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Abstract

Nucleos(t)ide analog drugs profoundly suppress Hepatitis B Virus (HBV) replication but rarely

cure the infection, so therapy is usually life-long. The nucleos(t)ide analogs inhibit the viral DNA

polymerase and often push HBV to the brink of extinction, so it may be possible to eradicate HBV

by suppressing HBV replication further. The HBV ribonuclease H (RNaseH) is a logical new drug

target because it is the second of only two viral enzymes essential for viral replication. We

recently developed a low throughput screening pipeline for inhibitors of the HBV RNaseH and

viral replication. Here, we screened a series of twenty-three nitrogen-based polyoxygenated

heterocycles including sixteen 2-hydroxyisoquinoline-1,3(2H,4H)-dione derivatives for anti-HBV

RNaseH activity. Nine compounds inhibited the HBV RNaseH, but activity was marginal for eight

of them. Compound #1 [2-hydroxyisoquinoline-1,3(2H,4H)-dione, HID] was the best hit with an

IC50 of 28.1 µM and an EC50 of 4.2 µM. It preferentially suppressed accumulation of the viral

plus-polarity DNA strand in replication inhibition assays, indicating that replication was blocked

due to suppression of HBV RNaseH activity. It had a CC50 of 75 µM, yielding a therapeutic index

of ~18. The EC50 value was 7-fold lower than the IC50, possibly due to cellular retention or
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metabolism of the compound, or higher affinity for the full-length enzyme than the recombinant

form used for screening. These data indicate that the 2-hydroxyisoquinoline-1,3(2H,4H)-diones

will have different structure-activity relationships for the HBV and HIV RNaseHs. Therefore, HID

compounds may provide a foundation for development of more effective RNaseH inhibitors of

HBV replication.
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Introduction

Hepatitis B virus (HBV) infection causes chronic hepatitis B (CHB), an inflammatory liver

disease that affects up to 350 million people world-wide. CHB causes >600,000 deaths each

year due to cirrhosis, liver failure, and hepatocellular carcinoma (Ganem and Prince, 2004;

Gerlich, 2013; Sorrell et al., 2009).

CHB is primarily treated with nucleos(t)ide analogs (Kwon and Lok, 2011; Sorrell et al.,

2009). These drugs can reduce viral titers by 4–5 log10, often to below the limit of clinical

detection (Marcellin et al., 2008; van Bommel et al., 2010; Woo et al., 2010). However, only

a few patients clear the virus as measured by disappearance of the HBV surface antigen

(HBsAg) from serum and the rise of anti-HBsAg antibodies (Block et al., 2013; Woo et al.,

2010; Wursthorn et al., 2010). Although the rate of seroconversion in patients on

nucleos(t)ide analog therapy is higher than in untreated patients (Gish et al., 2010), the

overwhelming majority remain chronically infected and dependent upon drug regimens

costing up to $600 per month (Buti et al., 2009; Toy, 2013). Achieving higher rates of HBV

clearance will thus necessitate development of new therapies that will probably be used in

combination with the nucleos(t)ides to augment antiviral efficacy and drive the virus to

extinction (Tavis et al., 2013b).

HBV replicates by reverse transcription catalyzed by the viral polymerase protein, which has

two enzymatic activities in different domains. The DNA polymerase synthesizes the viral

DNA and is the target of the nucleos(t)ide analogs (Ghany and Liang, 2007). The

ribonuclease H (RNaseH) degrades the viral RNA after it has been copied into the minus-

polarity DNA strand to permit synthesis of the viral plus-polarity DNA strand. The RNaseH

is not targeted by existing drugs primarily due to difficulties in establishing screening

assays. We recently developed a low-throughput screening pipeline for HBV RNaseH

inhibitors (Hu et al., 2013; Tavis et al., 2013a), opening the door to anti-RNaseH drug

discovery.

