
expressing HBx restored the GFP expression in 
GFP-shRNA expressing line, while a drug that 
binds HBx abrogated the expression of GFP. 
This shRNA guided high-content phenotype-
based assay allows rapid screening of small 
molecular weight compounds with greatest 
efficacy in 24 or 96 well format. Another 
benefit of using this system is that all steps of 
RNAi can be assayed in one screen, as opposed 
to using siRNA induced RNAi. The phenotypic 
pattern thereby indicates a role of RSS specific 
target site inhibition, to small RNA biogenesis 
to defeat the virus-mediated counter defense. 
Based on binding affinities, drug likeliness and 
biological screening, we finally identified a 
candidate drug molecule; IR415 that 
effectively blocked the HBx mediated GFP 
expression. Of several compounds screened, 
IR415 showed the predicted ability to bind to 
HBx’s alpha helix. To confirm whether the 
effect of IR415 was exclusively to HBx and not 
a consequence to its interaction with other 
cellular components, we performed the reversal 
of RNAi silencing experiment in cell types of 
different origin including Huh7 and HEK293 
(data not shown). The effect of the drug 
candidate has remained same for all in respect 
to the control. These results further 
substantiated the unlikely interaction of IR415 
with other cellular components. Additionally, 
to determine the blocking specificity of IR415 
and its exclusivity to HBx’s suppression 
activity, the compound has been used in the 
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presence of another viral suppressor protein, 
the flock house virus suppressor protein 
FHVB2. Negligible reversion of GFP was 
scored with the latter protein, providing 
incompetence of IR415 towards another viral 
suppressors (data not shown). The molecular 
properties of the compound IR415 are given in 
Table S1. We found very limited number of 
experimental studies which investigate its role 
as anti-viral compound. In fact, none of the 
previous studies proposed the binding surface 
for the compound and protein-ligand 
conformation is still not available in the PDB 
(36). However, when docked, the compound 
demonstrated good binding affinity for the 
interface region of HBx surface (Supplemental 
data 1). Fig. 1E describes a putative model of 
IR415 in a homology model of HBx that 
identifies the interactions within the drug-
binding pocket. HBx helices are shown in 
yellow and green. For purposes of clarity, 
residues around IR415 at the HBx binding site 
are displayed.  

VSRs interfere with the host RNAi 
pathways at different steps of RNAi activities; 
some inhibit the processing of dsRNA to 
siRNAs, while others bind siRNAs and 
sequester them, thus preventing their loading to 
RISC complex (48,49). It has been suggested 
that HBx protein suppresses the RNAi response 
by directly inhibiting the dicing process. To 
know whether IR415 acts through this pathway, 
an in vitro dicing assay was performed in the 
presence of HBx protein and IR415 as 
described earlier. Significantly IR415 was able 
to restore the ribonuclease catalysis that was 
blocked by HBx as indicated by the presence of 
siRNAs in the reaction lane, thereby suggesting 
that drug IR415 blocks the suppressor activity 
of HBx and allows siRNA biogenesis.. 

The effective concentration of IR415 
that derived from cell culture experiments was 
further corroborated by estimating binding and 
kinetic constants by SPR analysis using 
Biacore T200 system. The interaction of IR415 
with HBx as revealed by SPR experiments 
substantiated its ability to directly interact with 
HBx and interfere with its biochemical activity. 
A difference in the in vivo and the in vitro 
effective concentrations of IR415 could be a 
consequence of differential rate of drug uptake 

in the discussed approaches. The direct 
interaction of drug with HBx forms a basis of 
specific drug development to block HBx 
function. It is noteworthy that IR415 can be 
further chemically altered for its greater access 
within the HepG2 cells and the altered form 
would then be usable in nanomolar 
concentrations for anti-HBV therapeutic 
treatment. The pharmacokinetic profile of 
IR415 is compatible with human applications. 

HBx exhibits a plethora of activities 
such as in viral replication, transactivation of 
promoters and activation of transcription of 
host genes (31-34,50). However, complete 
suppression of HBV replication e.g., depletion 
of HBsAg is an imperative aim for any kind of 
antiviral treatment to combat against the 
infection. Given its role in viral replication, we 
tested the effect of IR415 that binds HBx 
during the viral replication in an in vitro culture 
assay and compared its efficacy with 
Tenofovir, a potent and selective inhibitor of 
HBV DNA polymerase-reverse transcriptase. 
Anti-HBV nucleoside (Tenofovir) directly 
works at the replication step in the HBV life 
cycle and thereby blocks the replication of 
HBV either at single strand formation or double 
strand formation. Decreased replication of 
HBV results in decreased expression of HBV 
antigens as well (51). Importantly, IR415 was 
just as effective in suppressing HBV RNA 
levels as Tenofovir. Hence IR415 in 
combination with Tenofovir will form an 
extremely potent antiviral drug as these two 
drugs work via independent pathways (Fig. 6). 
To our knowledge this is the first report that 
identifies a small molecular weight 
pharmacological active compound, which 
binds a viral suppressor protein and has an anti-
viral property. 
 
