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Hepatitis B virus (HBV) is a hepatotropic DNA virus that replicates by reverse transcription. It chronically
infects >350 million people and kills about 1 million patients annually. Therapy primarily employs
nucleos(t)ide analogs that suppress viral DNA synthesis by the viral reverse transcriptase very well but
that rarely cure the infection, so additional therapies are needed. Reverse transcription requires the viral
ribonuclease H (RNAseH) to destroy the viral RNA after it has been copied into DNA. We recently
produced active recombinant HBV RNAseH and demonstrated that Human Immunodeficiency Virus
(HIV) RNAseH antagonists could inhibit the HBV enzyme at a high frequency. Here, we extended these
results to b-thujaplicinol, a hydroxylated tropolone which inhibits the HIV RNAseH. b-Thujaplicinol
inhibited RNAseHs from HBV genotype D and H in biochemical assays with IC50 values of 5.9 ± 0.7 and
2.3 ± 1.7 lM, respectively. It blocked replication of HBV genotypes A and D in culture by inhibiting the
RNAseH activity with an estimated EC50 of �5 lM and a CC50 of 10.1 ± 1.7 lM. Activity of b-thujaplicinol
against RNAseH sequences from multiple HBV genotypes implies that if chemical derivatives of
b-thujaplicinol with improved efficacy and reduced toxicity can be identified, they would have promise
as anti-HBV agents.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Hepatitis B virus (HBV) is a hepatotropic DNA virus that
replicates by reverse transcription (Seeger et al., 2007). It has 8
genotypes (A–H) that differ by >8% at the nucleotide level (Kramvis
et al., 2005; Kurbanov et al., 2010). HBV chronically infects >350
million people world-wide and causes liver failure and hepatocel-
lular carcinoma, resulting in about 1 million deaths per year
(Ganem and Prince, 2004; Lavanchy, 2004; Shepard et al., 2006;
Sorrell et al., 2009).

HBV therapy primarily employs nucleos(t)ide analog drugs that
suppress DNA synthesis by the viral polymerase protein (Cox and
Tillmann, 2011; Kwon and Lok, 2011) by 4–5 log10 in up to 70–
90% patients, often to below the typical detection limit of
�200 copies/ml (Marcellin et al., 2008; van Bommel et al., 2010;
Woo et al., 2010). Nucleos(t)ide therapy also reduces the nuclear
episomal form of the HBV genome (covalently-closed circular
DNA, cccDNA) in the liver by �1 log10 after 1–2 years (Cheng
et al., 2011; Werle-Lapostolle et al., 2004; Wong et al., 2006).
However, the nucleos(t)ide analogs eradicate HBV in only 3–6%
of patients, even after years of treatment (Marcellin et al., 2008;
van Bommel et al., 2010; Woo et al., 2010; Wursthorn et al.,
2010). Therefore, treatment is essentially life-long, with ongoing
expenses of $400–600/month (Buti et al., 2009; Lui et al., 2010;
Ruggeri et al., 2011) and the potential for long-term side effects.

HBV reverse transcription occurs within nascent viral capsid
particles in the cytoplasm (Fig. 1). Newly synthesized HBV
genomes can either be secreted as virions, or they can be
transported into the nucleus to replenish the cccDNA (Levrero
et al., 2009; Tuttleman et al., 1986; Zoulim, 2004). The cccDNA is
key to HBV persistence because it is the template for all HBV RNAs
(Levrero et al., 2009; Zoulim, 2004), and hence curing HBV means
eliminating the cccDNA. The nucleos(t)ide analogs suppress viral
DNA titres well in most patients but they rarely eradicate the virus,
in part because residual viral reverse transcription is sufficient to
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Fig. 1. Role of RNAseH inhibitors in blocking HBV replication and cccDNA
accumulation. HBV reverse transcription occurs in cytoplasmic capsid particles.
The viral RNA is encapsidated by the viral capsid protein HBc, copied by the viral
polymerase to minus-polarity DNA, and then plus-polarity DNA strand is made.
Mature capsid particles can either be transported to the nucleus to replenish the
cccDNA, or they can be secreted as virions. RNAseH inhibitors would block plus-
polarity DNA synthesis and consequently would suppress both secretion of
functional virions and cccDNA replenishment. The hepatocyte is represented as a
rectangle, the nucleus as an oval, HBV capsid particles as hexagons, and enveloped
HBV virions as hexagons within a circle. RNAs are grey and DNAs are black. The
figure is modified from Fig. 1 in Tavis et al. (Tavis et al., 2013) under the creative
commons license.
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support some cccDNA replenishment even in the absence of clini-
cally detectable viremia. Residual replication during antiviral ther-
apy is demonstrated by sequential accumulation of resistance
mutations in the reverse transcriptase (Coffin et al., 2011; Ghany
and Liang, 2007; Lee et al., 2013; Monto et al., 2010; Zoulim and
Locarnini, 2009). Therefore, more patients may be cured if HBV
replication could be suppressed far enough to suppress cccDNA
replenishment rather than just blocking virion secretion, as is the
usual outcome of nucleos(t)ide analog therapy.