Many inhibitors of the HIV RNaseH have been identified (Ilina et al., 2012; Klumpp and

Mirzadegan, 2006; Tramontano and Di Santo, 2010; Yu et al., 2008). We previously

demonstrated that >20% of compounds selected for the ability to suppress the HIV RNaseH

suppress the HBV enzyme, and found that a napthyridinone derivative (compound #12;

structures are in Fig. 1) and β-thujaplicinol (compound #46) can suppress viral replication in

cells by inhibiting the viral RNaseH (Hu et al., 2013; Tavis et al., 2013a). Here, we analyzed

Cai et al. Page 2

Antiviral Res. Author manuscript; available in PMC 2015 August 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



2-hydroxyisoquinoline-1,3(2H,4H)-dione (HID) derivatives (Billamboz et al., 2008;

Billamboz et al., 2011a; Billamboz et al., 2011b; Billamboz et al., 2013; Desimmie et al.,

2013; Hang et al., 2004; Klumpp et al., 2003; Suchaud et al., 2014) and structurally related

compounds for their ability to inhibit HBV RNaseH activity and viral replication based on

the ability of this compound class to inhibit the HIV enzyme, with the goal of determining

whether HID compounds may be suitable for development as anti-HBV drugs.

2. Materials and methods

2.1. Compound acquisition and synthesis

Compounds (Table 1 and Fig. 1) were acquired commercially or were synthesized according

to previously reported methods [#78 (Billamboz et al., 2008); #79–80 (Billamboz et al.,

2011a); #81 (Billamboz et al., 2011b); #82–85 and #90–91 (Billamboz et al., 2013); #86–89

(Suchaud et al., 2014)]. The synthetic methods and compound characterizations are

described in the supporting information. All compounds were dissolved in dimethyl

sulfoxide (DMSO) and stored at −80°C.

2.2. RNaseH expression and purification

HBV RNaseH and human RNaseH1 were expressed in E. coli, partially purified by nickel-

affinity chromatography, and stored in liquid nitrogen as described (Tavis et al., 2013a).

2.3. Oligonucleotide-directed RNA cleavage assay

Olignonucleotide-directed RNA cleavage assays were conducted as previously described

(Hu et al., 2013; Tavis et al., 2013a). Briefly, a 32P-labeled RNA was combined with a

complementary DNA oligonucleotide or a non-complementary oligonucleotide. This

substrate was incubated with RNaseH and test compounds in 50 mM Tris pH 8.0, 190 mM

NaCl, 5 mM MgCl2, 3.5 mM DTT, 0.05% NP40, 6% glycerol, and 1% DMSO at 42°C for

90 minutes. The products were resolved by electrophoresis, detected by audioradiography,

and quantified using ImageJ. IC50 values were calculated with GraphPad Prism.

2.4. HBV replication assay

HepDES19 cells contain a genotype D HBV genome under control of a tetracycline-

repressible promoter (Guo et al., 2007). Cells (0.6 × 106) were seeded into 6-well plates and

incubated in DMEM/F12, 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S)

with 1 µl/ml tetracycline. Tetracycline was withdrawn after 24 hours. Compound #1 was

applied to duplicate wells 48 hours later in culture medium containing a final DMSO

concentration of 1%. Medium containing the compound was refreshed daily for the

following two days. Cells were harvested and non-encapsidated nucleic acids were digested

with micrococcal nuclease (New England Biolabs) as described (Hu et al., 2013). HBV

DNA was purified from capsids using QIAamp Cador Pathogen Mini Kit according to the

manufacturer’s instructions (Qiagen) with proteinase K incubation overnight at 37°C.

TaqMan PCR was performed for 40 cycles at an annealing temperature of 60 °C. Primers

and probe (IDT Inc.) for the plus-polarity strand were:

5’CATGAACAAGAGATGATTAGGCAGAG3’;

5’GGAGGCTGTAGGCATAAATTGG3’; 5’/56-FAM/CTGCGCACC/ZEN/
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AGCACCATGCA/3IABkFQ. Primers and probe for the minus-polarity strand were:

5’GCAGATGAGAAGGCACAGA3’; 5’CTTCTCCGTCTGCCGTT3’; 5’/56-FAM/

AGTCCGCGT/ZEN/AAAGAGAGGTGCG/3IABkFQ.

