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Abstract: Approximately 250 million people are living with chronic hepatitis B virus (HBV) infections,
which claim nearly a million lives annually. The target of all current HBV drug therapies (except
interferon) is the viral polymerase; specifically, the reverse transcriptase domain. Although no
high-resolution structure exists for the HBV polymerase, several recent advances have helped to map
its functions to specific domains. The terminal protein (TP) domain, unique to hepadnaviruses such
as HBV, has been implicated in the binding and packaging of the viral RNA, as well as the initial
priming of and downstream synthesis of viral DNA—all of which make the TP domain an attractive
novel drug target. This review encompasses three types of analysis: sequence conservation analysis,
secondary structure prediction, and the results from mutational studies. It is concluded that the
TP domain of HBV polymerase is comprised of seven subdomains (three unstructured loops and
four helical regions) and that all three loop subdomains and Helix 5 are the major determinants of
HBYV function within the TP domain. Further studies, such as modeling inhibitors of these critical
TP subdomains, will advance the TP domain of HBV polymerase as a therapeutic drug target in the
progression towards a cure.
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1. Introduction

Hepatitis B virus (HBV) infects the liver and is commonly spread through sexual, blood, and vertical
contact. It is a leading cause of viral hepatitis, liver cirrhosis, and hepatocellular carcinoma. Although
several hundred million people in the world are infected by HBV, an effective vaccine exists, as well
as non-curative treatment [1]. Current antiviral drugs, except immunomodulatory drugs such as
pegylated interferon oc and thymalfasin, are all directed against the HBV polymerase (Pol) [2—4], though
therapeutics for novel targets are in development [5]. Although there is no small animal model capable
of infection with human HBYV, informative studies have been performed using related HBV species
that infect avian and mammalian hosts, such as duck HBV (DHBV) and woodchuck HBV [6]. With the
discovery of the receptor for HBV (human sodium taurocholate co-transporting polypeptide receptor
(hNTCP or SLC10A1)) [7], the ability to create transgenics in small animals and cell culture systems is
also leading to advances in model systems [8].
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HBV contains a small circular DNA genome, reverse transcribed by the HBV Pol from viral
RNA [9]. The HBV Pol protein is a major focus of basic and translational research; indeed, it is the
only current target of any HBV-specific antiviral and the only region commonly sequenced during
treatment escape [10]. Although the catalytic activity of HBV Pol occurs within the RT and RNase
H domains (Figure 1), the TP domain also shows considerable functional utility. The TP domain is
unique to Hepadnaviridae, and therefore, any drug cross-reactivity would likely be low.

Functional similarities to TP proteins in
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Figure 1. Schematic representation of hepatitis B virus polymerase domains and terminal protein
(TP) subdomains. The polymerase protein is responsible for DNA synthesis, which is carried out by
the catalytic reverse transcriptase (RT) domain. While the RNA template is copied into viral DNA,
the RNase H domain degrades the RNA template. The TP domain acts as a primer for the initial DNA
synthesis steps, and the DNA remains attached to the TP domain throughout synthesis. The spacer
domain is thought to allow for flexibility while the TP is attached at one end of the nascent viral DNA
and the RT domain synthesizes the other end. Regions of similarity with other proteins are highlighted.
Within the TP domain (green), the function of the helical subdomains is likely to provide structure,
while the loop subdomains are involved in activities critical to the viral replication cycle, such as protein
priming that initiates from the tyrosine at position 63 (Y63). The regions of the TP domain that overlap
with other open reading frames (ORF) are shown as striped boxes. These regions are under additional
selection pressure when mutations occur. HBV: hepatitis B virus; HIV: human immunodeficiency virus;
Pol: polymerase.

Downstream of the TP domain are the spacer, reverse transcriptase (RT), and RNase H domains
(Figure 1). HBV Pol is similar in sequence and structure to the polymerase found in the human
immunodeficiency virus (HIV,) which also contains RT and RNase H domains. Indeed, emtricitabine,
lamivudine, and tenofovir are able to inhibit both HBV and HIV [9]. Much more is known of the
HIV Pol, including several high-resolution structures. Due to their similarity, models of HBV Pol
borrow this knowledge about the HIV Pol [11,12]. Despite similarities, definitive descriptions of the
three-dimensional structure of HBV Pol do not yet exist. Additionally, HBV’s TP and spacer domains
are unique to the Hepadnaviridae family. Currently, their structures can only be predicted.

TP proteins also exist in other microbes; however, they give clues to the function—not necessarily
the structure—of HBV Pol. For example, bacteriophage, members of the Adenoviridae family,
and Streptomyces bacteria are groups of microbes that encode a TP protein for priming DNA synthesis [13—
15]. Typical among these TP proteins is the use of a tyrosine, serine, or threonine for initiating
priming [16,17]. Beyond these priming residues, little amino acid homology can be identified among
TP proteins (Figure 1). One commonality among TP proteins is the presence of a disordered priming
loop in their protein structure, whose flexibility allows access to the active site of DNA synthesis
proteins. However, other than in Hepadnaviridae, all TP proteins exist separately from the catalytically
active polymerase protein. The polymerase in Hepadnaviruses synthesizes both DNA strands while
still attached to the DNA [18].
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Determining the three-dimensional structure of the TP domain has thus far proved impossible.
Reasons include the difficulty of purifying large amounts or truncated portions of HBV Pol for
crystallography. Additionally, the structure is disordered in several places, and the protein may exist
in several conformations [19]. The conformation of HBV Pol varies during the several stages of DNA
synthesis and is maintained by both host chaperone proteins and its association with an RNA secondary
structure element called epsilon (¢ RNA). An initial conformation is provided when the host chaperone
proteins Hsc70, Hsp40, Hsp90, and Hop bind to HBV Pol [20,21]. Only this chaperone-associated Pol
protein is capable of binding e RNA. The subsequent binding of ¢ RNA induces another conformational
change in HBV Pol before DNA synthesis, allowing the delivery of the Y63 priming residue to the
active site in the RT domain [22]. The conformation changes after priming, as evidenced by protein
cleavage assays in DHBV and the finding that continued synthesis of viral DNA does not continue
along the 5’ ¢ RNA but is instead templated by the 3’-end of the pgRNA after template switching [23,24].
These facts suggest that the structure of the polymerase may not be amenable to crystallography:.
Other means of determining structure have been performed, including epitope mapping with the
analysis of antibody binding sites [25,26]. Technologies such as high-resolution mass spectrometry,
nuclear magnetic resonance spectroscopy, and cryogenic electron microscopy may prove useful in
determining a structure.

A functional cure for HBV would likely require combinations of drugs that target multiple
non-redundant targets, perhaps including the TP domain of HBV Pol. Chronic HBV infections
are currently treated with pegylated interferon-a, which increases immune activity, and/or with
nucleoside analogs that block the RT domain from replicating viral DNA. Both of these main classes
of drugs achieve hepatitis B surface antigen (HBsAg) loss only rarely; interferon is poorly tolerated,
and nucleoside analogs are administered for life to achieve a reduction in viral load [2—4].

Several drugs are in clinical trials, and drug development against HBV is an exciting realm
of possibility. Techniques for drug development include 3D in silico modeling that attempts to
dock libraries of chemicals to viral proteins. Candidates may be chosen for cell-based or cell-free
assays [27-30]. Cell based assays are more physiologically relevant, have the ability to test toxicity,
and usually involve cells permissive to HBV (or transfected HBV DNA) such as primary human
hepatocytes, HepG2, Huh7, HepaRG, or others [8,31]. Cell-free assays, on the other hand, require
purified cellular and/or viral components but provide a higher throughput capacity, such as using
purified HBV Pol to measure elongation activity in vitro [32]. Other specialized techniques such as
split luciferase or other two-factor interaction tests may reveal molecular partnerships [33].

Functionally essential and chemically unique, the TP domain’s potential as a therapeutic target is
high. Therefore, an analysis of current research was performed to map the TP domain of HBV Pol.
These studies evaluate the role of specific amino acid residues in four of the primary functions of
the polymerase: RNA binding, protein priming, RNA packaging, and DNA synthesis. In addition,
methods for evaluating these four main functions are described. The functional mapping of specific
regions within HBV Pol’s TP domain is discussed, namely, conservation analysis, secondary structure
prediction, and targeted mutational studies. With no solved structure for HBV Pol, this analysis
provides a valuable map of the TP domain. However, this mapping may be superseded once a suitable
high-resolution three-dimensional structure is solved alongside its molecular interactions.

2. Four Main Functions of HBV Pol Determined by the TP Domain

Functional assays in use in laboratory settings are able to evaluate the critical enzymatic effects
and interactions of HBV Pol. For example, the TP domain contains the tyrosine Y63, whose hydroxyl
group provides the substrate for initiating DNA synthesis, called protein priming [34]. Priming occurs
with the TP domain acting as the primer, and the viral pgRNA as a template. Near the 5'-end of the
PgRNA, the ¢ RNA stem-loop structure is recognized in a sequence-specific manner and bound by
HBYV Pol, thus acting as the packaging signal. The shape of the RNA molecule provides an unpaired
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bulge, which is the template for DNA synthesis [35,36]. Thus, all four main functions of HBV Pol,
discussed in detail below, are dependent on the TP domain (Figure 2).

