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The treatments for chronic hepatitis B (CHB) are interferon and nucleoside analogues reverse transcrip-
tase (RT) inhibitors. Because both treatments are less than ideal, we conducted to identify novel anti-viral
agents for HBV-reverse transcriptase (HBV-RT). We determined the ligand-binding site of the HBV-RT by
conducting a homological search of the amino acid sequence and then we also determined not only struc-
tural arrangement of the target protein but the target protein-binding site of the ligand using known pro-
tein–ligand complexes in registered in the protein data bank (PDB). Finally we simulated binding
between the ligand candidates and the HBV-RT and evaluated the degree of binding (in silico screening).
PXB cells derived from human-mouse chimeric mouse liver, infected with HBV were administrated with
the candidates, and HBVDNA in the culture medium was monitored by realtime qPCR. Among com-
pounds from the AKosSamples database, twelve candidates that can inhibit RT were also identified,
two of which seem to have the potential to control HBV replication in vitro.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

An estimated 350 million people worldwide are chronically
infected with hepatitis B virus (HBV). Fifteen to forty percent of
these patients will develop serious sequelae during their lifetime,
and then progress to liver cirrhosis (LC) or hepatocellular carci-
noma (HCC). Approximately 12–20% of infected patients will expe-
rience a 5-year progression from chronic hepatitis B (CHB) to LC.
The 5-year cumulative risk of developing HCC is estimated to fall
between 10% and 17% in patients with LC. These figures vary from
country to country according to the disease endemicity and preva-
lence [1–3]. CHB is complex and meanders through different
immunological phases that may overlap. In its early phases, HBV
infection is characterized by minimal liver damage, a high level
of HBV replication and presence of HBe-antigen (HBeAg). Patients
in this ‘‘immunotolerant phase’’ [3,4] are asymptomatic and have
normal levels of serum alanine aminotransferase (ALT). The goal
of CHB therapy is to suppress HBV replication thereby preventing
progression to LC, decompensated LC, HCC, and death [5]. The ideal
treatment outcome is the elimination of HBsAg, however currently
available anti-HBV agents are not efficacious in this regard. As a
result, the induction of sustained or maintained virological remis-
sion is the highest outcome that can be expected from current
treatments.

Over the last 20 years, seven HBV life cycle inhibitors have been
approved by the United States Food and Drug Administration. Two
are interferon (IFN)-based therapies that participate in activating
immunity response in infected hepatocytes or RNA degradation
(IFN and pegylated interferon). The other five are oral nucleoside/
nucleotide analogues: lamivudine (LMV), adefovir dipivoxil
(ADV), entecavir, telbivudine, and tenofovir disoproxil fumarate
(TDF). IFN related treatments deliver sub-par outcomes and nucleic
acid analogs need to be administered for the long term. Therefore,
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Fig. 1. Schematics of protein–ligand docking protocol. Two kinds of input data: ‘‘target protein sequence’’ and ‘‘drug candidate from AKos Library’’. The target protein
sequences were found in PDB and template protein binding with ligand was found. Using CE, homologous protein biding ligand was fit to template protein, then each ligand
of each homologous protein oriented together. A structural model of the target protein was built using FAMS. The initial structure of the drug candidate compound was built
using Open Babel, then druggable substructures were collected and named FP (A). Similarly ligand and oriented ligands were also collected and named FP (B). FP (A) and (B)
were compared and matching substructures went to next step (C). In step (C_) Cartesian coordinates for each substructure were prepared in FP (A) and (B). In each
substructure, one pair of Cartesian coordinates was selected, and used to calculate the FPA score. One thousand pairs were selected and the best FPA score was saved.
Rotatable single bonds of drug candidate compound were randomly rotated, and the process repeated 1000 times. Drug candidates fitting the coordinates of the best FPA
score were identified.
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Table 1
List of anti-HBV candidates applied in vitro.

Code No./AKos
accession No.