HBV reverse transcription requires destruction of the viral geno-
mic RNA after it has been copied into minus-polarity DNA to permit
synthesis of the plus-polarity DNA strand. This process is catalyzed
by the ribonuclease H (RNAseH) activity encoded at the C-terminus
of the multifunctional viral polymerase protein. RNAseH enzymes
are members of the nucleotidyl transferase superfamily, which also
includes the retroviral integrases (Nowotny, 2009; Yang and Steitz,
1995). The canonical RNAseH structure is comprised of about
100 aa and the active site contains four conserved carboxylates
(the ‘‘DEDD’’ motif) that coordinate two essential divalent cations,
usually Mg+2 (Nowotny et al., 2005). The enzymatic mechanism is
believed to involve both divalent cations (Klumpp et al., 2003; Yang
and Steitz, 1995), and mutating HBV DEDD residues ablates RNA-
seH activity (Tavis et al., 2013). The similarity among the RNAseH
and integrase enzymes is high enough that some inhibitors of the
Human Immunodeficiency Virus (HIV) integrase can inhibit the
HIV RNAseH and vice versa (Billamboz et al., 2008, 2011; Klarmann
et al., 2002; Shaw-Reid et al., 2003; Williams et al., 2010).

Ablating the HBV RNAseH activity results in incomplete HBV
genomes. This causes secretion of HBV particles with defective
genomes (Gerelsaikhan et al., 1996; Wei et al., 1996), and would
either block transport of the newly-synthesized genomes into the
nucleus or prevent repair of the incomplete viral DNA into its
biologically active cccDNA form (Fig. 1). Consequently, RNAseH
inhibitors could augment the existing nucleos(t)ide analog drugs
to improve suppression of the cccDNA. We hypothesized that the
similarities between the HBV RNAseH and the HIV RNAseH and
integrase enzymes would lead anti-HIV RNAseH and integrase
compounds to inhibit the HBV enzyme at a high frequency. To test
this hypothesis, we recently produced active recombinant HBV
RNAseH and screened 21 compounds predicted to be RNAseH
inhibitors based on previous work with HIV (Tavis et al., 2013).
Twelve compounds inhibited the HBV RNAseH at 610 lM in
biochemical assays, and one inhibited HBV replication in cell culture
at low micromolar concentrations by blocking RNAseH activity.

b-Thujaplicinol (bTJ) is a hydroxylated tropolone isolated from
the heartwood of Western Red Cedar trees that inhibits the HIV-1
RNAseH with a 50% inhibitory activity (IC50) of 0.2–0.3 lM
(Beilhartz et al., 2009; Budihas et al., 2005; Farias et al., 2011).
It binds to the HIV-1 RNAseH active site and inhibits the enzyme
by chelating the Mg+2 ions (Beilhartz et al., 2009; Farias et al.,
2011; Himmel et al., 2009). Therefore, we extended our search
for inhibitors of the HBV RNAseH by asking whether bTJ could
inhibit the HBV RNAseH.
2. Materials and methods