Although DNA synthesis and RNase activity are provided directly by the RT and RNase H
domains, respectively, the TP domain is critical for several essential steps, making it a potential drug
target. Figure 2 details these steps within an infected cell, as well as the laboratory assays to measure
interactions and activity levels. These assays are most useful in testing mutated versions of HBV Pol to
pinpoint critical regions or amino acid residues.
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Figure 2. Polymerase-dependent functions of the replication cycle of hepatitis B virus (HBV) and
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four functional assays of HBV polymerase (HBV Pol) activity. (a) Starting with covalently closed
circular DNA (cccDNA), which is located inside the nucleus of infected liver cells, the pre-genomic
RNA (pgRNA) is transcribed by the host cell. Next, pgRNA is sent to the cytoplasm and translated
into viral proteins. The translated HBV Pol binds to pgRNA at the 5" epsilon stem-loop structure.
The interaction between the HBV Pol and the pgRNA facilitates the encapsidation (packaging) of
the HBV Pol and pgRNA. Priming most likely occurs after RNA packaging, within the nucleocapsid.
Using a free hydroxyl group of the tyrosine at position 63 (Y63), HBV Pol performs the dual functions
of primer and polymerase. The DNA strand remains attached to HBV Pol while synthesizing the
initial GAA nucleotides. HBV Pol and these bases then change templates to the 3’ end of pgRNA
and carry on minus-strand DNA synthesis. As the template pgRNA is copied, it is degraded by
the RNase H activity of HBV Pol. This ssDNA-containing nucleocapsid will mature as the second
strand of DNA is copied by HBV Pol, forming relaxed circular DNA (rcDNA). This rcDNA-containing
nucleocapsid is the infective particle. (b) In RNA binding assays, the HBV Pol can be purified with
in vitro synthesized RNA or epsilon RNA from cell culture (referred to as in vivo), which is co-purified
with HBV Pol. Together, they can be evaluated for RNA binding activity by measuring RNA levels.
Priming is measured from polymerase-epsilon constructs that synthesize DNA in the in vitro priming
assay. Due to protein priming, HBV Pol becomes covalently labeled with the radionucleotides and
can be detected by autoradiography. RNA packaging assays use HBV Pol and a polymerase-minus
construct. The RNA in the purified nucleocapsid is compared to capsid protein levels, a ratio that
describes RNA packaging levels. DNA synthesis can also be measured from purified nucleocapsids
using HBV-specific Southern blotting. &: epsilon RNA secondary structure motif.
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2.1. Evaluating RNA Binding of HBV Pol

The earliest step in creating the viral genome begins when the pgRNA becomes associated with
HBYV Pol. Several in vivo and in vitro assays have been performed in both duck and human HBV to
measure RNA binding. Binding assays have mostly been studied in DHBV systems, where HBV Pol is
expressed in an in vitro translation reaction in the presence of radiolabeled ¢ RNA, or a filter binding
assay that allows soluble ¢ RNA to bind to immobilized HBV Pol protein [25,37,38]. For these studies,
the RNA is produced in vitro and can be radiolabeled. The amount of RNA is measured after HBV Pol,
and the in vitro-generated RNA is allowed to bind.

To assay the RNA binding of human HBYV in cell culture, the HBV Pol protein, as well as an ¢
RNA construct, can be expressed in human cells [34]. RNA binding likely occurs in the cytoplasm,
and during the RNase-free purification of HBV Pol, the ¢ RNA remains attached. Both in vivo and
in vitro studies usually detect bound viral RNA by measuring radiolabeled RNA levels, or RNA is
detected by Northern blotting with a probe specific for viral RNA (Figure 2b).

2.2. Evaluating Protein Priming of HBV Pol

There are several ways in which the TP interacts with the RT domain after RNA is bound. For the
initiation of DNA synthesis in the protein priming step, the TP domain’s amino acids would need to
deliver functional groups such as hydroxyls to the RT domain’s catalytic site, allowing them to act as a
primer and substrate for reverse transcription. Modeling has predicted that the region surrounding
the Y63 priming site is within an unstructured protein loop or may be part of a beta strand [39-42].
This flexibility may be needed for the priming loop to enter the catalytic cleft in the RT domain. By
deleting ~10 amino acid regions of this priming loop, all priming activity was blocked [39]. This may
be because these shorter loops were unable to reach into the RT active site.

Several experimental conditions can test these initial steps needed to synthesize the relaxed
circular DNA (rcDNA) genome of HBV. Duck HBV Pol has been used extensively in vitro, where an
E. coli expression system produces a priming-active polymerase [43]. The DHBV system removes
non-essential protein regions and is an informative assay of HBV Pol function. However, DHBV Pol
priming is not ¢ RNA-dependent and not template-dependent (and thus represents transferase activity
instead of template-based replication). Hence, the duck HBV priming system may not accurately
represent in vivo conditions.

Even by reconstituting chaperone proteins and ¢ RNA, the human HBV polymerase is not active in
in vitro priming. These fastidious requirements hampered in vitro studies of human HBV Pol priming
until a system reproduced human HBV polymerase activity in ¢ RNA-dependent protein priming [34].
In this system, HBV Pol is co-expressed in cell culture with ¢ RNA, and the two associate. HBV
Pol and any associated chaperone proteins can then be purified by the immunoprecipitation of HBV
Pol. This in vitro assay is performed under RNase-free conditions, allowing the enzymatically active
polymerase to use bound ¢ RNA as a template for initiating DNA synthesis in an in vitro priming
reaction. In vivo, the protein priming reaction likely occurs within the nucleocapsid, whereas in vitro,
the priming occurs in the absence of capsid proteins. Only the first few nucleotides are synthesized,
similar to what is thought to occur before template switching [24]. Once purified, radiolabeled
nucleotides are supplied in a buffer containing either magnesium or manganese as the enzyme
co-factor [44]. Priming is measured by the autoradiography of the polymerase protein, since priming
attaches the radionucleotides to itself (Figure 2b).

On a related note, when manganese is used as the enzyme co-factor, in vitro priming by human
HBYV Pol occurs in a non-template-directed fashion, called transferase activity. Transferase activity
tends to be more processive—instead of synthesizing only a few nucleotides, strands of several hundred
nucleotides are made [44]. Currently, there is no evidence of manganese priming or transferase activity
in vivo, but this assay may be useful for drug screening.
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2.3. Evaluating RNA Packaging and DNA Synthesis of HBV Pol

Assays to study hepatitis B virus activity in RNA packaging and DNA synthesis evaluate the
nucleic acid content of purified nucleocapsids. These experiments have been performed in both duck
and human HBYV [45]. In the HBV replication cycle, RNA packaging is the process by which RNA
is incorporated into a viral nucleocapsid. Capsid subunits self-associate, encapsidating the pgRNA
and HBV Pol (Figure 2a). Packaging occurs due to interactions between HBV capsid and Pol proteins
and pgRNA, as well as with host proteins [46]. Nucleocapsids can be assayed for their nucleotide
content—RNA or DNA—usually after conducting agarose gel electrophoresis of the intact capsids.
A Western blot is also used to measure capsid levels, and the ratio of capsid protein is compared to the
nucleotide content [47]. The specificity of this assay lies in the choice of the probe used for blotting—it
must detect RNA or DNA, but not both (Figure 2b).

DNA synthesis refers to the elongation of the minus strand. The DNA is synthesized from the
pgRNA template inside the maturing virion; RNA degradation occurs concurrently. DNA synthesis
also refers to the subsequent step, wherein the second strand is synthesized. HBV is known to contain
an incomplete plus strand of DNA, copied from the complete minus strand. These steps are completed
before the virus is secreted [48]. To measure DNA synthesis, DNA from intact nucleocapsids (or released
from nucleocapsids) is measured by Southern blotting. An alternative method, the endogenous
polymerase reaction, allows the completion of the plus strand using radiolabeled nucleotides that are
detected by autoradiography [41].

2.4. Evaluating Other HBV Pol Functions

The ability to dissect each stage of DNA synthesis, including interactions with template RNA,
allows the functional testing of HBV polymerase mutants on a step-by-step basis. Other examples of
useful HBV Pol assays include tests of polymerase conformation using conformation-specific antibodies
and tests of interactions between the TP and RT domains using trans-priming systems [49]. The TP
domain is also the site of cleavage when the entire HBV Pol protein is removed from the viral DNA by
the ubiquitin-mediated degradation of HBV Pol [50]. The measurement of “protein-free” viral DNA
is useful for evaluating the source of covalently closed circular DNA, which resides in the nuclei of
infected cells [51].

Fluorescence microscopy can reveal intracellular localization—the TP domain contains
mitochondprial localization signals, with the strongest signal in amino acids 141-160, corresponding
to Helix 5 and the T3 loop [52]. Additionally, the TP domain contains several epitopes that may
be processed and presented to T cells during the adaptive immune response to HBV [53]. Clinical
outcomes may result from genetic variation within the TP domain, such as one that may be predictive
for fulminant hepatitis infections [54].

However, some functions do not have a suitable assay, including the template switching step that
is required after the initial priming. Additionally, since there is no DNA synthesis known to occur until
encapsidation [49], the TP may receive a yet-to-be-described activation signal after capsid formation.
Other functions that are more directly related to other domains (the RT and RNase H domains) are
outside the scope of this review.

3. Generating a Structure—Function Map of the TP Domain of HBV Pol

Considering the functional importance of the TP domain and lack of high-resolution structural data,
a functional map of structure—function relationships in the TP domain has recently been compiled [39].
This analysis was able to divide the TP domain into subdomains according to their predicted secondary
structure. By comparing the critical functions of each subdomain, as found by mutational analyses,
three functional loops have been defined. A conservation analysis corroborates the practical importance
of these loops among HBV isolates from all known hosts (Figure 3c). Combining conservation analysis,
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secondary structure prediction, and data from mutational studies gives a map of structure—function
relationships to allow for targeted therapeutic design.

Human
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Figure 3. Evolutionary relationships and conservation among hepatitis B virus (HBV) isolates.
(a) Amino acid sequences from 66 piscine (blue), avian (red), and mammalian (gray) HBV isolates
were aligned and compared phylogenetically. Branch lengths represent the evolutionary distances
between isolates of HBV that infect different host species. (b) Genotypes of human HBYV isolates
are grouped phylogenetically. Amino acid sequences from 584 human HBYV isolates were compared,
using reference sequences for genotypes A through G for determining genotype branching (colorized
branches). Genetically identical isolates were consolidated into single lines. For both (a) and (b),
the evolutionary history was inferred using the unweighted pair group method with arithmetic means.
Trees are drawn to scale, with branch lengths in the same units as those of the evolutionary distances
used to infer the phylogenetic tree. Evolutionary analyses were conducted in MEGA [55]. (c) Alignment
of secondary structure predictions from representative HBV species of mammalian, avian, and piscine
isolates. Alpha helices and beta sheets are shown for each sequence, and similar secondary-structure
patterns were aligned based on three unstructured loops (regions between helices). The amino acid
positions that are 100% conserved among mammalian, avian, and piscine HBV isolates are numbered
and shown highlighted at the top, along the human HBV sequence for genotype D. A basic map of the
subdomains of the human HBV TP domain is shown for reference, at the bottom in green.