Chemical compound/molecular weight/rational formula Solvant FPAScore/
Bimolecular
collision

Structural formula

Pyrimidine type
M8/AKOS015896907 50-Deoxy-5-fluorocytidine/245.2/C9H12F1N3O4 H2O 1087.881/0,1,1

M9/AKOS015853117 20-Deoxy-5-fluorocytidine/245.2/C9H12F1N3O4 H2O 1076.47/0,0,2

M10/AKOS015896924 20-Deoxy-5-methylcytidine/241.2/C10H15N3O4 H2O 1044.132/0,2,3

M14/AKOS022143151 1-(3-O-Acetyl-2-deoxypentofuranosyl)-5-methyl-2,
4(1H,3H)-pyrimidinedione/284.27/C12H16N2O6

DMSO 1163.647/0,3,4

M15/AKOS015966242 50-Deoxy-20 ,30-di-O-acetyl-5-fluorocytidine/
329.281/C13H16F1N3O6

DMSO 1048.699/0,2,4

M16/AKOS016315844 20 ,30-Isopropylidineuridine/284.265/C12H16N2O6 DMSO 1142.412/3,3,3
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Table 1 (continued)

Code No./AKos
accession No.

Chemical compound/molecular weight/rational formula Solvant FPAScore/
Bimolecular
collision

Structural formula

Purine type
M11/AKOS022184395 S-Adenosylhomocysteine/384.411/C14H20N6O5S1 H2O 1173.418/4,8,12

M12/AKOS015951000 50-N-Ethylcarboxamido-adenosine/308.293/C12H16N6O4 DMSO 1010.174/2,3,4

M13/AKOS015966900 8-Bromoguanosine/362.137/C10H12Br1N5O5 DMSO 1006.288/1,2,6

M17/AKOS004910269 2,3,5-Tri-O-acetyl-1,4-anhydro-2-C-(2,6-dioxo-1,2,3,
6-tetrahydro-9H-purin-9-yl)pentitol/410.336/C16H18N4O9

DMSO 1077.439/3,4,5

(continued on next page)
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despite the progress that has been made, there is still a pressing
need for more effective treatments that target HBV.

Researchers have successfully discovered protein targets impli-
cated in various diseases [6,7] resulting in fierce competition
among pharmaceutical companies and other organizations to dis-
cover drug-candidate compounds that inhibit or activate these
protein targets [8]. Experimental screening to determine the inter-
action of the experimental compound with the target protein is
usually done using industrial robots. This type of screening is
expensive and therefore, in silico screening is becoming increas-
ingly popular to determine the efficacy of compounds against their
targeted protein.

Our aim in this study was to discover HBV protein inhibitors
using a novel method, ChooseLD (CHOOse biological information
Semi-Empirically on the Ligand Docking), which uses simulated
annealing based on bioinformatics for protein–ligand flexible
docking. We believe this ChooseLD method can improve the search
for new drug targeting proteins implicated in various
diseases [9].
2. Material and methods

2.1. In silico screening

We selected one or more low molecular weight ligands. Fig. 1
shows the schematic diagram of our protein–ligand docking proto-
col; the target protein sequence is in the upper left corner. We did
a query in the PDB [10] for the amino acid sequence of the target
protein and restricted the results to those with a CE Z-score of
3.7 [11] that included ligand molecules, termed the family ligand
set. Amino acid sequence alignment methods such as PSI-BLAST
[12] were then applied.

A fingerprint (FP) of the chemical descriptor was defined based
on the presence of particular substructures in the molecule. Each
substructure is composed of two to four atoms connected with
covalent bonds, has no ring and includes information about the
atom-type based on SYBYL mol2 format (http://tripos.com). The
drug candidate compounds were selected from the AKos
(Germany) library. The initial 3D structures were written in mol2
format and were built using Open Babel software. Druggable sub-
structures were extracted based on MDL comprehensive Medical
Chemistry (CMD) Library. FP of drug candidate was built by collect-
ing druggable substructures, (A) in Fig. 1.