EXPERIMENTAL PROCEDURES 
 

HBx MD simulation analysis- 
Conformational stability of the short-listed 
models was evaluated using Molecular 
Dynamics (MD) simulations in explicit solvent 
model using GROMACS (version 4.5.6) (52). 
To remove extremely unfavourable 
conformational artefact in the predicted 
models, we subjected the latter for restrained 
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energy minimization. The minimized systems 
were allowed to undergo constant volume 
dynamic equilibration (NVT) for about 50000 
steps. This is followed by constant pressure 
dynamics (NPT) of the semi-equilibrated 
structure for 50000 steps at 1 atmosphere. 
Finally, production simulations were carried 
out on the equilibrated structures under 
periodic boundary conditions, with a non-
bonded cut-off of 10 Å. We used partial-mesh 
Ewald method for the treatment of long range 
non-bonded interactions and SHAKE 
algorithm to constrain hydrogen atoms. 
Summarily, the MD simulations were carried 
out at 300 K temperature for 3000 ps. 

High throughput virtual screening- 
Autodock Vina (38) was used to perform 
molecular docking and virtual screening of 
Maybridge drug library. Three dimensional 
grid box was designed using PyRx interface 
around the interface helix on HBx surface, 
which was used as flexible docking site to 
identify compounds with strong binding 
affinity (kcal/mol). The docked compounds 
were subsequently shortlisted for scrutinizing  
their drug-likeliness using Qed software 
(version 1.0.1), which is an RDkit 
(http://rdkit.org) based implementation of 
Biscu-it (http://silicos-it.be). The IR415-HBx 
interaction plot has been generated using 
LIGPLOT (53). 

 
Generation of HepG2 RNAi sensor 

line- HepG2 cells were transfected with 6 µg of 
plasmid construct using pGFP-V-RS series of 
vectors expressing tGFP (OriGene, Rockville, 
USA). For generation of HepG2/GFP control 
cell line pGFP-V-RS vector and for 
HepG2/GFP-shRNA RNAi sensor line, 
previously developed pGFP-V-RS tGFP 
shRNA plasmids (13) were used in the presence 
of jetPRIME transfection reagent (Polyplus, 
USA). The cells were later sloughed and 
reseeded in a 100-mm plate in complete 
DMEM medium with Puromycin concentration 
1 µg/ml to 3 µg/ml for final selection pressure. 
Total RNA was isolated from HepG2/GFP 
control cell and HepG2/GFP-shRNA RNAi 
sensor line and GFP quantification was carried 
out by qRT-PCR using Verso SYBR Green 1-
Step qRT-PCR ROX mix kit in PIKOREAl 96 

detection system (Thermo Scientific). GAPDH 
was used as an endogenous control for RNA 
expression profiling. ShRNA induced GFP 
down regulation was calculated against HepG2 
as negative and HepG2/GFP cell as a positive 
control calibrator using 2−ΔΔC

T method. 20 
days’ post-selection, monoclonal colonies were 
observed and sorted using a cell sorter BD 
FACSJazz™ (BD Biosciences). 
 

Compound library for high through put 
screening- Maybridge Library was obtained 
from Thermo Fisher Scientific and dissolved in 
DMSO. Stock solutions were prepared at 
concentration 10 mM. Putative compounds 
were tested at concentrations between 50-200 
µM. 
 

Reversal of tGFP silencing assay in 
HepG2 cells- HepG2, HepG2/GFP and 
HepG2/GFP-shRNA cells were uniformly 
transferred to 24-well plate containing DMEM 
complete medium with Puromycine with cell 
density 0.8-1.0 x 105/well. HepG2/GFP-
shRNA cells were individually transfected with 
HBx cloned in pCDNA3.1+ vector (Invitrogen) 
in the presence of jetPRIME polyplus 
transfection reagent. The empty vector 
pCDNA3.1+, transfection reagent and DMSO 
were exposed independently to serve as mock. 
After 24 hours of incubation, fresh medium was 
replaced and putative compounds were 
exposed to transfected cells at a concentration 
of 200 µM in 2% DMSO. 24 hours after drug 
exposure cells were processed for FACS 
analysis. All compounds were retested in 
triplicate in three independent experiments. 
 