3.1. Conservation Analysis of TP Domain of HBV Pol

Conservation analysis relies on the premise that conservation occurs only where evolutionarily
significant DNA is found. Hepatitis B virus species infect several mammalian [56-61], avian [62-67],
and piscine hosts [68,69]. Using amino acid sequences covering only the TP domain, a phylogenetic
tree was generated for known human sequences and several HBV species (Figure 3a). Human HBV is
most closely related to the hepatitis B viruses that infect primates, followed by bats, rodents, birds,
and finally, fish.

Amino acid sequences were also evaluated phylogenetically for all human isolates with a complete
TP domain. Human HBV isolates are usually grouped into genotypes A through G [70-75]. Interestingly,
when generating the phylogenetic tree using only sequence data for the TP domain (in contrast to
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using the entire Pol sequence), distinct branching still appeared along classical genotypes (see colored
branches in Figure 3b), demonstrating that the TP domain diverges along with genotype groups, a sign
of the evolutionary importance of the entire domain. Additionally, specific loop subdomains within
the TP domain are functionally important.

When TP domain conservation among known human isolates is graphed along the amino acid
sequence (Figure 4a, black graph line), the highest levels of conservation are found in loop regions.
The most conserved amino acids among DHBV and HBYV isolates (Figure 4a, yellow stars) were also
primarily in loop regions. Since conservation is highest in the loops, they may be more evolutionarily
important, whereas helices are more divergent. This pattern, where conserved residues are only found
in loop regions, is also seen when comparing divergent HBV species. The alignment of mammalian,
avian, and piscine sequences revealed that among the 27 amino acids that are 100% conserved in the
TP domain, all but three are found in loops (H140, L148, and L151, which are all found in Helix 5)
(Figure 3c).
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Figure 4. Two-dimensional and three-dimensional interactions of the terminal protein (TP) domain of
the hepatitis B virus (HBV) polymerase protein. (a) Amino acid sequence for the TP domain, numbered
according to genotype D. Overlap with other open reading frames (ORF) is indicated by striped
bars. The TP domain is grouped into seven subdomains according to secondary structure predictions,
with the helical regions in gray boxes. All known HBV (uppercase) and duck HBV (lowercase) mutants
that have been tested are marked to represent the four tested functions. If a letter is absent, the mutant
was not tested in that assay. Defective phenotypes are highlighted by blue circles representing either an
extensive loss of function (<20% activity) or partial loss of function (<70% activity), whereas mutants
exhibiting a wild-type phenotype are not circled. The T3 motif has been extensively tested in mutational
studies. Yellow stars show TP domain residues with >99% homology to duck HBV (DHBV). Homology
among human samples is graphed above the sequence (black line), where peaks indicate regions
of high homology. Homology is shown as percent conservation, a moving average of amino acid
homology among 584 isolates of human HBV in 11 bp windows (five amino acids upstream and
downstream from each position). (b) The three-dimensional structure of TP as predicted using QUARK.
The seven predicted subdomains of TP are indicated and color-coded. The functional loop subdomains
extend outward.
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3.2. Prediction of Secondary Structure of TP Domain of HBV Pol

Representative amino acid sequences for several HBV species were used to predict secondary
structures using SABLE [76], matching previously published secondary structure predictions [39,42].
The sequences have relatively low similarity. For example, between the duck and human HBV
TP domains, there is <50% nucleotide sequence identity and 39% protein similarity. Despite this
primary structure divergence, the predicted mammalian, avian, and piscine secondary structures have
overlapping alpha helices and beta sheets and discernable priming loops, L2 packaging loops, and T3
RNA binding loops (Figures 3c and 4a).

Additionally, a predicted three-dimensional model of the TP domain of human HBV was also
produced with QUARK [39,77], which helps to visualize these loops (Figure 4b). Although this
prediction does not represent actual three-dimensional structural data, it facilitates the visualization of
potential interactions. Loops may be more conserved than helices because HBV Pol is an enzymatic
globular protein, not used for structure per se; therefore, the shape and not the sequence has been
conserved in the more rigid helical regions. The helices may act as structural anchors, while the loops
extend outward and interact functionally with other domains, viral nucleic acids, or host factors.

3.3. Mutational Studies of TP Domain of HBV Pol

All known studies of HBV mutants and DHBV mutants (where amino acids are conserved
between the duck and human HBV) were considered in an analysis and are represented in Figure 4a.
The results summarize the results of four primary functional tests (Figure 2b). The secondary structure
boundaries coincide with defective mutants—almost all the defective mutants are found in loops,
further supporting the structure—function map.

According to the results of mutational analyses, each loop subdomain (Figure 4a) has been
assigned to specific replication steps of the HBV replication cycle (Figure 2a). Amino acids at positions
41 to 81 were defined as the priming loop, not only because this subdomain contains the actual priming
site, Y63, but because the known and novel mutants in these regions were defective at the priming step
of the viral replication cycle, but not usually at previous steps. The L2 packaging loop spans amino
acids 97 to 134; mutants here affect mostly RNA packaging and downstream activity. The T3 loop spans
positions 153 to 174 and contains the T3 motif (positions 153 to 160), which was shown by mutational
analysis to be critical for RNA binding—the earliest stage in viral DNA synthesis (Figure 4a).

Overall, testing supports the stepwise organization of these four main steps of rcDNA
synthesis—RNA binding occurs before packaging and priming, and priming occurs before DNA
synthesis. When mutant phenotypes are observed, a defect in an earlier step generally inhibits later
steps. With rare exceptions, attributed to assay artifacts [39,78], all mutants that were defective in RNA
binding were defective in all downstream activity. Likewise, all priming-defective mutants were also
defective in downstream DNA synthesis.

The compiled mutations all represent substitution mutants (Figure 4a). However, internal and
N-terminal truncation mutants were also constructed to determine the minimal necessary regions for
HBV Pol function. Only the first 13 amino acids are dispensable for protein priming activity, and the
first 66 amino acids are dispensable for RNA binding activity [35,39,79].

3.3.1. Mutations in the N-Terminal Helices

There are likely three small helices within the first subdomain of HBV Pol, spanning the first 40
amino acids (Figure 4a). Mutations made on the N-terminal helices subdomain have been created
mainly on charged residues, such as the basic amino acids R9/R10 and R35/R36, and the acidic
amino acids at positions D15/D16, E22/E23, D30/E31, and E39/D40. Acidic residues are potentially
crucial in coordinating binding to the negatively charged phosphate backbone on nucleic acid strands.
When mutated to alanines by pairs, these mutations induced no defects in RNA packaging or DNA
synthesis [80].
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The effect of a mutation on amino acid E31 was evaluated for its impact on RNA binding, protein
priming, RNA packaging, and DNA synthesis. E31 is part of a trio of acidic residues—D30, E31,
and D32. It is 100% conserved in DHBYV, although 41% of human HBV isolates contain an alanine
at position 31. The glutamic acid was changed to lysine (E31K), reversing the charge. Despite the
reversed charge, this mutant showed only mild defects in priming [39].

Overall, no mutations in the N-terminal helix subdomain have caused any phenotypic defects.
One potential amino acid, L33, is 100% conserved in avian and mammalian HBV but has not been
tested by mutational analysis (Figure 3c). Although no point mutants affect function in the N-terminal
region, larger truncations do affect protein priming and, presumably, downstream DNA synthesis.
When using in vitro assays, truncating the first 20 amino acids caused a loss of priming activity [79],
and the removal of even the first 13 amino acids partially reduced the levels of protein priming [39].
Perhaps the reason the smaller substitutions showed no defect is that a large number of acidic residues
work in a coordinated fashion, which resists small changes. The N-terminal region as a whole is
necessary for function, but the exact amino acid positions have not yet been identified. It may be part
of a folding core, supporting the flexible loop regions.

3.3.2. Mutations in the Priming Loop

The subdomain from positions 41 to 81 was dubbed the priming loop because most defective
mutants in this loop were able to perform upstream activities—binding and packaging RNA—but they
were not capable of protein priming or downstream DNA synthesis.

The priming loop is also so named because it contains the Y63 priming site, where a free hydroxyl
group attaches to the 5’ phosphate group on the incoming nucleotide during the first step of DNA
synthesis [81]. The Y63 priming site is within a beta sheet, which is predicted to exist in the priming
loop of mammalian, avian, and piscine HBV (Figures 3c and 4a). The priming loop likely folds together
at this locus, allowing it and the ¢ RNA to fit into the active site of the RT. Both the ¢ RNA and the
priming loop must enter into the catalytic cleft of the RT domain for synthesis to begin [82].

The H54 and K55 sites were predicted to be in a beta strand directly opposite the Y63 priming
residue. Interestingly, when these two sites were mutated, H54A showed no defect, while the K55E
mutant showed a moderate priming defect (55% of wild-type) [39]. If in a beta sheet, their side chains
would face opposite directions; therefore, the different phenotypes support the beta sheet prediction.
H54 is 100% conserved among all avian and mammalian HBV isolates, and K55 is conserved among
many mammalian HBV isolates.