The same process was applied to the family ligand set, (B). The
FPs of (A) and (B) were compared and unmatched substructures
were deleted to generate FP with common substructure as shown
in (C). Cartesian coordinate vectors of FP (C) were subsequently
used to calculate the FP alignment score (FPA score). (C_) repre-
sents Cartesian coordinate’s vectors in FP(C). Each substructure
in the (C_) band includes the assembly of several atom vectors,
each with its own Cartesian coordinates. For example, the sub-
structure of two aliphatic carbon atoms frequently appears in most
organic compounds and other types of substructures are common
in drug candidate molecules or family ligand set. If the same sub-
structure was found in the FP(A) drug candidate molecule or in
FP(B) in family ligand set, that substructure was considered redun-
dant. However, such redundant substructures still had Cartesian
coordinates that differed in (C_). In the (D) or (E) step, substruc-
tures of the same type in the drug candidate or family ligand set,
to compose a Cartesian coordinates vector, one vector set was
selected from redundant substructure. One Cartesian coordinate
with a redundant Cartesian coordinate vector in the (D) or (E) band
was selected during the simulated annealing process. We per-
formed the substructure selection process and changed the confor-
mation one thousand times by random rotations about single

http://tripos.com
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bonds. At each step of the simulated annealing, the maximum FPA
score and Cartesian coordinates of the drug candidate were stored.

2.2. In vitro HBV infection

2.2.1. Human sample
Serum samples were obtained from a 54 year-old CHB patient

with slightly elevated levels of serum alanine aminotransferase
who was positive for HBs and HBe antigens and had high-level
viremia with genotype C. No histological examination was per-
formed for this patient. The exclusion criteria for the patient were:
co-infection with human immunodeficiency virus (HIV) types 1
and 2, decompensated liver disease, organ transplantation,
immune suppression, autoimmune disorders, consumption of
>20 g/day alcohol, and past history of intravenous drug use. The
patient provided written informed consent, and Osaka City Univer-
sity Graduate School and Faculty of Medicine’s Ethics Committee
approved this study in accordance with the Helsinki Declaration
2013.

2.3. Transfection procedure

4 � 105 PXB cells/well (for 24 well plate) (Phoenix bio, Hiro-
shima, Japan) was cultured in dHCGM medium [13]. 5 GEq of
HBVDNA from patient’s serum was mixed with 4% PEG8000 (MP
Biomedicals, CA) and then inoculated into the PXB cells. dHCGM
medium was changed 24 h, 48 h, and 168 h (5 days) after starting
incubation. Thereafter, the medium was changed every five days.
Fig. 2. In vitro HBV infection. (A) Time course of HBVDNA levels post HBV inoculation, th
(high titer), 5.74E+05 (moderate titer), and 5.74E+04 (low titer). HBVDNA level was exam
albumin after inoculation of HBV, left and vertical axis indicate the levels of HBVDN
quantitative HBsAg assay was done with serial dilutions of serum samples. Right and ve
performed in duplicate. (C) Time course of the effect of interferon-alpha and entecavir, th
HBVDNA was quantified by real-time qPCR.
The chemical compound was added each time the dHCGM medium
was changed.

2.4. DNA extraction and quantification of HBVDNA

HBVDNA was extracted from 50 ll of serum or 100 ll of culture
medium using SMI TEST EX R&D (Medical & Biological Laboratories
CO.LTD Nagano, Japan) and was dissolved in H2O at 20 ll for serum
or 50 ll for medium. HBVDNA in medium was quantified by real
time qPCR (Roche Diagnostic, Tokyo, Japan) by comparing serially
diluted HBV/C1.24 (HBVDNA containing plasmid) obtained from
Prof. Yasuhito Tanaka, Nagoya City University [14]. Primer
sequences used were modified as follows: Forward primer 50-CACA
TCAGGATTCCTAGGACC-30, Reverse primer 50-AGGTTGGTGAGTGA
TTGGAG-30, Taqman probe 50-FAM-CAGAGTCTAGACTCGTGGTGG
ACTTC-TAMRA-30.

2.5. Quantification of HBsAg in medium

HBsAg in the medium was measured by Mycell II HBsAg detec-
tion kit (Institute of Immunology Co., Ltd., Tokyo, Japan) according
to the manufacturer’s instruction.