2.5. Cytotoxicity assays

Ninety-six well plates were seeded with 1.0 × 104 HepDES19 cells per well and incubated in

DMEM with 10% FBS plus 1% P/S, 1% non-essential amino acids, and 1% glutamine.

Compound #1 was diluted in medium and applied to cells 24 hours after plating, with each

concentration tested in triplicate. Medium containing the compound was refreshed daily for

the next two days. Thiazolyl blue tetrazolium bromide (MTT, Sigma) was added to 0.25

mg/ml, the cultures were incubated for 60 minutes, metabolites were solubilized in acidic

isopropanol, and absorbance was read at 570 nM. Cytotoxicity was also measured under the

same culture conditions using the CytoTox-Glo assay (Promega) as recommended by the

manufacturer.

3. Results

3.1. Biochemical screening against the HBV RNaseH

Twenty-three HID or related compounds (Table 1 and Fig. 1) were screened for anti-HBV

RNaseH activity. First, a qualitative primary screening assay was performed against

recombinant genotype D HBV RNaseH, then a qualitative assay was conducted against a

genotype C isolate, and finally IC50 values were determined for select compounds against

the genotype D and/or C enzymes. Screening employed an oligonucleotide-directed RNA

cleavage assay (Fig. 2A) in which a 264 nucleotide long internally 32P-labeled RNA is

annealed to a 20 nucleotide complementary DNA oligonucleotide or a non-complementary

oligonucleotide as a specificity control. This heteroduplex substrate is incubated with the

RNaseH along with the test compounds, and the cleavage products are resolved by

electrophoresis (Hu et al., 2013; Tavis et al., 2013a).

The compounds were employed at 60, 20, and 10 µM in the qualitative screens. Nine

compounds had activity at ≤60 µM against either the genotype D or C enzymes, but activity

was very weak for eight of them. The only compound with substantial activity was #1 [2-

hydroxyisoquinoline-1,3(2H,4H)-dione, HID], which inhibited both of these versions of the

HBV enzyme at 10 µM (Table 1 and Fig. 2B). The potential for these results to be due to

contamination of our enzyme extracts with E. coli RNaseH was excluded because compound

#1 was inactive against the bacterial RNaseH (Fig. 2C). IC50 values were determined for

compound #1 against both genotype D and C enzymes, and also against compounds #43, 44,

45, and 87 for comparison. Compound #1 had IC50 values of 28.1 ± 9.7 and 30.4 ± 12.9 µM

against the genotype D and C enzymes, respectively, whereas IC50 values were >100 µM for

the other compounds (Fig. 3 and Table 1).

3.2. Counter-screening against human RNaseH1

The compounds were counter-screened against recombinant human RNaseH1 in an initial

effort to identify inhibitors with the least probability of being toxic. Thirteen compounds

were active against the human enzyme at 10 or 20 µM, and two had activity at 60 µM (Table
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1). The inhibition patterns differed between the HBV and human RNaseHs, with greater

activity against the human enzyme usually being observed. Therefore, many HID

compounds inhibited human RNaseH1, but the inhibition patterns against the HBV and

human and RNaseHs were distinct.

3.3. HBV replication inhibition

Compound #1 was tested against HBV replication because it inhibited genotypes D and C

RNaseHs well but had only moderate activity against human RNaseH1. Inhibiting the HBV

RNaseH during viral replication suppresses production of the viral positive-polarity DNA

strand and causes truncation of many minus-polarity DNA strands (Chen et al., 1994; Hu et

al., 2013; Tavis et al., 2013a). Therefore, we employed strand-preferential quantitative PCR

to measure accumulation of each viral DNA strand in the presence of compound #1 (Fig.