Near the Y63 priming site, phosphomimetic substitutions were made, where alanine mimics the
unphosphorylated state and glutamic acid mimics the phosphorylated state [83]. The TP proteins of
several species have amino acids near the priming site that have hydroxyl-containing side chains,
and their phosphorylation state is unknown [16,17]. To determine if these sites in the human HBV TP
domain are perhaps phosphorylated in vivo, four substitution mutants were made: T60A and T60E
single-substitution mutants and S64A/S65A/T66A and S64E/S65E/T66E triple-substitution mutants.
They showed interesting phenotypes, including stronger-than-wild-type RNA binding and RNA
packaging [39]. One interesting possibility is that transient phosphorylation at these sites in vivo
could facilitate RNA binding and RNA packaging. Both the glutamic acid substitutions (T60E and
S64E/S65E/T66E) were defective in protein priming [39]. If they were phosphorylated in vitro, priming
would be limited, and therefore, they are not likely phosphorylated in vivo during priming. When
the probability of phosphorylation was predicted, several serine or threonine sites in the TP domain
showed potential phosphorylation, but they were all downstream of the priming loop. HBV Pol is
thought to be phosphorylated at two sites; these sites have not been identified [84].

W74 is needed for both the priming reaction and subsequent DNA synthesis, and is partially
required for RNA binding [79,80]. Both Y63 and W74 are fully conserved among HBV isolates from
both human and duck (Y96 and W107 in DHBV). The N42 site is 99% conserved in human HBV
isolates and well conserved among mammalian HBV isolates. Despite its conservation, mutation to
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alanine (N42A) showed no effect [39]. Additionally tested, the amino acid insertion G44<KLLG>N45
in the priming loop disrupted DNA synthesis (not shown) [41]. This insertion may disrupt function
through misfolding. Four internal deletions spanning different regions of the priming loop (A39-47,
A48-55, A56—-60, and A70-80) had no priming activity but could all bind and package RNA to some
degree [39]. In general, the defects in the priming loop affect priming and downstream elongation,
but not earlier steps.

Two pairs of mutations were tested in DHBV, H73A/K75A and K75/D87A, which are partially
conserved with human HBV. Neither showed a defective phenotype [38]. Several candidate amino
acids that would be profitable to test include those that are 100% conserved in this loop: G61, L62, N71,
and P77 (Figure 3c). They likely have an important function that may be revealed by mutational analysis.

On a related note, even mutants that do not contain the Y63 priming residue can function in
protein priming if supplied with manganese. The ability is likely due to cryptic priming (priming at an
unspecified alternative site). Cryptic priming is known to occur when the standard priming site is
removed, especially in the presence of manganese [43,85].

3.3.3. Mutations in Helix 4

Helix 4 is the least well conserved subdomain among human HBV isolates (Figure 4a). It spans
residues from 82 to 96 in human HBV Pol. Residues within this subdomain have been tested in
several studies, but mutations in these subdomains have not revealed any associated defects in
function [36,80,86]. This helix may be structurally important but not functionally important. Further
testing will reveal if this is the case.

3.3.4. Mutations in the L2 Packaging Loop

The L2 packaging loop is important in early stages of the replication cycle when the polymerase
protein interacts with the viral RNA. It spans residues 97 to 134, and its main function is RNA packaging.

Most of the L2 loop substitution mutants could bind to the ¢ RNA (Figure 4a). The mutants with
defective RNA binding phenotypes are the substitution mutant R114E and large internal deletion
mutants A101-115 and A116-130 [39]. The R114E mutant reverses the charge from basic to acidic
and affected all tested functions. Positively charged basic residues can interact with the negatively
charged phosphate backbone of RNA, which may be the mechanism of RNA binding decrease for
R114E. Considering the drastic change from arginine to glutamic acid, future experiments may reveal
if an alanine substitution might also show a strong phenotype, as the defect may be due to the change
in charge or some other chemical nature of the side chain. Two internal deletions that removed either
half of the L2 packaging loop, A101-115 and A116-130, showed inactivity in all tested functions [39].

The L2 loop contains several mutants with defective RNA packaging phenotypes. Most of the
mutations in this loop affect RNA packaging and subsequent steps [38,41,79,80,86,87]. R105 has
been tested within double mutants (together with K104 or K108), but the defective phenotypes in
these double mutants were attributed to R105 alone since it alone retained the defective phenotype
when tested individually. The R105A mutant was defective in RNA packaging, priming, and DNA
synthesis [38,79,86]. K130L blocked RNA packaging as well [87]. A double mutant Y1335/P134A
blocked DNA synthesis, but the single mutant Y133A did not [80,86], indicating a potential role in
DNA synthesis in these residues that has not been specified. Overall, the L2 packaging loop contains
several amino acids important in RNA packaging.

Potential candidates for mutational analysis in the future include the following, all of which
are 100% conserved: P112, A113, F115, P117, and P124 (Figure 3c). Mutational analysis may reveal
important functions in this loop at these positions.

3.3.5. Mutations in Helix 5

Helix 5 is the most conserved helix between duck and human HBYV, especially near the T3 motif
(Figure 4a, bottom right). It is predicted to contain one large helix that spans amino acid positions



Viruses 2020, 12, 570 12 of 19

135 to 152 [39]. Helix 5 contains a crucial tryptophan at position 147. Y147 is important for RNA
binding, RNA packaging, protein priming, and DNA synthesis [37,78-80]. Mutating L.148 as a double
mutant with Y147 also showed defects; however, the 100% conserved residue L148 has not been
tested as a single mutant (Figure 3c). H140A also showed partial defects, in RNA binding and protein
priming [39].

Residues H140 and Y147 may influence priming by coordinating metal ion cofactors—Y147
affected magnesium priming only, and H140A contrastingly showed a strong defect in manganese
priming [39,79,80]. These two mutants are located seven amino acids apart, together on a predicted
helix. Interestingly, the side chains of both Y147 and H140 would face the same direction, considering
the standard 3.6 amino acids per turn in an alpha helix. The normal in vivo priming reaction occurs
using a magnesium cofactor, though in vitro can also use manganese as an alternative [44]. This reaction
is technically a nucleotide transferase reaction because it occurs in a non-template-directed fashion.
Thymidine is the preferred substrate for manganese priming, with which the enzyme can synthesize
poly(T) strands of greater than two hundred bases in length. Nothing is known of the use of manganese
priming in the in vivo replication cycle of HBV.

In summary, Y147 is significant in all HBV Pol functions, and Helix 5 may participate in metal ion
coordination during protein priming, with the H140 and Y147 side chains affecting magnesium- and
manganese-directed priming. One potentially important amino acid residue that is 100% conserved
across all known hepatitis B viruses is L151. It has not yet been evaluated in a mutational analysis.

3.3.6. Mutations in the RNA-Binding T3 Loop

The T3 loop is important in RNA binding, as revealed by extensive mutational
studies [20,25,37,38,78-80,86,87]. It corresponds to positions 153 to 174 in the TP domain (positions 140
to 200 in DHBYV Pol). Within the T3 loop is a short region known as the T3 motif, which has a highly
conserved amino acid sequence between mammalian and avian HBV (Figure 4a). The T3 motif is
thought to interact with a downstream sequence in the reverse transcriptase domain of the polymerase,
RT1, to facilitate RNA binding [25,37]. The T3 loop is predicted to form beta sheets, which exist as
pairs of at least two beta strands (Figures 3¢ and 4a). The two prominent predicted beta strands may
fold together forming an antiparallel beta sheet. The beta strand that encompasses the T3 motif may
reversibly interact with the RT1 motif and the second beta strand in the T3 loop (Figure 4a). In this
way, RNA binding may be controlled at the level of intramolecular interactions within the HBV Pol.

Several double mutants were tested in the T3 loop. K153A/A154G showed mild RNA binding
defects, although the RNA packaging levels were unexpectedly normal [79]. G155/156, when tested as
a double mutant, showed either partial or complete inhibition of RNA binding, weak RNA packaging,
and defective protein priming. However, when these residues were mutated individually at G155
or 1155, no defects were observed [25,78-80]. Similarly, the double mutation of L157 and Y158 was
defective in RNA binding and RNA packaging [78], but individual mutants at these locations were not
defective [25,37,80].

The residues K159 and R160 in the T3 motif may be the most important residues in the entire TP
domain—they are essential for all HBV Pol functions when mutated together. This has been observed
in several studies using both HBV Pol and DHBV Pol [20,25,37,38,79,86,87]. One study, however,
showed no defect in either RNA packaging or DNA synthesis with human HBV Pol when both residues
were mutated to alanine, and no defect with single mutations K159E or R160A [86]. It was suggested
that these differences in phenotype can be attributed to differences between mammalian and avian
hepadnaviruses, though K159 and R160 are critical for both HBV and DHBV Pol function. Although
several double mutants at K159/R160 were shown to be defective in RNA binding, only one single
mutant showed any defects—R160 was defective in RNA packaging when mutated to isoleucine or
glutamic acid (but not to alanine) [86,87]. When single mutants are created, perhaps there is little
defect in RNA binding because only larger changes can disrupt the formation of beta sheets.
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Other mutants downstream of the T3 motif were not tested or found to be essential for the earliest
stage, RNA binding, but T162 has been shown to be necessary for RNA packaging [88], and Y173 is
critical for RNA packaging, priming, and DNA synthesis [79,80]. Continued testing outside the T3
motif may reveal important information about this subdomain of the polymerase. For example, F168
and G170 in the T3 loop are 100% conserved among mammalian and avian HBV Pol isolates but have
not been tested by mutational analysis (Figure 3c).

3.3.7. Mutations in Helix 6

Helix 6 extends from position 175 to 192 in HBV Pol’s TP domain. It has not been mutated
extensively. One mutant, W175A, showed no defect in function (Figure 4a). A four-base insertion
D178<RSFD>L179 disrupted the DNA synthesis of the virus (not shown); however, this insertion
may not be found in the course of a natural infection [41]. Due to the lack of defective phenotypes in
this region, Helix 6 is thought to have no importance in the functionality of the virus but is perhaps
essential for the structure of the polymerase, perhaps acting as a structural anchor for the spacer
domain. The spacer domain is the least well-conserved domain of HBV Pol and perhaps the least
important functionally; it is thought to provide flexibility for the RT domain, which remains attached
throughout synthesis [18]. Helix 6 may provide the needed stability that allows a flexible spacer to
bridge from the TP to the RT domain.