2.6. Quantification of albumin

The human albumin content in the medium was detected using
the Human albumin ELISA quantitation kit (Belthy, Montgomery,
AL, USA) according to the manufacture instructions. Samples were
analyzed in duplicate under each condition.
ree levels of HBVDNA from CHB patients serum were chosen as baselines; 5.74E+06
ined three times independently. (B) Time course of the level of HBsAg and amount of
A and HBsAg. Left and vertical bars indicate HBsAg levels in the medium; semi-
rtical bars indicate the amount of albumin in the medium. These experiments were

e three dosages of each drug were used and the antiviral effect was measured. The
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2.7. Chemical compound

Entecavir and IFN-a were purchased from Toronto Research
Chemicals (Toronto, ON) and Sigma–Aldrich (St. Louis, MO),
respectively. Chemical compounds for the in vitro study are listed
in Table 1. Code No. M11, M12, M16, and M19 were purchased
from Sigma–Aldrich. Code No. M8, M9, M10 and M13 were pur-
chased from Tokyo Chemical Industry Co., Ltd (Tokyo, Japan).
M14, M15, M17, M18 were purchased from AKos.

2.8. Statistical analysis

Statistical analysis was performed using two-way repeated
measures ANOVA and Dunnett’s test (SPSS, IBM, Chicago, IL). P val-
ues of less than 0.05 were considered statistically significant.

3. Result

3.1. In silico screening for reverse transcriptase inhibitors

A model experiment on the HBV RT domain was performed
using the reference domain for the HIV RT. Chemical compounds
were selected from the 2,200,000 contained in the AKos databank
Fig. 3. Anti-viral effect by novel candidates. HBV infected PXB cells were treated with t
HBVDNA levels in the medium while the bar graph depicts human albumin level in the m
significant difference of p < 0.05. Cell morphology treated in 22 days after adding each c
and then tested by in silico screening for their RT inhibiting activity.
In order to test this in silico screening method, we evaluated sev-
eral medicines that were used in prior HIV or HBV clinical studies.
The FPAScore of medicines selected are: LMV 677.884, ADV
618.177, Entecavir 481.639, and TDF 698.330. Among compounds
from the AKos library, sixty candidates for anti-viral agents for
HBV-RT were identified using in silico analysis; thirty were pyrim-
idine-type nucleotides and thirty were purine-type nucleotides.

3.2. In vitro HBV transfection

HBVDNA in the PXB cell medium gradually increased after the
cells were inoculated with HBV-positive serum (Fig. 2A). The
amount of HBVDNA in the medium correlated with the amount
used to infect the PXB cells (5.74e+06, 5.74e+05, and 5.74e+04 cop-
ies/mL, respectively). The detection of HBsAg in the medium lead
to the detection of HBVDNA (Fig. 2B).

3.3. Drug response in vitro transfection system

To test whether PXB cells infected with HBV was a suitable cul-
ture for screening the anti-HBV compounds, the culture was trea-
ted with either IFN-a (10–1000 U/mL) or entecavir (1–100 ng/mL),
hree amounts of M10 (A), M12 (B), M14 (C), and M15 (D). The line graph indicates
edium. The data was taken from three independent experiments. Asterisks indicate a
andidate is shown in right part. Scale is 200 lm.
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established medicines that target CHB. The quantity of HBVDNA
used for the infection was same as in high titer (Fig. 1A). As shown
in Fig. 2C, 47 days after inoculation IFN treatment reduced
HBVDNA in the +culture medium by half or two-thirds unlike the
culture without IFN treatment. In the cell lines treated with ente-
cavir, HBVDNA gradually decreased by 99% 47 days after inocula-
tion (Fig. 2C). No obvious difference in anti-viral effect was
observed even when the drug dosage was changed.
3.4. Novel candidate for anti-HBV drug

We were able to identify 60 candidates by in silico screening;
from this twelve candidates were chosen suing two exclusion con-
ditions: prior in vitro or in vivo use in HIV or HBV treatment, and
cell toxicity for example anti-cancerous drug.