4A). In this assay, plus-polarity DNA preferential PCR depends upon amplification of the

viral DNA across the gap in the minus-polarity DNA strand. Minus-polarity DNA

preferential PCR depends on placing the amplification primers just upstream of the start site

for the plus-polarity strand; this detects few plus-polarity strands because most plus-strand

DNAs are shorter than full length (Tavis and Badtke, 2009). Fig. 4B demonstrates that the

plus- and minus-polarity preferential PCR primers detected double-stranded HBV DNA

with equal efficiency.

HBV replication was measured in HepDES19 cells (Guo et al., 2007), which are HepG2

cells stably transfected with a HBV genotype D genome under control of a tetracycline-

repressible promoter. HBV induction kinetics were established by withdrawing tetracycline

from the medium and harvesting intracellular capsid particles over the next 6 days. The

cytoplasmic extracts containing the capsid particles were treated with micrococcal nuclease

to destroy contaminating chromosomal DNA, the viral DNAs were released from the capsid

particles by proteinase K digestion, and then the amount of plus-polarity HBV DNA

recovered within the capsids was measured by qualitative PCR (Fig. 4C). Control

experiments in which the PCR reactions were done without releasing DNA from the capsid

particles failed to detect HBV DNA, confirming that the DNAs detected were derived from

the HBV capsids (data not shown). Newly synthesized HBV DNA became detectable 3 days

after withdrawal of tetracycline from the medium, and sufficient viral DNA to support

reliable quantification of HBV replication accumulated by 5 days after withdrawal of

tetracycline.

To measure the effect of compound #1 on HBV replication, HepDES19 cells were incubated

for two days without tetracycline to initiate HBV replication. The cultures were then treated

with compound #1 for three additional days, with provision of fresh medium plus compound

every 24 hours. HBV DNAs were purified from viral capsids and viral DNA levels were

measured by quantitative PCR. Compound #1 suppressed HBV replication in qualitative

replication inhibition assays at 60, 20, and 10 µM (Table 2). Quantitative assays revealed an

EC50 of 4.2 ± 1.4 µM against plus-polarity HBV DNA (Fig. 4D). The minus-polarity DNA

strand in the same samples was not suppressed by treatment with compound #1; rather, its

accumulation was somewhat enhanced. Therefore, synthesis of mature HBV genomes was

suppressed by compound #1 via inhibition of the viral RNaseH activity.
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3.4. Toxicity

Cytotoxicity of compound #1 was assessed in HepDES19 cells using an MTT assay under

culture conditions analogous to those used for the replication inhibition assays (Fig. 5) or by

measuring cell rupture (Table 2). CC50 values were 74.7 ± 24 and 87 µM by the MTT and

cell-rupture assays, respectively. These values were much higher than the EC50 for

compound #1, leading to a therapeutic index (TI) of 17.8.

4. Discussion

Screening compound classes known to suppress HIV RNaseH activity previously led us to

identify a napthyridinone derivative [compound #12 (Tavis et al., 2013a)] and β-

thujaplicinol [compound #46 (Hu et al., 2013)] as inhibitors of HBV RNaseH activity and

HBV genomic replication. Here, 15 HID compounds and 8 polyoxygenated nitrogen-

containing heterocycles were screened against the HBV RNaseH. Eight very weak and one

robust inhibitor were identified (Table 1).

The compounds were screened against HBV RNaseH enzymes from both genotypes C and

D to maximize chances of finding hits with efficacy against genetically divergent HBV

isolates. There was discord in efficacy of the compounds between the two genotypes for the

weak inhibitors, but this was not surprising given that their activity was at the detection limit

of our assays. However, compound #1 was equally effective against both genotype C and D

enzymes (Table 1 and Fig. 3). Therefore, it is possible to identify HID compounds that can

inhibit RNaseH enzymes from multiple HBV genotypes.