3.3.8. Notes about Mutational Analyses

Figure 4a summarizes the mutations created in human HBV, and also includes mutants created in
duck HBV where the amino acids are conserved. However, several mutations have been analyzed
in DHBV where the tested amino acid is not conserved in human. For example, E124A/R128A,
K137A/K141A,R173A/E176A, and K186A in DHBV are not conserved in human HBV, but they all show
a defect in DNA synthesis [38]. Such mutations may tell a useful story about human HBV function if
analyzed carefully.

It should be noted that mutations in the TP domain developed in mutational studies such as
those reviewed here are usually generated in trans-complementation systems, where HBV Pol is not
expressed from the same DNA as other open reading frames (ORF). On the native HBV DNA genome,
all other ORFs overlap with HBV Pol. In the TP domain, HBV core antigen (HBcAg) overlaps with the
first 14 amino acids [89], HBV e antigen (HBeAg) overlaps with the first 47 amino acids, and HBsAg
overlaps 169C to the end (Figures 1 and 4). Due to this overlap, mutations in the code for one protein
may cause mutations in another. For example, mutations in the RT domain of HBV Pol (the target of
antivirals) have been shown to affect HBsAg (the antigenic target of the HBV vaccine) and vice versa.
This can cause functional changes in viral fitness, immune interactions, and drug resistance [90-92].
However, due to the lack of TP domain sequencing data, no information has been published about
ORF overlap between the TP domain of HBV Pol and HBcAg/HBeAg.

This overlap denotes additional selection pressure against natural mutations in both ends of the TP
domain. However, it is interesting to note that important loop subdomains in the TP domain are largely
free of overlap with other ORFs, making these loops more genetically flexible. Of those mutations
tested that would overlap with other ORFs (R9A/R10A, D15A/D16A, E22A/E23A, D30A/E31A, E31K,
R35A/R36A, E39A/D40A, and N42A), all would cause changes to the HBeAg and/or the HBcAg if
created in native infection systems [39,86]. However, this should not diminish the relevance of these
laboratory-produced mutants in defining functional amino acids for the TP domain.

In addition to the TP domain mutants discussed here, there are, of course, important regions
throughout HBV Pol whose mutation demonstrates the functional activities of HBV Pol (such as
the YMDD active site located in the RT domain and the DEDD box found in the RNase H domain).
Such mutations are also significant in HBV drug resistance [9] and are not discussed here. Importantly,
mutations that lead to drug resistance may occur in the TP domain; however, this domain is not usually
sequenced when testing for the mechanism behind observed resistance [10]. Therefore, if screening for
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drug resistance were to include the functionally important TP domain, additional insights would be
gained about resistance mechanisms.

4. Conclusions

Although current drugs exist that target HBV Pol, they are not curative. Therefore, knowledge
about the structure and function of the virus’ only catalytic protein, HBV Pol, will inform future
treatment development. The structure of HBV Pol includes four domains: the TP, spacer, RT, and RNase
H domains (Figure 1). Much information is already available about the structure and function of
the RT and RNase H domains of HBV Pol due to its homology with the well-studied HIV. Indeed,
all current HBV-specific drugs, except immuno-based drugs like interferon and thymalfasin, target the
RT domain. However, the TP domain has not previously been studied to the same degree. The TP
domain is known to be essential for HBV Pol function and has no structural homologs in humans,
organisms, or other known viruses. Thus, the TP domain is an ideal target for novel therapeutics.
A coordinated effort is needed to take candidate drugs from models, to in vitro tests, to cell culture or
animal model systems, and on to clinical trials. It is hoped that a hypothesis-driven targeting of the
HBV TP domain can begin, utilizing the mapping provided in this review.

The TP domain is essential for most known polymerase functions, which are (in order of
occurrence): binding to the ¢ RNA, packaging of viral pgRNA into the nucleocapsid, priming the
initial synthesis of DNA through the unique process of protein priming, and yjr continued DNA
synthesis of both the minus and plus strands (Figure 2). Although the exact structure of the TP domain
is still unknown, recent advances and standard assays have been able to map specific functions onto
the structure. The TP domain contains seven subdomains, with three conserved loops that control
RNA binding (T3 loop), RNA packaging (L2 loop), and protein priming (priming loop). The helical
subdomains are less well conserved and less functionally important (Figures 3¢ and 4a).

The findings summarized herein, which describe and map the functions of the TP domain of HBV
Pol, will inform therapeutic drug development and basic HBV biology. Additional studies of the TP
domain are essential to uncovering the overall functionality of the HBV Pol, its three-dimensional
structure, and the ability to target critical regions such as individual TP domain loops.

Author Contributions: Conceptualization, formal analysis, data curation, D.N.C.; writing—original draft
preparation, T.S.B., A.EB. and D.L.B.; writing—review and editing, T.S.B., D.N.O., K.D.J.,, AJ.A.,, CD.K, N.AS.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Smith, S.; Harmanci, H.; Hutin, Y.; Hess, S.; Bulterys, M.; Peck, R.; Rewari, B.; Mozalevskis, A.; Shibeshi, M.;
Mumba, M. Global progress on the elimination of viral hepatitis as a major public health threat: An analysis
of WHO member state responses 2017. JHEP Rep. 2019, 1, 81-89. [CrossRef] [PubMed]

2. Alonso, S.; Guerra, A.-R; Carreira, L.; Ferrer, J.-A.; Gutiérrez, M.-L,; Fernandez-Rodriguez, C.M.
Upcoming pharmacological developments in chronic hepatitis B: Can we glimpse a cure on the horizon?
BMC Gastroenterol. 2017, 17, 168. [CrossRef] [PubMed]

3. Asselah, T,; Loureiro, D.; Boyer, N.; Mansouri, A. Targets and future direct-acting antiviral approaches to
achieve hepatitis B virus cure. Lancet. Gastroenterol. Hepatol. 2019, 4, 883-892. [CrossRef]

4. Martinez, M.G.; Villeret, F.; Testoni, B.; Zoulim, F. Can we cure hepatitis B virus with novel direct-acting
antivirals? Liver Int. 2020, 40, 27-34. [CrossRef] [PubMed]

5. Hepatitis B Foundation: Drug Watch. Available online: http://www.hepb.org/treatment-and-management/
drug-watch/ (accessed on 21 May 2020).

6. Guo, W.-N,; Zhu, B,; Ai, L,; Yang, D.-L.; Wang, B.-]. Animal models for the study of hepatitis B virus infection.
Zool. Res. 2018, 39, 25-31.


http://dx.doi.org/10.1016/j.jhepr.2019.04.002
http://www.ncbi.nlm.nih.gov/pubmed/32039355
http://dx.doi.org/10.1186/s12876-017-0726-2
http://www.ncbi.nlm.nih.gov/pubmed/29268704
http://dx.doi.org/10.1016/S2468-1253(19)30190-6
http://dx.doi.org/10.1111/liv.14364
http://www.ncbi.nlm.nih.gov/pubmed/32077597
http://www.hepb.org/treatment-and-management/drug-watch/
http://www.hepb.org/treatment-and-management/drug-watch/

Viruses 2020, 12, 570 15 of 19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Yan, H.; Zhong, G.; Xu, G.; He, W,; Jing, Z.; Gao, Z.; Huang, Y.; Qi, Y.; Peng, B.; Wang, H. Sodium taurocholate
cotransporting polypeptide is a functional receptor for human hepatitis B and D virus. eLife 2012, 1, e00049.
[CrossRef] [PubMed]

Li, F; Wang, Z.; Hu, F,; Su, L. Cell culture models and animal models for HBV study. Adv. Exp. Med. Biol.
2020, 1179, 109-135.

Clark, D.N.; Hu, J. Unveiling the roles of HBV polymerase for new antiviral strategies. Future Virol. 2015, 10,
283-295. [CrossRef]

Rhee, S.Y.; Margeridon-Thermet, S.; Nguyen, M.H.; Liu, T.E; Kagan, R.M.; Beggel, B.; Verheyen, J.; Kaiser, R.;
Shafer, R.W. Hepatitis B virus reverse transcriptase sequence variant database for sequence analysis and
mutation discovery. Antivir. Res. 2010, 88, 269-275. [CrossRef]

Daga, PR.; Duan, J.; Doerksen, R.J. Computational model of hepatitis B virus DNA polymerase: Molecular
dynamics and docking to understand resistant mutations. Protein Sci. 2010, 19, 796-807. [CrossRef]

Das, K.; Xiong, X.; Yang, H.; Westland, C.E.; Gibbs, C.S.; Sarafianos, S.G.; Arnold, E. Molecular modeling and
biochemical characterization reveal the mechanism of hepatitis B virus polymerase resistance to lamivudine
(83TC) and emtricitabine (FTC). J. Virol. 2001, 75, 4771-4779. [CrossRef] [PubMed]

Bao, K.; Cohen, S.N. Recruitment of terminal protein to the ends of streptomyces linear plasmids and
chromosomes by a novel telomere-binding protein essential for linear DNA replication. Genes Dev. 2003, 17,
774-785. [CrossRef] [PubMed]

Redrejo-Rodriguez, M.; Salas, M. Multiple roles of genome-attached bacteriophage terminal proteins. Virology
2014, 468, 322-329. [CrossRef] [PubMed]

Tamanoi, F; Stillman, B.W. Function of adenovirus terminal protein in the initiation of DNA replication.
Proc. Natl. Acad. Sci. USA 1982, 79, 2221-2225. [CrossRef]

Mysiak, M.E.; Holthuizen, P.E.; van der Vliet, P.C. The adenovirus priming protein PTP contributes to the
kinetics of initiation of DNA replication. Nucleic Acids Res. 2004, 32, 3913-3920. [CrossRef]

Yang, C.C.; Sun, W.C.; Wang, W.Y,; Huang, C.H.; Lu, ES,; Tseng, S.M.; Chen, C.W. Mutational analysis of
the terminal protein Tpg of streptomyces chromosomes: Identification of the deoxynucleotidylation site.
PLoS ONE 2013, 8, €56322. [CrossRef]