2.1. Plasmids and viral strains employed

Codon-optimized coding sequences for recombinant genotypes
D and H HBV RNAseH (HRHPL) with a C-terminal hexahistidine tag
were cloned by gene synthesis in pTrcHis2B (Invitrogen). Genotype
D HRHPL encodes HBV polymerase residues 684–845 from
GenBank V01460; the genotype H clone encodes the homologous
amino acid sequences from GenBank AB298362. The human
RNAseH1 gene (NP_002927.2) was cloned with an N-terminal
hexahistidine-tag in pRsetB (Invitrogen) by gene synthesis.
pCMV-HBV-LE- is an HBV over-length genomic expression vector
with mutations that block HBV surface protein expression for
biosafety reasons. It contains 1.2 copies of the HBV(adw2, genotype
A) genome (GenBank X02763.1) downstream of the CMV promoter
inpBS (Promega).pCMV-HBV(gtD) is an analogous HBV genomic
expression construct for genotype D that expresses wild-type
surface antigen proteins.

2.2. Compound acquisition

bTJ was obtained from the Drug Synthesis and Chemistry Branch,
Developmental Therapeutics Program, Division of Cancer Treat-
ment and Diagnosis, National Cancer Institute. It was dissolved in
dimethyl sulfoxide (DMSO) at 10 mM and stored at �80 �C.

2.3. RNAseH expression and enrichment

HRHPL and human RNAseH1 were expressed in Escherichia coli
and enriched by nickel-affinity chromatography as described (Ta-
vis et al., 2013). The enriched extracts were dialyzed into 50 mM
HEPES pH 7.3, 300 mM NaCl, 20% glycerol, and 5 mM DTT, and
stored in liquid nitrogen.

2.4. Biochemical RNAseH assays

Oligonucleotide-directed RNAseH cleavage assays (Gong et al.,
2001) were performed as described (Tavis et al., 2013). Briefly,
HBV RNAseH extracts were mixed with a 264 nt-long internally
32P-labeled RNA plus an excess of a complementary DNA oligonu-
cleotide or its inverse-complement as a negative control in a final
concentration of 65 mM Tris pH 8.0, 190 mM NaCl, 5 mM MgCl2,
5 mM dTT, 0.05% NP40, and 6% glycerol. bTJ was dissolved in DMSO
and added at the indicated concentrations; the final concentration
of DMSO in all reactions was 1%. The reactions were incubated at
42 �C for 90 min and terminated by addition of Laemmli protein
electrophoresis buffer. The samples were resolved by SDS–PAGE,
labeled RNA was detected by autoradiography, the autoradiograms
were scanned, and the RNA cleavage products were quantified
with ImageJ (National Institutes of Health). IC50 values were calcu-
lated by non-linear regression using GraphPad Prism (GraphPad
Software, Inc.).
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2.5. HBV replication inhibition assays

Inhibition of HBV replication by bTJ was measured as recently
described (Tavis et al., 2013). Briefly, Huh7 cells were transfected
with HBV genomic expression vectors using TransIT-LT1 (Mirus,
Inc.), bTJ was added 12–16 h post-transfection at the indicated
concentrations, and fresh medium containing the compounds
was provided two days later. HBV core particles were isolated four
days post-transfection by detergent lysis of the cells and sedimen-
tation through a sucrose cushion as described (Tavis et al., 1998).
Viral DNAs were isolated from cytoplasmic core particle prepara-
tions by proteinase K digestion followed by phenol/chloroform
extraction as described (Gong et al., 2001). Duplicate aliquots of
each nucleic acid preparation were treated with 2 U E. coli
DNAse-free RNAseH (Invitrogen) at 37 �C for 30 min or were mock
treated. The nucleic acids were resolved by electrophoresis on 1.2%
agarose gels and HBV DNAs were detected by Southern blotting
with 32P-labeled double-stranded HBV DNA as a probe to detect
both the plus- and minus-polarity HBV DNA strands. HBV core pro-
tein (HBc) and b-actin in the cytoplasmic lysates were monitored
by western analysis using an anti-HBc antibody (HBP-023-9, Aus-
tral Biologicals) and a mouse anti-b-actin monoclonal antibody
from ZSGB-BIO Co., Ltd., respectively. HBV surface antigen (HBs)
proteins were quantified by ELISA (Shanghai Kehua Biotech).