The compounds were counter-screened against human RNaseH1 as a first step toward

eliminating compounds with unacceptable toxicity. Fifteen compounds inhibited the human

RNaseH1, and many had robust activity at 10 µM (Table 1). Compound #1 was modestly

active against the human RNaseH1, with detectable inhibition as low as 20 µM. Therefore,

development of HIDs for use in humans will require care to exploit structure-activity

relationship (SAR) differences between the human and HBV RNaseH enzymes.

A previous study of the HID scaffold with substitutions at the 7-carbon position revealed

widely varying degrees of inhibition of the HIV RNaseH (Billamboz et al., 2008). Inhibition

of the HIV RNaseH did not predict inhibition of the HBV enzyme. For example, compound

#1 has an IC50 of 5.9 µM against the HIV RNaseH (Billamboz et al., 2008; Billamboz et al.,

2011b), which is ~5-fold lower than its efficacy against the HBV enzyme, while compound

#81 strongly inhibits the HIV RNaseH (IC50 = 61 nM) (Billamboz et al., 2011b) but had

negligible activity against the HBV enzyme (Table 1).

HID compounds inhibit the HIV RNaseH by chelating the active site divalent cations via

interactions with the three oxygen atoms of the N-hydroxyimide function of the isoquinoline

ring (Billamboz et al., 2011b; Klumpp et al., 2003). Our results are consistent with this

mechanism also applying to the HBV RNaseH. Furthermore, the data establish four

constraints on the SAR for HID compounds against the HBV enzyme. First, all three

oxygens in the isoquinoline heterocycle appear to be needed for robust inhibition of the

HBV enzyme. Compounds #41–44 lacking one keto function were poorly inactive against
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the HBV RNaseH. Second, the inactivity of compounds #138 and 139 against the HBV

enzyme indicates that the nitrogen-containing six-member ring cannot be contracted to five

atoms despite the apparent conservation of the metal-binding N-hydroxyimide function. This

is similar to previous observations with influenza endonuclease inhibitors (Parkes et al.,

2003). Third, introducing extended side chains at position 4 of the scaffold is detrimental

(compounds #79–91), although compounds #83–86 showed weak inhibition of HBV

genotype D at 60 µM. This is in contrast to the HIV RNaseH, in which some compounds

displayed significant inhibition. For example, compound #79 had an IC50 of 13.2 µM

(Billamboz et al., 2011a), and compounds #86 and 89 induced 41.2 % and 67.2% inhibition

at 10 µM, respectively (Suchaud et al., 2014). The discrepancy between HIV and HBV

inhibition was even greater with the addition of an electron-withdrawing group such as a

methoxycarbonyl moiety at position 4, which greatly bolstered anti-RNaseH activity of

compound #81 against the HIV enzyme (Billamboz et al., 2011b). Finally, comparing

compounds #1 and #45 reveals that joining positions 4 and 5 of the scaffold with a phenyl

ring is not permissible. This supports a metal chelating mechanism for HBV RNase H

inhibition similar to the HIV RNaseH and integrase mechanism. Indeed, we previously

showed that enolization of the keto function at position 3 is required for optimal magnesium

chelation (Billamboz et al., 2011b), and this process is not possible for compound #45.

Only compound #1 met the criteria of our screening pipeline for assessment against HBV

replication. It had an EC50 of 4.2 ± 1.4 µM against replication of a genotype D HBV

genome, compared to ~5 µM for β-thujaplicinol [compound #46, (Hu et al., 2013)] and <10

µM for the napthyridinone derivative [compound #12, (Tavis et al., 2013a)]. Suppressing

HBV RNaseH activity blocks accumulation of the viral plus-polarity DNA strand (Chen et

al., 1994; Hu et al., 2013; Tavis et al., 2013a). As predicted from the biochemical analyses,

inhibition of HBV replication by compound #1 occurred by blocking the viral RNaseH

activity because accumulation of the plus-polarity HBV DNA strand was strongly inhibited,

while the minus-polarity DNA strand was not suppressed (Fig 4D). Moderate cytotoxicity

was observed, with CC50 values of about 75 and 87 µM by the MTT and cell rupture assays,

respectively (Table 2 and Fig. 5). This led to a TI of 17.8.