Gerlich, W.H.; Robinson, W.S. Hepatitis B virus contains protein attached to the 5’ terminus of its complete
DNA strand. Cell 1980, 21, 801-809. [CrossRef]

Feng, H.; Chen, P,; Zhao, F.; Nassal, M.; Hu, K. Evidence for multiple distinct interactions between hepatitis B
virus P protein and its cognate RNA encapsidation signal during initiation of reverse transcription. PLoS ONE
2013, 8, €72798. [CrossRef]

Stahl, M.; Beck, J.; Nassal, M. Chaperones activate hepadnavirus reverse transcriptase by transiently exposing
a c-proximal region in the terminal protein domain that contributes to epsilon RNA binding. J. Virol. 2007,
81, 13354-13364. [CrossRef]

Stahl, M.; Retzlaff, M.; Nassal, M.; Beck, J. Chaperone activation of the hepadnaviral reverse transcriptase for
template RNA binding is established by the Hsp70 and stimulated by the Hsp90 system. Nucleic Acids Res.
2007, 35, 6124-6136. [CrossRef]

Tavis, J.E.; Ganem, D. Evidence for activation of the hepatitis B virus polymerase by binding of its RNA
template. . Virol. 1996, 70, 5741-5750. [CrossRef] [PubMed]

Liu,N,; Ji,L.; Maguire, M.L.; Loeb, D.D. Cis-acting sequences that contribute to the synthesis of relaxed-circular
DNA of human hepatitis B virus. . Virol. 2004, 78, 642-649. [CrossRef] [PubMed]

Liu, N.; Tian, R.; Loeb, D.D. Base pairing among three cis-acting sequences contributes to template switching
during hepadnavirus reverse transcription. Proc. Natl. Acad. Sci. USA 2003, 100, 1984-1989. [CrossRef]
[PubMed]

Cao, F,; Badtke, M.P; Metzger, L.M.; Yao, E.; Adeyemo, B.; Gong, Y.; Tavis, J.E. Identification of an essential
molecular contact point on the duck hepatitis B virus reverse transcriptase. J. Virol. 2005, 79, 10164-10170.
[CrossRef] [PubMed]

Zu Putlitz, J.; Lanford, R.E.; Carlson, R.I; Notvall, L.; de la Monte, S.M.; Wands, ].R. Properties of monoclonal
antibodies directed against hepatitis B virus polymerase protein. J. Virol. 1999, 73, 4188-4196. [CrossRef]
[PubMed]

Hu, Z,; Hu, J.; Ren, F; Xu, H.; Tan, M.; Wang, Q.; Ren, J. Nobiletin, a novel inhibitor, inhibits HBsAg
production and hepatitis B virus replication. Biochem. Biophys. Res. Commun. 2020, 523, 802-808. [CrossRef]


http://dx.doi.org/10.7554/eLife.00049
http://www.ncbi.nlm.nih.gov/pubmed/23150796
http://dx.doi.org/10.2217/fvl.14.113
http://dx.doi.org/10.1016/j.antiviral.2010.09.012
http://dx.doi.org/10.1002/pro.359
http://dx.doi.org/10.1128/JVI.75.10.4771-4779.2001
http://www.ncbi.nlm.nih.gov/pubmed/11312349
http://dx.doi.org/10.1101/gad.1060303
http://www.ncbi.nlm.nih.gov/pubmed/12651895
http://dx.doi.org/10.1016/j.virol.2014.08.003
http://www.ncbi.nlm.nih.gov/pubmed/25232661
http://dx.doi.org/10.1073/pnas.79.7.2221
http://dx.doi.org/10.1093/nar/gkh726
http://dx.doi.org/10.1371/journal.pone.0056322
http://dx.doi.org/10.1016/0092-8674(80)90443-2
http://dx.doi.org/10.1371/annotation/aa102795-3d0e-48b2-8898-5862c7d1e34b
http://dx.doi.org/10.1128/JVI.01196-07
http://dx.doi.org/10.1093/nar/gkm628
http://dx.doi.org/10.1128/JVI.70.9.5741-5750.1996
http://www.ncbi.nlm.nih.gov/pubmed/8709189
http://dx.doi.org/10.1128/JVI.78.2.642-649.2004
http://www.ncbi.nlm.nih.gov/pubmed/14694095
http://dx.doi.org/10.1073/pnas.0436218100
http://www.ncbi.nlm.nih.gov/pubmed/12578983
http://dx.doi.org/10.1128/JVI.79.16.10164-10170.2005
http://www.ncbi.nlm.nih.gov/pubmed/16051809
http://dx.doi.org/10.1128/JVI.73.5.4188-4196.1999
http://www.ncbi.nlm.nih.gov/pubmed/10196315
http://dx.doi.org/10.1016/j.bbrc.2019.12.099

Viruses 2020, 12, 570 16 of 19

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Jo, E.; Ryu, D.K,; Konig, A.; Park, S.; Cho, Y.; Park, SH.; Kim, TH.; Yoon, S.K.; Ryu, W.S.; Cechetto, J.
Identification and characterization of a novel hepatitis B virus pregenomic RNA encapsidation inhibitor.
Antivir. Res. 2020, 175, 104709. [CrossRef]

Li, Q.; Lomonosova, E.; Donlin, M.].; Cao, E,; O'Dea, A.; Milleson, B.; Berkowitz, A.]J.; Baucom, J.C.; Stasiak, ].P,;
Schiavone, D.V. Amide-containing alpha-hydroxytropolones as inhibitors of hepatitis B virus replication.
Antivir. Res. 2020, 177, 104777. [CrossRef]

Qiu, J.; Gong, Q.; Gao, J.; Chen, W.; Zhang, Y.; Gu, X,; Tang, D. Design, synthesis and evaluation of novel
phenyl propionamide derivatives as non-nucleoside hepatitis B virus inhibitors. Eur. J. Med. Chem. 2018,
144, 424-434. [CrossRef]

Xiao, Y; Liu, C.; Tang, W.; Zhang, H.; Chen, X. Evans blue inhibits hbv replication through a dual antiviral
mechanism by targeting virus binding and capsid assembly. Front. Microbiol. 2019, 10, 2638. [CrossRef]
Nakajima, S.; Watashi, K.; Fukano, K.; Tsukuda, S.; Wakae, K.; Aizaki, H.; Muramatsu, M.; Wakita, T.;
Toyoda, T. Non-nucleoside hepatitis B virus polymerase inhibitors identified by an in vitro polymerase
elongation assay. J. Gastroenterol. 2020, 55, 441-452. [CrossRef] [PubMed]

Sekiba, K.; Otsuka, M.; Koike, K. Identifying inhibitors of the HBx-DDB1 interaction using a split luciferase
assay system. J. Vis. Exp. JOVE 2019, 154, e60652. [CrossRef] [PubMed]

Jones, S.A.; Boregowda, R.; Spratt, T.E.; Hu, J. In vitro epsilon RNA-dependent protein priming activity of
human hepatitis B virus polymerase. J. Virol. 2012, 86, 5134-5150. [CrossRef] [PubMed]

Hu, J.; Boyer, M. Hepatitis B virus reverse transcriptase and epsilon RNA sequences required for specific
interaction in vitro. J. Virol. 2006, 80, 2141-2150. [CrossRef]

Knaus, T.; Nassal, M. The encapsidation signal on the hepatitis B virus RNA pregenome forms a stem-loop
structure that is critical for its function. Nucleic Acids Res. 1993, 21, 3967-3975. [CrossRef]

Badtke, M.P.;; Khan, I.; Cao, F.; Hu, J.; Tavis, ].E. An interdomain RNA binding site on the hepadnaviral
polymerase that is essential for reverse transcription. Virology 2009, 390, 130-138. [CrossRef]

Seeger, C.; Leber, E.H.; Wiens, L.K.; Hu, ]. Mutagenesis of a hepatitis B virus reverse transcriptase yields
temperature-sensitive virus. Virology 1996, 222, 430-439. [CrossRef]

Clark, D.N.; Flanagan, ].M.; Hu, J. Mapping of functional subdomains in the terminal protein domain of
hepatitis B virus polymerase. J. Virol. 2017, 91. [CrossRef]

Lanford, R.E.; Kim, Y.H.; Lee, H.; Notvall, L.; Beames, B. Mapping of the hepatitis B virus reverse transcriptase
TP and RT domains by transcomplementation for nucleotide priming and by protein-protein interaction.
J. Virol. 1999, 73, 1885-1893. [CrossRef]

Radziwill, G.; Tucker, W.; Schaller, H. Mutational analysis of the hepatitis B virus P gene product: Domain
structure and RNase H activity. J. Virol. 1990, 64, 613-620. [CrossRef]

Voros, J.; Urbanek, A.; Rautureau, G.J.P.; O’Connor, M.; Fisher, H.C.; Ashcroft, A.E.; Ferguson, N. Large-scale
production and structural and biophysical characterizations of the human hepatitis B virus polymerase.
J. Virol. 2014, 88, 2584-2599. [CrossRef] [PubMed]

Lin, L.; Wan, F; Hu, J. Functional and structural dynamics of hepadnavirus reverse transcriptase during
protein-primed initiation of reverse transcription: Effects of metal ions. . Virol. 2008, 82, 5703-5714. [CrossRef]
[PubMed]

Jones, S.A.; Hu, J. Protein-primed terminal transferase activity of hepatitis B virus polymerase. J. Virol. 2013,
87,2563-2576. [CrossRef]

Hirsch, R.C.; Lavine, J.E.; Chang, L.J.; Varmus, H.E.; Ganem, D. Polymerase gene products of hepatitis B
viruses are required for genomic RNA packaging as well as for reverse transcription. Nature 1990, 344,
552-555. [CrossRef] [PubMed]