2.6. Real-time PCR quantification of HBV DNA

Plus-polarity preferential quantitative TaqMan PCR for the HBV
DNA was conducted employing forward primer GGAGGCTGTAGG-
CATAAATTGG, reverse primer AGATGATTAGGCAGAGGTGAAAAAG,
and probe 50-6Fam-CTGCGCACC-Zen-AGCACCATGCA-IabkFQ-30

(Integrated DNA Technologies). PCR was conducted on purified
HBV capsid-derived nucleic acids for 40 cycles of 95 �C for 15 s
and 65 �C for 1 min employing the TaqMan universal PCR master
mix (Applied Biosystems). Results were standardized against serial
dilutions of cloned HBV DNA. The EC50 was estimated by linear
regression of the real-time PCR data.

2.7. Cytotoxicity

Toxicity of bTJ in Huh7 cells was determined with3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophe
nyl)-2H-tetrazolium(MTS) assays that measures mitochondrial
dysfunction employing the Cell Titre 96 aqueous nonradioactive
cell proliferation assay (Promega), and with the CytoTox-Glo assay
(Promega) that reflects cellular integrity. Huh7 and HepG2 cells
(1 � 104) were plated in 96-well tissue culture plates, medium
containing bTJ at the indicated concentrations was added the next
day, the medium was replaced with fresh medium containing bTJ
after two days, and after four days the MTS or CytoTox-Glo assays
were conducted according to the manufacturer’s instructions. The
50% cytotoxicity concentrations (CC50) were calculated by non-lin-
ear regression with GraphPad Prism.
3. Results

3.1. Inhibition of recombinant HBV RNAseH by bTJ

We recently expressed recombinant HBV genotype D and H
RNAseH in E. coli and enriched the enzymes by nickel-affinity chro-
matography (Tavis et al., 2013). The HBV RNAseH was a minor
component in these enriched extracts. It was undetectable by Coo-
massie staining but was detectable by western analysis with the
anti-HBV RNAseH domain monoclonal antibody 9F9 (Fig. 2A).
The concentration of full-length HRHPL was estimated to be
0.5 ng/ll in our extracts by comparison in western blots to full-
length HBV polymerase at a known concentration. The RNAseH
activity of this enzyme was readily detected using an oligonucleo-
tide-directed RNA cleavage assay, and the HBV enzyme was proven
to be the source of this activity by mutating two key active site
‘‘DEDD’’ residues (Fig. 2B and C). In this assay, a DNA oligonucleo-
tide is annealed to a uniformly-labeled RNA to create an RNA:DNA
heteroduplex and cleavage of the RNA in the heteroduplex yields
two RNA fragments. The RNAs are resolved by electrophoresis, de-
tected by autoradiography, and the cleavage products are quanti-
fied by densitometry. Control experiments that varied the
reaction time from 20 to 90 min and the amount of RNAseH from
1 to 3 ng demonstrated that the assay is linear with respect to both
time and enzyme concentration (Fig. 2D). Addition of bTJ to the
RNAseH assays at concentrations ranging from 0.02 to 100 lM re-
vealed that bTJ inhibited the RNAseH, with 50% inhibitory concen-
trations (IC50) of 5.9 ± 0.7 lM for the genotype D RNAseH and
2.3 ± 1.7 lM for the genotype H enzyme (Fig. 3).

3.2. Effect of bTJ on human RNAseH1

RNAseH1 is responsible for about 80% of the RNAseH activity in
human cells (Lima et al., 2001, 2007), and hence inhibition of it
would be a possible contributor to cellular toxicity from anti-
HBV RNAseH drugs. Therefore, we expressed the human RNAseH1
in E. coli, enriched it by nickel affinity chromatography as described
(Tavis et al., 2013), and tested the effects of bTJ on the recombinant
human enzyme in oligonucleotide-directed RNAseH assays. Inclu-
sion of bTJ from 0.02 to 100 lM had no effect on RNAseH1 activity
in this assay (Fig. 4).