Compound #1 inhibited HBV replication at a ~7-fold lower concentration than it suppressed

the HBV RNaseH in the biochemical assays (EC50 = 4.2 µM vs. IC50 = 28.1 µM for

genotype D). This was unexpected given that the EC50 values for the other compounds that

we have tested were similar or higher than their IC50 values [(Hu et al., 2013; Tavis et al.,

2013a) and unpublished]. This could be due to cellular retention or metabolism of the

compound, or to higher affinity for the full-length enzyme than the truncated recombinant

form used for screening.

One HID compound, 2-hydroxy-4-methoxycarbonylisoquinoline-1,3(2H,4H)-dione

[compound #81 in this paper = compound # 3 in (Billamboz et al., 2011b)], was previously

found to inhibit HIV replication in MT-4 cells with an EC50 of 13.4 µM, presumably by

blocking the HIV RNaseH. However, several other HIDs did not clearly suppress HIV

replication, in part due to toxicity. Thus, the EC50 values for most of these compounds

against HIV, including compound #1, exceeded their CC50 values (Billamboz et al., 2008;
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Billamboz et al., 2011a; Billamboz et al., 2011b). This has precluded their development as

anti-HIV agents.

Compound #1 shares some similarities to a napthyridinone compound that we previously

reported to inhibit HBV replication (compound #12, Fig. 1) (Tavis et al., 2013a). They both

display a bicyclic framework and a triad of metal chelating heteroatoms, but there are also

major differences. First, the metal-chelating moiety is embedded into the bicyclic framework

in the napthyridinone derivative since the N-8 nitrogen atom participates in metal chelation

with the hydroxyl and keto functions at positions 1 and 2 (Fig. 1). In contrast, the three-

oxygen metal-chelating moiety is located on a single ring in compound #1 (Fig. 1). Second,

the orientation of the metal-chelating moieties relative to the aromatic ring is different.

Third, there is a long side aminomethyldiphenylmethyl chain extending from the position 4

on the 1-hydroxy-1,8-naphthyridin-2(1H)-one ring. Thus, comparing compounds #1 and 12

may help guide development of an effective HBV RNaseH inhibitor. A crystal structure of

the HBV RNaseH catalytic core would be very helpful for the design of catalytic inhibitors,

but a structure is not available.

This series of HIDs showed that substitution of the scaffold at position 4 by alkyl groups and

by ester and amide functions did not favor HBV RNaseH inhibition. The only potent

compound was the unsubstituted compound #1, so other modifications of this hit,

particularly on the aromatic ring, will be necessary to gain further insight into the SARs of

the HID scaffold. Positioning a long side chain on the aromatic ring analogous to the

naphthyridinone structure is an interesting possibility for pharmacomodulation.

As the design of clinically useful anti-RNaseH compounds becomes possible, so does the

possibility of creating novel combination drug therapies for CHB that could suppress viral

replication further than is currently possible in most patients. Combination therapy would be

predicted to reduce the incidence of drug resistance seen with the inexpensive, older

nucleos(t)ide such as lamivudine (Shaw et al., 2006; Zoulim and Locarnini, 2009).

Therefore, development of RNaseH inhibitors could extend the time that the NAs remain

effective. This could reduce the cost of treatment, which would be particularly important in

the developing world where the bulk of CHB patients reside. However, the optimal outcome

from development of anti-RNaseH drugs would be to devise a combination therapy that

suppresses viral replication far enough to eradicate CHB. This would alleviate the immense

health burdens imposed by HBV on the millions of afflicted people in the world.
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Abbreviations

HBV Hepatitis B virus

CHB chronic hepatitis B

NA nucleos(t)ide analogs

RNaseH ribonuclease H

HIV human immunodeficiency virus

HID 2-hydroxyisoquinoline-1,3(2H,4H)-dione compounds

DMSO dimethyl sulfoxide

IC50 50% inhibitory concentration

MTT thiazolyl blue tetrazolium bromide

EC50 50% effective concentration

CC50 50% cytotoxic concentration

TI therapeutic index

SAR structure-activity relationship.
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Highlights

• An HID compound inhibits HBV RNaseH activity with a low micromolar IC50.