Fluorescence microscopy and flow 
cytometric analysis- The level of fluorescence 
in the GFP reporter lines, RNAi sensor lines 
and HBx transfected cells were monitored 
using a Nikon Eclipse TE2000-U Fluorescence 
microscope followed by quantification using 
BD FACSJazz (BD Biosciences). The 
percentage of HBx transfected cells that 
reverted back silenced tGFP expression was 
counted by gating the region of control tGFP 
sensored expression in shRNA line using the 
BD FACS Sortware (BD Biosciences) 
software. 

 by guest on July 16, 2017
http://w

w
w

.jbc.org/
D

ow
nloaded from

 

http://www.jbc.org/


Inhibitor of HBx RNAi suppressor 

 9  
 

 
HBx protein purification- HBx was 

cloned into pET28a vector and expressed with 
His-tag fusion followed by purification as 
described earlier (13). Protein-containing 
fractions were pooled, purified to homogeneity, 
and concentrated by ultrafiltration at 3,000 × g 
(centricon-30 with a cut off of 10 kDa) 
followed by dicing assay. For SPR analysis 
protein was dialyzed in 50 mM CAPS and 150 
mM NaCl (pH 11.0). 
 

Dicing assay- Dicing assay was 
performed using human dicing reaction kit 
(Genlantis) and the reaction was carried out as 
described earlier (13). 2 µg of purified HBx 
was tested in specific dicing reactions. Dicer 
was pre-incubated briefly with different 
concentrations of IR415 and treated with HBx 
to investigate the effect of HBx protein on the 
dicing activity. A compound from the library 
with similar structure with IR415 used as a 
negative control to monitor non-specific 
interaction in the dicing reaction. The result 
was visualized using a 5% native 
polyacrylamide gel for the UV visualization. 
Densitometric scanning was performed using 
ImageJ software for the dsRNA and siRNA 
bands of dicing products. 
 

Surface Plasmon Resonance- The 
Surface Plasmon Resonance analysis was 
carried out using a Biacore T200 apparatus (GE 
Healthcare). HBx protein was immobilized on 
an S-Series CM5 sensor chip using 10 mM 
disodium tetra borate (pH 8.5), 1 M NaCl, as 
suggested by the manufacturer.  Following 
immobilization, the surface was blocked by 1M 
ethanolamine (pH 8.5) and regenerated using 
50 mM NaOH. Phosphate Buffered Saline pH 
7.4 supplemented with 2% DMSO was used as 

the running buffer for the experiment. The drug 
IR415 was dissolved in 100% DMSO to a final 
concentration of 10 mM and stored in glass 
vials. Suitable dilutions (50, 100, 200 µM) were 
made prior to the experiment using phosphate 
buffered saline (pH 7.4), while maintaining a 
concentration of 2% DMSO in all samples. The 
experiments were carried out at 25°C and the 
data was analysed using the Biacore T200 SPR 
kinetics evaluation software. 
 

HBeAg and HBsAg measurement upon 
drug exposure- To measure the levels of 
antigens HBsAg and HBeAg, experiments 
were performed in HepG2 cells. Plasmid 
construct with the complete full-length  HBV 
viral genome of 3,221 bp (pHBV) was used in 
transient HBV replication assay (54). After 
forty eight hours transfected cells were treated 
with putative drug candidate. Tenofovir was 
used as positive control against HBV infection. 
To quantify the secreted HBeAg and surface 
HBsAg cell culture supernatant was collected 
and measured forty eight hours after drug 
treatment via in vitro chemiluminescent 
immunoassay (ChLIA). 
 

HBV RNA measurement by qRT-PCR- 
qRT-PCR was performed using the Verso 
SYBR Green 1-Step qRT-PCR ROX mix kit as 
per the manufacturer’s instructions in 
PIKOREAl 96 detection system (Thermo 
Scientific). A cycle threshold (CT) was taken 
into consideration and analysed using the 
2−ΔΔC

T method. The HBV replication 
efficiency was monitored for the pHBV 
transfected cells in terms of HBV pgRNA (pre-
genomic RNA) and core transcripts. The 
intracellular mRNA levels were normalized 
with GAPDH mRNA levels. 
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FIGURE LEGENDS 
 
FIGURE 1. HBx: In silico screening 
(A) Root Mean Square Deviation (RMSD) of HBx model during MD simulation in explicit solvent 
environment. Protein tends to obtain stable conformation after 1500 ps simulation (red line). (B) Ensemble 
of different HBx conformations during complete simulation period. (C-D) Distribution analysis of QED 
score and binding affinity obtained for all the library compounds. For most of the compounds, the drug-
likeliness is high and the largest distribution is obtained near QED score of 0.7. Red line represents the 
respective threshold and direction represents the values within which compounds were retained. (E) The 
AutoDock predicted drug binding orientation of IR415 on the modelled structure HBx. Dashed lines 
represent Hydrogen bonds between the atoms involved, whereas hydrophobic interaction is indicated with 
an arc with spokes radiating towards the ligand atoms they contact. 
 