3.3. Inhibition of HBV replication by bTJ

bTJ was tested for its ability to suppress HBV replication in cul-
ture. Huh7 human hepatoma cells were transfected with HBV
genomic expression vectors to initiate HBV replication, medium
containing vehicle or bTJ at 2.5, 10, 15, and 20 lM was added the
following morning, and the bTJ-containing medium was refreshed
two days later. After four days, the cells were lysed, HBV capsid
particles were isolated by sucrose sedimentation, and nucleic acids
were purified. Replicate nucleic acid aliquots were mock treated or
treated with DNAse-free E. coli RNAseH to destroy RNA:DNA het-
eroduplexes, and then HBV DNAs were detected by Southern blot-
ting employing a HBV DNA probe that detects both strands of the
viral DNA.

RNAseH deficiency blocks synthesis of HBV plus-polarity DNA
and consequently blocks production of the slowest-migrating,
most-mature relaxed circular form of the viral DNA (RC DNA). It
also causes accumulation of RNA:DNA heteroduplexes in which
the DNA migrates as double-stranded species in the absence of
exogenous RNAseH treatment, but as faster-migrating single-
stranded species upon degradation of the RNA strand. Therefore,
inhibiting the RNAseH activity in this experiment would have
two effects. First, the amount of the RC DNA in the mock-treated
sample would be reduced. Second, DNAs that appeared as dou-
ble-stranded forms in the mock-treated aliquot would migrate fas-
ter in the RNAseH-treated aliquot of the same nucleic acid
preparation.

DNAs produced by the wild-type genome contained the mature
RC DNA, and mobility of the spectrum of double-stranded species
was unaffected by RNAseH treatment (Fig. 5A, compare the
mock-treated sample in lane 1 to the RNAseH-treated sample in
lane 2). Cells transfected with an RNAseH-deficient genome carry-
ing a mutation in an essential active site DEDD residue (D702A) did
not produce mature RC DNA (Fig. 5A lane 3); rather, the viral DNAs
were found in duplexes that collapsed to single-stranded forms in



A B 

C 

Oligonucleotide-directed RNA cleavage assay 

+ 

Internally  
labeled RNA 

DNA 
oligonucleo�de 

S - 

P1 - 

P2 - 

W
ild

-t
yp

e 

D
70

2A
 

W
ild

-t
yp

e 

D
70

2A
 

  Full-length 
- RNAseH 

- Cleavage 
   products 

Western  
blot 

Coomassie 

70 kDa - 

50 - 
40 - 

30 - 

20 - 

15 - 

W
ild

-t
yp

e 

D
70

2A
 

- P1 

- S 

- P2 

Complementary 
oligo: - + - + 

HRHPL 
Extract 

0 

20 

40 

60 

80 

100 

120 

0 20 40 60 80 100 

Pe
rc

en
t m

ax
im

al
 a

c�
vi

ty
 

Reac�on �me (min.) 

6 μL 

4 μL 

2 μL 

D 

3 ng 
2 ng 

1 ng 
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the RNAseH-treated aliquot (Fig. 5A compare lanes 3 and 4). The
heterogeneity in length of the minus-polarity DNA strands re-
vealed following treatment with E. coli RNAseH was due to stalling
of minus-polarity DNA synthesis in the absence of removal of the
RNA strand during reverse transcription that we previously re-
ported (Gerelsaikhan et al., 1996).

Treating cells replicating a wild-type genotype A HBV isolate
with bTJ suppressed accumulation of the RC DNA and led to accu-
mulation of RNA:DNA heteroduplexes whose mobility increased
upon removal of the RNA strand (Fig. 5B, compare lanes 1 and 2
to the pairs of bTJ-treated samples, for example, lanes 5 and 6).
The proportion of HBV DNAs found in heteroduplexes (i.e., DNA
strands whose mobility increased following treatment with exoge-
nous RNAseH) increased at higher bTJ concentrations, and the total
amount of viral DNA detected was suppressed at 15 and 20 lM.
Similar results were observed when cells replicating a HBV geno-
type D isolate were evaluated (Fig. 5C).