Yao, Y;; Yang, B.; Chen, Y.; Wang, H.; Hu, X.; Zhou, Y.; Gao, X.; Lu, M.; Niu, J.; Wen, Z. RNA-binding motif
protein 24 (RBM24) is involved in pregenomic RNA packaging by mediating interaction between hepatitis B
virus polymerase and the epsilon element. J. Virol. 2019, 93. [CrossRef]

Clark, D.N.; Jones, S.A.; Hu, J. In vitro assays for rna binding and protein priming of hepatitis B virus
polymerase. In Methods in Molecular Biology; Springer: Cham, Switzerland, 2017; Volume 1540, pp. 157-177.
Ning, X.; Nguyen, D.; Mentzer, L.; Adams, C.; Lee, H.; Ashley, R.; Hafenstein, S.; Hu, ]. Secretion of
genome-free hepatitis B virus—Single strand blocking model for virion morphogenesis of para-retrovirus.
PLoS Pathog. 2011, 7, €1002255. [CrossRef]


http://dx.doi.org/10.1016/j.antiviral.2020.104709
http://dx.doi.org/10.1016/j.antiviral.2020.104777
http://dx.doi.org/10.1016/j.ejmech.2017.12.042
http://dx.doi.org/10.3389/fmicb.2019.02638
http://dx.doi.org/10.1007/s00535-019-01643-0
http://www.ncbi.nlm.nih.gov/pubmed/31768802
http://dx.doi.org/10.3791/60652
http://www.ncbi.nlm.nih.gov/pubmed/31904023
http://dx.doi.org/10.1128/JVI.07137-11
http://www.ncbi.nlm.nih.gov/pubmed/22379076
http://dx.doi.org/10.1128/JVI.80.5.2141-2150.2006
http://dx.doi.org/10.1093/nar/21.17.3967
http://dx.doi.org/10.1016/j.virol.2009.04.023
http://dx.doi.org/10.1006/viro.1996.0440
http://dx.doi.org/10.1128/JVI.01785-16
http://dx.doi.org/10.1128/JVI.73.3.1885-1893.1999
http://dx.doi.org/10.1128/JVI.64.2.613-620.1990
http://dx.doi.org/10.1128/JVI.02575-13
http://www.ncbi.nlm.nih.gov/pubmed/24352439
http://dx.doi.org/10.1128/JVI.02760-07
http://www.ncbi.nlm.nih.gov/pubmed/18400846
http://dx.doi.org/10.1128/JVI.02786-12
http://dx.doi.org/10.1038/344552a0
http://www.ncbi.nlm.nih.gov/pubmed/1690862
http://dx.doi.org/10.1128/JVI.02161-18
http://dx.doi.org/10.1371/journal.ppat.1002255

Viruses 2020, 12, 570 17 of 19

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Boregowda, R.; Adams, C.; Hu, J. TP-RT domain interactions of duck hepatitis B virus reverse transcriptase
in cis and in trans during protein-primed initiation of DNA synthesis in vitro. J. Virol. 2012, 86, 6522-6536.
[CrossRef]

Mu, T;; Zhao, X.; Zhu, Y.; Fan, H.; Tang, H. The E3 ubiquitin ligase TRIM21 promotes HBV DNA polymerase
degradation. Viruses 2020, 12, 346. [CrossRef]

Gao, W.; Hu, J. Formation of hepatitis B virus covalently closed circular DNA: Removal of genome-linked
protein. J. Virol. 2007, 81, 6164-6174. [CrossRef]

Unchwaniwala, N.; Sherer, N.M.; Loeb, D.D. Hepatitis B virus polymerase localizes to the mitochondria,
and its terminal protein domain contains the mitochondrial targeting signal. . Virol. 2016, 90, 8705-8719.
[CrossRef] [PubMed]

De Beijer, M.T.A.; Jansen, D.; Dou, Y.; van Esch, W.J.E.; Mok, ].Y.; Maas, M.].P,; Brasser, G.; de Man, R.A;
Woltman, A.M.; Buschow, S.I. Discovery and selection of hepatitis B virus-derived T cell epitopes for global
immunotherapy based on viral indispensability, conservation, and HLA-binding strength. J. Virol. 2020, 94.
[CrossRef] [PubMed]

Chook, ].B.; Ngeow, Y.E; Tee, K.K.; Peh, S.C.; Mohamed, R. Novel genetic variants of hepatitis B virus in
fulminant hepatitis. J. Pathog. 2017, 2017, 1231204. [CrossRef]

Tamura, K.; Dudley, J.; Nei, M.; Kumar, S. Mega4: Molecular evolutionary genetics analysis (MEGA) software
version 4.0. Mol. Biol. Evol. 2007, 24, 1596-1599. [CrossRef] [PubMed]

Drexler, ].E; Geipel, A.; Konig, A.; Corman, V.M.; van Riel, D.; Leijten, L.M.; Bremer, C.M.; Rasche, A.;
Cottontail, V.M.; Maganga, G.D. Bats carry pathogenic hepadnaviruses antigenically related to hepatitis
B virus and capable of infecting human hepatocytes. Proc. Natl. Acad. Sci. USA 2013, 110, 16151-16156.
[CrossRef] [PubMed]

He, B,; Fan, Q.; Yang, F.; Hu, T.; Qiu, W.; Feng, Y.; Li, Z; Li, Y.; Zhang, F.; Guo, H. Hepatitis virus in
long-fingered bats, myanmar. Emerg. Infect. Dis. 2013, 19, 638-640. [CrossRef]

Lanford, R.E.; Chavez, D.; Barrera, A.; Brasky, K.M. An infectious clone of woolly monkey hepatitis B virus.
J. Virol. 2003, 77, 7814-7819. [CrossRef]

Michalak, T.I.; Mulrooney, PM.; Coffin, C.S. Low doses of hepadnavirus induce infection of the lymphatic
system that does not engage the liver. |. Virol. 2004, 78, 1730-1738. [CrossRef]

Seeger, C.; Ganem, D.; Varmus, H.E. Nucleotide sequence of an infectious molecularly cloned genome of
ground squirrel hepatitis virus. J. Virol. 1984, 51, 367-375. [CrossRef]

Testut, P.; Renard, C.A.; Terradillos, O.; Vitvitski-Trepo, L.; Tekaia, F; Degott, C.; Blake, J.; Boyer, B.;
Buendia, M.A. A new hepadnavirus endemic in arctic ground squirrels in Alaska. J. Virol. 1996, 70, 4210-4219.
[CrossRef]

Chang, S.F,; Netter, H.].; Bruns, M.; Schneider, R.; Frolich, K.; Will, H. A new avian hepadnavirus infecting
snow geese (Anser caerulescens) produces a significant fraction of virions containing single-stranded DNA.
Virology 1999, 262, 39-54. [CrossRef] [PubMed]

Guo, H.; Mason, W.S.; Aldrich, C.E; Saputelli, ].R.; Miller, D.S.; Jilbert, A.R.; Newbold, J.E. Identification and
characterization of avihepadnaviruses isolated from exotic anseriformes maintained in captivity. J. Virol.
2005, 79, 2729-2742. [CrossRef] [PubMed]

Li, Q. Jia, R; Liu, S.; Wang, M.; Zhu, D.; Chen, S.; Liu, M; Yin, Z,; Jing, B.; Cheng, A. Complete genome
sequence of the novel duck hepatitis B virus strain SCP01 from Sichuan Cherry Valley duck. SpringerPlus
2016, 5, 1353. [CrossRef] [PubMed]

Piasecki, T.; Kurenbach, B.; Chrzastek, K.; Bednarek, K.; Kraberger, S.; Martin, D.P,; Varsani, A. Molecular
characterisation of an avihepadnavirus isolated from Psittacula krameri (ring-necked parrot). Arch. Virol.
2012, 157, 585-590. [CrossRef] [PubMed]

Sprengel, R.; Kaleta, E.F.; Will, H. Isolation and characterization of a hepatitis B virus endemic in herons.
J. Virol. 1988, 62, 3832-3839. [CrossRef]

Triyatni, M.; Ey, P.L.; Tran, T.; Le Mire, M.; Qiao, M.; Burrell, C.J.; Jilbert, A.R. Sequence comparison of an
Australian duck hepatitis B virus strain with other avian hepadnaviruses. J. Gen. Virol. 2001, 82, 373-378.
[CrossRef]

Dill, J.A.; Camus, A.C.; Leary, ].H.; Di Giallonardo, F.; Holmes, E.C.; Ng, T.F. Distinct viral lineages from fish
and amphibians reveal the complex evolutionary history of hepadnaviruses. J. Virol. 2016, 90, 7920-7933.
[CrossRef]


http://dx.doi.org/10.1128/JVI.00086-12
http://dx.doi.org/10.3390/v12030346
http://dx.doi.org/10.1128/JVI.02721-06
http://dx.doi.org/10.1128/JVI.01229-16
http://www.ncbi.nlm.nih.gov/pubmed/27440888
http://dx.doi.org/10.1128/JVI.01663-19
http://www.ncbi.nlm.nih.gov/pubmed/31852786
http://dx.doi.org/10.1155/2017/1231204
http://dx.doi.org/10.1093/molbev/msm092
http://www.ncbi.nlm.nih.gov/pubmed/17488738
http://dx.doi.org/10.1073/pnas.1308049110
http://www.ncbi.nlm.nih.gov/pubmed/24043818
http://dx.doi.org/10.3201/eid1904.121655
http://dx.doi.org/10.1128/JVI.77.14.7814-7819.2003
http://dx.doi.org/10.1128/JVI.78.4.1730-1738.2004
http://dx.doi.org/10.1128/JVI.51.2.367-375.1984
http://dx.doi.org/10.1128/JVI.70.7.4210-4219.1996
http://dx.doi.org/10.1006/viro.1999.9844
http://www.ncbi.nlm.nih.gov/pubmed/10489339
http://dx.doi.org/10.1128/JVI.79.5.2729-2742.2005
http://www.ncbi.nlm.nih.gov/pubmed/15708992
http://dx.doi.org/10.1186/s40064-016-2988-5
http://www.ncbi.nlm.nih.gov/pubmed/27588246
http://dx.doi.org/10.1007/s00705-011-1197-3
http://www.ncbi.nlm.nih.gov/pubmed/22183110
http://dx.doi.org/10.1128/JVI.62.10.3832-3839.1988
http://dx.doi.org/10.1099/0022-1317-82-2-373
http://dx.doi.org/10.1128/JVI.00832-16

Viruses 2020, 12, 570 18 of 19

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Hahn, C.M.; Iwanowicz, L.R.; Cornman, R.S.; Conway, C.M.; Winton, J.R.; Blazer, V.S. Characterization of a
novel hepadnavirus in the white sucker (Catostomus commersonii) from the great lakes region of the United
States. J. Virol. 2015, 89, 11801-11811. [CrossRef]

Valenzuela, P; Quiroga, M.; Zaldivar, J.; Gray, P.; Rutter, W.]J. The nucleotide sequence of the hepatitis B viral
genome and the identification of the major viral genes. In Animal Virus Genetics; Fields, B.N., Jaenisch, R., Eds.;
Academic Press: Cambridge, MA, USA, 1980; pp. 57-70.