• The compound inhibits HBV replication in culture by blocking the viral

RNaseH.

• HBV replication is inhibited with an EC50 of 4.2 µM and a TI of about 18.

• HID compounds may provide a promising scaffold for anti-HBV drug

development.
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Fig. 1. Structures of the compounds used or discussed in this study
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Fig. 2. Representative primary biochemical screening assays for the HBV RNaseH
A. The oligonucleotide-directed RNaseH assay. Internally radiolabeled RNA is bound to a

complementary DNA oligonucleotide, and the RNaseH cleaves the RNA within the

DNA:RNA heteroduplexes. RNA, black line; DNA, grey line; S, RNA substrate; P1 and P2,

RNaseH cleavage products. B. Representative primary screening assay employing HBV

genotype D RNaseH. DMSO, vehicle control. C. E. coli RNaseH activity was not affected

by compound #1 in the oligonucleotide-directed cleavage assay under identical conditions.
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Fig. 3. Dose-response curves with compound #1 in the oligonucleotide-directed RNA cleavage
assay against the HBV RNaseH
A. Genotype D RNaseH. B. Genotype C RNaseH. The curves are from representative

assays. The numerical values are the average ± one standard deviation from three or four

independent assays.
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Fig. 4. Effect of compound #1 on HBV replication
A. Basis for the strand-preferential PCR reactions. The minus-polarity preferential primers/

probe are upstream of the start site for the plus-polarity DNA, and the plus-polarity

preferential primers/probe cross the gap in the minus-polarity DNA. Grey, minus-polarity

DNA strand; black, plus-polarity strand; oval, the covalently-attached viral polymerase

protein; arrows, 3’ ends of the DNAs. B. Relative sensitivity of the plus- and minus-polarity

preferential primers against a double-stranded HBV DNA template. A linear HBV DNA was

serially diluted and used as a template for quantitative PCR employing the strand-

preferential primers. Filled circles, plus-polarity preferential primers; open circles, minus-

polarity preferential primers. Error bars are ± one standard deviation from three independent

assays. C. HBV induction kinetics in HepDES19 cells. Tetracycline was withdrawn from the

medium, cytoplasmic HBV capsid particles were purified 1 to 6 days later, and plus-polarity

HBV DNA derived from the capsid particles was measured by quantitative PCR. D.
Inhibition of HBV plus-polarity synthesis by compound #1. Viral nucleic acids were

purified from cytoplasmic capsid particles from cells replicating HBV in the presence of

varying concentrations of compound #1. Quantitative PCR preferential for plus- and minus-

polarity strands of HBV DNA was performed to measure the effect of compound # 1 on

accumulation of plus- (black) and minus- (grey) strand HBV DNA. The results were

normalized to the DMSO vehicle control. Data are the mean ± one standard error of the

mean from three independent experiments each performed in duplicate.
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Fig. 5. MTT toxicity assay for compound #1
An MTT assay was conducted in the presence of varying concentrations of compound #1

under culture conditions analogous to the replication assay in Fig. 4D. The curve is from a

representative assay. The CC50 value is the average ± one standard deviation from three

independent assays.
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Table 2

Inhibition of HBV replication by compound #1

Replication inhibitiona Cytotxicityb

Qualitative +++ MTT 74.7 ± 24

Quantitative 4.2 ± 1.4 Cell rupture 87

a
+++, inhibition at ≤10 µM or CC50 (µM)

b
CC50 (µM)

Antiviral Res. Author manuscript; available in PMC 2015 August 01.