FIGURE 2. Reversion assay in HepG2 cells as a drug screening platform 
(A) Immunofluorescence analysis and schematic representation of plasmid constructs used for the 
generation of the GFP-expressing HepG2 line, GFP-shRNA RNAi sensor line, GFP-reverted HepG2 cells 
that overexpressed HBx and re-silenced GFP reverted cell treated by small molecule (IR415). (B) Real time 
RT-PCR analysis of GFP transcript to show relative abundance of GFP in different cell lines; HepG2 cells 
with no GFP, HepG2/GFP cells (dark green) and HepG2/GFP-shRNA RNAi sensor line (light green). (C) 
Dot plot analysis from FACs data shows GFP expression in different HepG2 cell lines. Plots depict forward 
vs. side scatters (SSC) for the expression of the GFP reporter at wavelength [488] with FL1 detector 
(530/40). (D) Histogram showing levels of GFP expression in HepG2 cell lines transfected with HBx 
following exposure with IR415 along with suitable controls. (E) Graphical representation of concentration 
dependent denomination of liner suppression activity of IR415 at 50 µM, 100 µM and 200 µM in 
HepG2/GFP-shRNA line transfected with HBx . 
 
FIGURE 3. Dicing Assay 
(A) Native polyacrylamide gel (5%) image of dicing assay. Following electrophoresis, the gel was stained 
with ethidium bromide, photographed and subjected to densitometric analysis. Lane 1: RNA substrate ∼900 
bp as a control (in vitro transcribed), lane 2: dicing control (dicing reaction with 1 unit of Dicer protein and 
1 µg of RNA), lane 3: dicing reaction with RNA substrate, Dicer protein and 2 µg of purified HBx, lane 4: 
dicing reaction with RNA substrate, Dicer protein, HBx and 1 mM IR415, lane 5: dicing reaction with RNA 
substrate, Dicer protein, HBx and 0.1 mM IR415, lane 6: commercially synthesized ~22-mer siRNA control 
of the dsRNA, lane 7: dicing reaction with RNA substrate, Dicer, purified HBx and nonspecific/random 
compound from library, lane 8: RNA substrate with IR415. (B) The relative abundance of siRNA (∼22mers) 
and dsRNAs of the dicing assay. The relative abundance was plotted by using the points generated of 
densitometric scan of siRNA and dicing intermediates. The intensity values were obtained for both 
abundance of dsRNA and siRNA generation in each lane of reaction set. The x-axis represents the RNA 
content corresponding to each specific dicing reaction as explained in (a) and the y -axis represents the 
intensity values obtained for the siRNA and dsRNA regions from the gel. ImageJ software was used for the 
densitometric scan. 
 
FIGURE 4. Analysis of molecular interaction of IR415 with HBx by SPR 
(A) (i) Sensogram showing the binding of HBx with varying concentrations 50 µM (Red), 100 µM (Green) 
and 200 µM (Cyan) of IR415. (B) Detection of purified HBx by means of SDS-PAGE and western blot.  
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FIGURE 5. HBV antigen kinetics and pre-genomic RNA level upon drug exposure  
(A), (B) The level of HBeAg and HBsAg was measured at different time points. Antigen titers were counted 
for HepG2 cells transfected with full length pHBV plasmid that contains 3.5 kb HBV genome. Tenofovir 
is considered as positive control and DMSO as negative control. 24/24 denotes 24 hours’ incubation of 
pHBV and 24 hours’ treatment with IR415. 48/48 hours indicates 48 hours’ incubation of pHBV for viral 
proliferation and 48 hours’ exposure post drug treatment. (C) Concentration dependent inhibition constrains 
of IR415 has been significant for both HBeAg and HBsAg production both during 24 and 48 hours’ 
exposure. (D) The level of pre-genomic RNA of HBV post drug exposure. Log2 value of fold change for 
pre-genomic RNA in reference to HBV transfected control cell line. The Mean levels (±SD) were calculated 
from three replicate transfections. IU/ml measures the antigen titre for assessment of the analytical 
sensitivity of HBeAg assay which indicates active viral replication and infectivity.  
 
FIGURE 6. HBx drug interaction model 
Pictorial representation of  HBV cycle  in infected cell  and site of interaction of IR415 and Tenofovir and 
their effect on virus replication 
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