Six of the twelve candidates were purine type chemical
compounds: S-Adenosylhomocysteine (M11), 50-N-ethylcarbox-
amidoadenosine (M12), 8-bromoguanosine (M13), 2,3,5-Tri-O-
acetyl-1,4-anhydro-2-C-(2,6-dioxo-1,2,3,6-tetrahydro-9H-purin-
9-yl) pentitol (M17), 20,20,50-Tri-O-acetyl-2-fluoroadenosine (M18),
and (2R,3R,4R,5R)-2-(acetoxymethy)-5-(6-amino-9h-purin-9-yl)
tetrahydrofuran-3,4-diyldiacetate (M19). The remaining six were
pyrimidine compounds: 50-Deoxy-5-fluorocytidine (M8), 20-
Deoxy-5-fluorocytidine (M9), 20-Deoxy-5-methylcytidine (M10),
1-(3-O-Acetyl-2-deoxypentofuranosyl)-5-methyl-2,4(1H,3H)-
pyrimidinedione (M14), 50-Deoxy-20,30-di-O-acetyl-5-fluorocyti-
dine (M15), and 20,30-Isopropylidineuridine (M16) (Table 1). In
PBX cell mediums treated with M10, M12, M14, and M15, HBVDNA
significantly reduced compared to non-treated mediums (Fig. 3).
Treatment did not affect cell viability morphologically and did
not change the value of albumin in the medium even when high
concentrations of M10 and M14 were used (Fig. 3A and C). How-
ever, at high concentrations of M12 and M15, cell viability was
affected morphologically and the concentration of human albumin
in the medium was significantly reduced (Fig. 3B and D).
4. Discussion

Standard clinical treatment of CHB uses nucleot(s)ide analogues
that inhibit viral RT activity. Most nucleotide analogues result in
side effects while entecavir and tenofovir are known to have viral
resistance to HBV after several years. In addition, nucleotide ana-
logue monotherapy cannot eliminate HBVDNA completely. Taking
these current problems into account, our goal was to identify novel
HBV protein-inhibiting agents.

In silico screening has been proven effective for identifying
novel inhibitors for a variety of proteins. To date, several drug can-
didates have been found, for example, inhibitors for ALK, EGLN3,
and NUAK1, which are indicated in squamous cell carcinoma in
the esophagus [15], lung small cell carcinoma (Umeyama et al.,
BMC Genomics, in press), and autoimmune disease such as sys-
temic lupus erythematous, rheumatoid arthritis, and diabetes mel-
litus [16].

We simulated Induced fit for RT using HIV RT domain and iden-
tified 30 purine-type and 30 pyrimidine-type inhibitor candidates
from two million chemical compounds in the AkosSamples data-
base. For each type, six candidates with no prior use as HIV and
HBV medicines were chosen. Two of the 12 compounds had an
antiviral effect in vitro using PBX hepatocytes. Large amounts of
these compounds are used in in vitro experiment however this
approach did not rely on newly synthesized compounds; therefore,
these related costs and time could potentially be eliminated
thereby allowing compounds to be screened more efficiently. The
primary aim of in silico screening is to identify compounds with
anti-viral activity; the secondary aim is to increase the antiviral
effect of compounds identified by chemical modification, however,
this level of research will be done in the future.

Since the life cycle and replication course of HBV are compli-
cated, it is difficult to eradicate HBV genes only by controlling
the function of DNA polymerase. We created a composition of
inhibitors for HBV related proteins in parallel with DNA polymer-
ase and established a protein model of HBV surface and core anti-
gens in order to adopt an induced fit configuration (unpublished
results). Identifying these protein inhibitors would be done in the
near future.

In summary, nucleos(t)ide analogues that target CHB result in
potent antiviral response, however they also have a high proclivity
for developing drug resistance HBV. Using reliable public drug dat-
abases, our in silico method can help to identify drug targets for
HBV efficiently. Moreover, this algorithm can effectively identify
candidates with the potential to suppress HBV replication in vitro
HBV infected systems.
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