The HBV plus-polarity DNA strand was measured to quantify
the effects of bTJ on HBV replication because plus-polarity DNA
cannot be made without RNAseH activity. Real-time PCR primers
flanking the gap in the HBV minus-polarity DNA were designed
that preferentially measure plus-polarity DNA because amplifica-
tion across the gap in the minus-polarity DNA is inefficient.
Plus-polarity preferential PCR revealed that bTJ suppressed HBV
genotype A replication to 79 ± 20% relative the DMSO-treated
control at 2.5 lM (Fig. 5D). Above 10 lM, bTJ suppressed HBV
plus-polarity DNA levels to below the assay background of approx-
imately 14% that was determined with the D702A RNAseH-defi-
cient genome. This implies a 50% effective concentration (EC50)
for bTJ against this genotype A isolate in Huh7 cells of
approximately 5 lM.
Three control experiments were conducted to determine
whether bTJ treatment affected viral or cellular protein accumula-
tion during this four day assay. First, levels of the HBV core protein
(HBc) in cytoplasmic extracts were measured by western analysis.
Although some sample-to-sample variation was observed in wes-
tern analysis of HBc in the cellular extracts, HBc levels at the higher
bTJ concentrations were similar to those in the DMSO vehicle con-
trol (Fig. 5B and C). Second, b-actin was detected in extracts from
bTJ-treated cells by western blots as a marker for cellular protein
accumulation. Actin levels were unchanged at day four post-trans-
fection (Fig. 5B and C). Finally, levels of the viral surface proteins
(HBs) in the medium were analyzed by ELISA to evaluate whether
bTJ altered viral protein secretion. HBs expression and secretion by
the genotype D isolate was unaffected by bTJ at the end of the
experiment even at 20 lM (Fig. 5E). Therefore, bTJ did not substan-
tially affect viral protein expression or overall cellular protein lev-
els over the course of this experiment.

3.4. Cytotoxicity

Toxicity of bTJ in Huh7 cells was assessed by measuring mito-
chondrial function with an MTS assay, and also by measuring
membrane integrity as reflected by release of cytoplasmic prote-
ases into the culture medium employing the CytoTox-Glo assay
(Promega). In both assays, cells were plated at the same density
employed in the HBV replication assays, medium containing vari-
ous concentrations of bTJ was added, the bTJ-containing medium
was refreshed on day 2, and the toxicity assays were conducted
after four days. bTJ was moderately toxic by the MTS assay, with
a 50% cytotoxicity concentration (CC50) value of 10.1 ± 1.7 lM.
However, bTJ was much less toxic by the membrane integrity
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assay, with a CC50 > 150 lM (Fig. 6A). The low toxicity in the mem-
brane integrity assay was consistent with the unchanged levels of
HBc, HBs, and b-actin detected at the end of the assay (Fig. 5).
Therefore, bTJ has a significant impact on mitochondrial function
in Huh7 cells, but this effect was not enough to kill the cells during
the four day HBV replication assay.

Toxicity of bTJ was also assessed in HepG2 cells because these
cells are another human hepatocyte-derived cell line that supports
HBV reverse transcription. The CC50 of bTJ in HepG2 cells was
16.7 ± 3.7 lM by the MTS assay, similar to its effect on Huh7 cells
(Fig. 6B).
4. Discussion

We hypothesized that bTJ may inhibit the HBV RNAseH because
it is active against the HIV RNAseH (Beilhartz et al., 2009; Budihas
et al., 2005; Farias et al., 2011). As predicted, bTJ inhibited recom-
binant HBV RNAseH with low micromolar IC50 values in biochem-
ical assays, and it blocked HBV replication in cell culture by
inhibiting the RNAseH in its native context within the full-length
HBV polymerase. bTJ was effective against HBV genotype D and
H isolates in biochemical assays and against genotype A and D iso-
lates in the replication assays, indicating that its efficacy against
HBV is not genotype-specific.

bTJ has an IC50 value of 0.2–0.3 lM against the HIV-1 RNAseH
(Beilhartz et al., 2009; Budihas et al., 2005; Farias et al., 2011),
but its IC50 against the HBV RNAseH was 5.9 and 2.3 lM for the
genotype D and H enzymes, respectively. This �10-fold difference
was not surprising because the HBV enzyme is genetically distant
from the HIV RNAseH, sharing only about 23% amino acid identity
in the core RNAseH domain with its HIV counterpart.