Fujiyama, A.; Miyanohara, A.; Nozaki, C.; Yoneyama, T.; Ohtomo, N.; Matsubara, K. Cloning and structural
analyses of hepatitis B virus DNAs, subtype adr. Nucleic Acids Res. 1983, 11, 4601-4610. [CrossRef]
Galibert, F.; Mandart, E.; Fitoussi, F; Tiollais, P.; Charnay, P. Nucleotide sequence of the hepatitis B virus
genome (subtype ayw) cloned in E. coli. Nature 1979, 281, 646—650. [CrossRef]

Norder, H.; Courouce, A.M.; Magnius, L.O. Complete genomes, phylogenetic relatedness, and structural
proteins of six strains of the hepatitis B virus, four of which represent two new genotypes. Virology 1994, 198,
489-503. [CrossRef] [PubMed]

Okamoto, H.; Tsuda, F.; Sakugawa, H.; Sastrosoewignjo, R.I.; Imai, M.; Miyakawa, Y.; Mayumi, M. Typing
hepatitis B virus by homology in nucleotide sequence: Comparison of surface antigen subtypes. J. Gen. Virol.
1988, 69, 2575-2583. [CrossRef]

Stuyver, L.; De Gendt, S.; Van Geyt, C.; Zoulim, F; Fried, M.; Schinazi, R.E; Rossau, R. A new genotype of
hepatitis B virus: Complete genome and phylogenetic relatedness. J. Gen. Virol. 2000, 81, 67-74. [CrossRef]
[PubMed]

Adamczak, R.; Porollo, A.; Meller, ]. Combining prediction of secondary structure and solvent accessibility
in proteins. Proteins 2005, 59, 467-475. [CrossRef] [PubMed]

Xu, D.; Zhang, Y. Ab initio protein structure assembly using continuous structure fragments and optimized
knowledge-based force field. Proteins 2012, 80, 1715-1735. [CrossRef] [PubMed]

Cao, F; Jones, S.; Li, W.; Cheng, X.; Hu, Y,; Hu, J.; Tavis, ].E. Sequences in the terminal protein and reverse
transcriptase domains of the hepatitis B virus polymerase contribute to RNA binding and encapsidation.
J. Viral Hepat. 2014, 21, 882-893. [CrossRef]

Jones, S.A.; Clark, D.N.; Cao, F; Tavis, J.E.; Hu, ]J. Comparative analysis of hepatitis B virus polymerase
sequences required for viral RNA binding, RNA packaging, and protein priming. J. Virol. 2014, 88, 1564-1572.
[CrossRef]

Shin, Y.C.; Ko, C.; Ryu, W.S. Hydrophobic residues of terminal protein domain of hepatitis B virus polymerase
contribute to distinct steps in viral genome replication. FEBS Lett. 2011, 585, 3964-3968. [CrossRef]
Lanford, R.E.; Notvall, L.; Lee, H.; Beames, B. Transcomplementation of nucleotide priming and reverse
transcription between independently expressed TP and RT domains of the hepatitis B virus reverse
transcriptase. J. Virol. 1997, 71, 2996-3004. [CrossRef]

Kramvis, A.; Kew, M.C. Structure and function of the encapsidation signal of Hepadnaviridae. J. Viral Hepat.
1998, 5, 357-367. [CrossRef]

Dissmeyer, N.; Schnittger, A. Use of phospho-site substitutions to analyze the biological relevance of
phosphorylation events in regulatory networks. In Methods in Molecular Biology; Springer: Cham, Switzerland,
2011; Volume 779, pp. 93-138.

Ayola, B.; Kanda, P; Lanford, R.E. High level expression and phosphorylation of hepatitis B virus polymerase
in insect cells with recombinant baculoviruses. Virology 1993, 194, 370-373. [CrossRef]

Boregowda, R.K; Lin, L.; Zhu, Q.; Tian, F.; Hu, J. Cryptic protein priming sites in two different domains of
duck hepatitis B virus reverse transcriptase for initiating DNA synthesis in vitro. J. Virol. 2011, 85, 7754-7765.
[CrossRef]

Shin, Y.C,; Park, S.; Ryu, W.S. A conserved arginine residue in the terminal protein domain of hepatitis B
virus polymerase is critical for RNA pre-genome encapsidation. J. Gen. Virol. 2011, 92, 1809-1816. [CrossRef]
[PubMed]

Roychoudhury, S.; Farugqi, A.E,; Shih, C. Pregenomic RNA encapsidation analysis of eleven missense and
nonsense polymerase mutants of human hepatitis B virus. J. Virol. 1991, 65, 3617-3624. [CrossRef] [PubMed]
Blum, H.E.; Galun, E; Liang, T.J.; von Weizsacker, F; Wands, J.R. Naturally occurring missense mutation
in the polymerase gene terminating hepatitis B virus replication. J. Virol. 1991, 65, 1836-1842. [CrossRef]
[PubMed]


http://dx.doi.org/10.1128/JVI.01278-15
http://dx.doi.org/10.1093/nar/11.13.4601
http://dx.doi.org/10.1038/281646a0
http://dx.doi.org/10.1006/viro.1994.1060
http://www.ncbi.nlm.nih.gov/pubmed/8291231
http://dx.doi.org/10.1099/0022-1317-69-10-2575
http://dx.doi.org/10.1099/0022-1317-81-1-67
http://www.ncbi.nlm.nih.gov/pubmed/10640543
http://dx.doi.org/10.1002/prot.20441
http://www.ncbi.nlm.nih.gov/pubmed/15768403
http://dx.doi.org/10.1002/prot.24065
http://www.ncbi.nlm.nih.gov/pubmed/22411565
http://dx.doi.org/10.1111/jvh.12225
http://dx.doi.org/10.1128/JVI.02852-13
http://dx.doi.org/10.1016/j.febslet.2011.11.003
http://dx.doi.org/10.1128/JVI.71.4.2996-3004.1997
http://dx.doi.org/10.1046/j.1365-2893.1998.00124.x
http://dx.doi.org/10.1006/viro.1993.1270
http://dx.doi.org/10.1128/JVI.00483-11
http://dx.doi.org/10.1099/vir.0.031914-0
http://www.ncbi.nlm.nih.gov/pubmed/21525211
http://dx.doi.org/10.1128/JVI.65.7.3617-3624.1991
http://www.ncbi.nlm.nih.gov/pubmed/1710285
http://dx.doi.org/10.1128/JVI.65.4.1836-1842.1991
http://www.ncbi.nlm.nih.gov/pubmed/2002544

Viruses 2020, 12, 570 19 of 19

89. Liu, K,; Luckenbaugh, L.; Ning, X.; Xi, J.; Hu, J. Multiple roles of core protein linker in hepatitis B virus
replication. PLoS Pathog. 2018, 14, €1007085. [CrossRef] [PubMed]

90. Torresi, ]. The virological and clinical significance of mutations in the overlapping envelope and polymerase
genes of hepatitis B virus. J. Clin. Virol. 2002, 25, 97-106. [CrossRef]

91. Lumley, S.F; McNaughton, A.L.; Klenerman, P,; Lythgoe, K.A.; Matthews, P.C. Hepatitis B virus adaptation
to the CD8+ T cell response: Consequences for host and pathogen. Front. Immunol. 2018, 9, 1561. [CrossRef]

92. Park, S.; Park, E.S.; Koo, J.E.; Park, Y.K.; Lee, A.R.; Dezhbord, M.; Cho, E.S.; Ahn, SH.; Kim, D.H,;
Lee, ].H. Entecavir-resistant hepatitis B virus decreases surface antigenicity: A full genome and functional
characterization. Liver Int. 2020. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1371/journal.ppat.1007085
http://www.ncbi.nlm.nih.gov/pubmed/29782550
http://dx.doi.org/10.1016/S1386-6532(02)00049-5
http://dx.doi.org/10.3389/fimmu.2018.01561
http://dx.doi.org/10.1111/liv.14446
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Four Main Functions of HBV Pol Determined by the TP Domain 
	Evaluating RNA Binding of HBV Pol 
	Evaluating Protein Priming of HBV Pol 
	Evaluating RNA Packaging and DNA Synthesis of HBV Pol 
	Evaluating Other HBV Pol Functions 

	Generating a Structure—Function Map of the TP Domain of HBV Pol 
	Conservation Analysis of TP Domain of HBV Pol 
	Prediction of Secondary Structure of TP Domain of HBV Pol 
	Mutational Studies of TP Domain of HBV Pol 
	Mutations in the N-Terminal Helices 
	Mutations in the Priming Loop 
	Mutations in Helix 4 
	Mutations in the L2 Packaging Loop 
	Mutations in Helix 5 
	Mutations in the RNA-Binding T3 Loop 
	Mutations in Helix 6 
	Notes about Mutational Analyses 


	Conclusions 
	References