bTJ can efficiently inhibit the HIV RNAseH in biochemical as-
says, but it is inactive against HIV replication in cells (Chung
et al., 2011). In contrast, bTJ inhibited HBV replication in Huh7 cells
by targeting the viral RNAseH activity (Fig. 5). bTJ is only the
second compound demonstrated to inhibit HBV replication by
blocking the viral RNAseH activity, and this is the first time that
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a tropolone has been shown to inhibit the HBV RNAseH. We previ-
ously reported that napthyridinone inhibited the HBV RNAseH
with an IC50 of 2.5 lM and that it blocked viral replication in
Huh7 cells by �93% at 10 lM (Tavis et al., 2013). Like bTJ, napthy-
ridinone was moderately toxic, with an estimated CC50 in the low
lM range in Huh7 cells by the MTS assay. Our observation with bTJ
confirms that HBV replication can be pharmacologically inhibited
in cells by targeting the RNAseH. Because bTJ was selected for anal-
ysis due to its ability to inhibit the HIV RNAseH, these data empha-
size the high potential for success from screening inhibitors of the
HIV RNAseH for ability to inhibit the HBV enzyme.

bTJ induced substantial toxicity during the four day HBV repli-
cation assays in Huh7 cells, with CC50 of 10.1 lM by the MTS assay
(Fig. 6A). This is similar to the CC50 of 2.3 lM that has been re-
ported for bTJ in CEM-SS cells (Chung et al., 2011) and the value
of 16.7 lM in HepG2 cells (Fig. 6B). This toxicity appears to be
due to mitochondrial dysfunction because the MTS assay measures
mitochondrial function. Furthermore, mitochondrial toxicity has
been reported for the related compounds b-thujaplicin, tropolone,
and tropone in rat hepatocytes (Nakagawa and Tayama, 1998). An
alternative mechanism of toxicity due to inhibition of the human
RNAseH 1 appears unlikely because bTJ failed to inhibit recombi-
nant human RNAseH1 in our RNAseH assay even when a wide
range of enzyme and inhibitor concentrations were employed
(Fig. 4 and data not shown). However, bTJ has been reported to
have an IC50 of 3.5 lM against a similar recombinant N-terminally
hexahistidine-tagged human RNAseH1 (Budihas et al., 2005). Our
RNAseH1 preparation can be inhibited to varying degrees by other
RNAseH antagonists (including napthyridinone) (Tavis et al., 2013),
so the reason(s) for this discrepancy is unknown. The much lower
toxicity of bTJ in Huh7 cells as measured by the membrane integ-
rity assay (CC50 > 150 lM) in this short-term assay is consistent
with the MTS assay reflecting a direct action of the inhibitor on
the cell. In this context, the lower toxicity measured by the mem-
brane integrity assay would reflect the time needed for mitochond-
rially-mediated toxicity to cause cellular lysis.

Direct inhibition of HBV replication by bTJ that was indepen-
dent of its negative impact on cells could be discerned for three
reasons. First, HBV capsid protein (HBc) accumulation in the cells
(Fig. 5B and C, bottom panels) and secretion of the viral surface
proteins (HBs) into the supernatant (Fig. 5E) was unaffected even
at 20 lM bTJ. The HBs data are particularly important because this
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assay measures secretion of HBs between the last medium change
and harvesting of the cells (days 3 and 4 post-transfection), elimi-
nating the possibility that we were detecting residual viral proteins
that had been produced early in the experiment. Together, the HBc
and HBs accumulation data demonstrate that viral protein produc-
tion was unaffected despite the declining health of the cells at the
higher bTJ doses late in the experiment. Second, toxicity in bTJ-
treated cells was much lower when cell death was measured by
detecting rupture of the plasma membrane (Fig. 6A). This indicates
that the detrimental effects of bTJ on cellular metabolism had not
progressed to the point where cells were dying and detaching from
the plate at the end of the replication assay. Third, the key feature
of our Southern blot assay is that it specifically measures the effect
of RNAseH activity during viral replication by detecting RNA:DNA
heteroduplexes. Comparing the patterns of HBV DNAs in mock-
treated and RNAseH-treated aliquots of each HBV nucleic acid
preparation reveals the presence of heteroduplexes regardless of
the total yield of viral nucleic acids.

The HBV replication assays in Fig. 5 also measured the total
yield of viral DNAs in the cultures, as reflected by the net intensity
of the Southern blot signal. Part of the reduction in yield of HBV
DNAs at high bTJ concentrations may have been due to impaired
function of the cells from bTJ toxicity, but part of the loss was also
due to inefficient elongation of the minus-polarity DNA strand and
lack of synthesis of the plus-polarity DNA strand in the absence of
RNAseH activity [Fig. 5A and D D702A samples, and (Chen and
Marion, 1996; Chen et al., 1994; Gerelsaikhan et al., 1996)].

The EC50 of bTJ against HBV replication (�5 lM) and its CC50 by
the MTS assay (10.1 lM) were similar in Huh7 cells. This precludes
use of bTJ in humans, especially in a long-term treatment regimen
such as would be envisioned for anti-HBV therapy. Therefore,
chemical optimization will be needed if tropolone compounds
are to be developed into anti-HBV drugs. Seven variants of the core
hydroxylated tropolone moiety in bTJ have been tested against the
HIV RNAseH (Budihas et al., 2005). Two compounds in addition to
bTJ inhibited the RNAseH (a-thujaplicin and manicol) with IC50

values of 50 and 60 lM, respectively; the remaining compounds
had IC50 values > 100 lM. Subsequent derivatization of manicol
identified14 a-tropolones with IC50 values against HIV < 2.0 lM
(Chung et al., 2011). Importantly, all of these compounds were less
cytotoxic than either bTJ or manicol, and 12 of them could inhibit
HIV replication in culture. These precedents with tropolone com-
pounds imply that it may be possible to improve efficacy of bTJ
against HBV and reduce its cytotoxicity through chemical
derivatization.

The anti-HBV nucleos(t)ide analog drugs are extremely effective
at suppressing viremia, and it is very unlikely that a derivative of
bTJ would exceed their efficacy as a monotherapy. The clinical po-
tential of bTJ derivatives therefore depends on their ability to work
either additively or synergistically with drugs that act through
other mechanisms. bTJ presumably inhibits the HBV RNAseH by
binding to the enzyme’s active site, as has been demonstrated for
its effect against the HIV RNAseH (Beilhartz et al., 2009; Farias
et al., 2011; Himmel et al., 2009). Binding of the nucleos(t)ide ana-
logs and RNAseH inhibitors to different domains of the HBV poly-
merase indicates that additive or synergistic action with the
nucleos(t)ide analogs against HBV replication is plausible. A prece-
dent with HIV for simultaneous action by bTJ and an inhibitor of
the DNA polymerase activity exists because bTJ acts synergistically
with calanolide A, a non-nucleoside inhibitor of DNA synthesis by
the HIV reverse transcriptase (Budihas et al., 2005).

Employing RNAseH inhibitors in combination with the nucle-
os(t)ide analogs would have two clinical benefits if they work addi-
tively or synergistically with the existing drugs. First, combining
nucleos(t)ide analog and anti-RNAseH drugs may suppress HBV
replication enough to eliminate HBV from more patients than is
currently possible. Second, if HBV RNAseH inhibitors can be pro-
duced inexpensively, they could be combined with the inexpensive
anti-HBV drug lamivudine. Long-term efficacy of lamivudine treat-
ment is limited because resistance mutations appear in �20% of
patients in the first year and in �80% after five years (Shaw
et al., 2006; Zoulim and Locarnini, 2009). However, lamivudine
monotherapy is still widely used in many parts of the world
because it is the only drug many patients can afford. Combining
lamivudine plus an RNAseH inhibitor would be predicted more
effectively suppress viral replication than either drug could achieve
alone, and this would slow development of resistance against both
lamivudine and the RNAseH inhibitor. Slowing evolution of resis-
tant HBV variants would prolong window of efficacy for these
low-cost therapies and have a major impact on hepatitis B in
resource-limiting settings.
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