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Abstract

Hepatitis B virus (HBV) infections rely on the proper functioning of the viral polymerase enzyme,
a specialized reverse transcriptase (RT) with multiple activities. All currently approved antiviral
drugs for the treatment of chronic hepatitis B virus, except for interferon, target the RT and belong
to the same chemical class - they are all nucleoside analogs. Viral DNA synthesis is carried out by
the RT enzyme in several different steps, each with distinct RT conformational requirements. In
principle, each stage may be targeted by distinct antiviral drugs. In particular, the HBV RT has the
unique ability to initiate viral DNA synthesis using itself as a protein primer in a novel protein
priming reaction. In order to help identify RT inhibitors and study their mechanisms of action, a
number of experimental systems have been developed, each varying in its ability to dissect the
protein priming and the subsequent stages of viral DNA synthesis reaction at the molecular level.
Two of the most effective drugs to date, entecavir and tenofovir, can inhibit both the protein
priming and the subsequent DNA elongation stages of HBV DNA synthesis. Interestingly,
clevudine, a thymidine analog, can inhibit both protein priming and DNA elongation in a non-
competitive manner and without being incorporated into the viral DNA. Thus, a nucleoside RT
inhibitor (NRTI) can functionally mimic a non-NRTI (NNRT]I) in its inhibition of the HBV RT.
Therefore, novel NRTIs as well as NNRTIs may be developed to inhibit the DNA synthesis
activity of the HBV RT. Furthermore, additional activities of the RT that are also essential to HBV
replication, including specific recognition of the viral RNA and its packaging into viral
nucleocapsids, may be exploited for antiviral development. To achieve a more potent inhibition of
viral replication and ultimately cure chronic HBV infection, the next generation of anti-HBV
therapies will likely need to include NRTIs, NNRTIs, and other agents that target the viral RT as
well as other viral and host factors in various combinations. This article forms part of a
symposium in Antiviral Research on "An unfinished story: from the discovery of the Australia
antigen to the development of new curative therapies for hepatitis B."
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Reverse transcriptase structure and functions

Chronic hepatitis B virus (HBV) infection is a worldwide health problem, affecting over 350
million people and resulting in about a million deaths per year (El-Serag, 2012). The
infectious agent is a viral particle, consisting of a nucleocapsid surrounded by a lipid
envelope studded with viral envelope proteins. Inside the nucleocapsid is a relaxed circular
DNA (rcDNA) genome. The viral polymerase, a reverse transcriptase (RT), is encoded in
the largest open reading frame on the viral genome. The coding sequence of the RT gene
alone is 2.5kb, though the entire viral genome is a mere 3.2 kb. Every other HBV gene
overlaps with the polymerase (Hu and Seeger, 2015).

During an infection, the virus enters a cell when surface proteins bind to a recently identified
liver-specific receptor (Yan et al., 2012). Inside the cell, the rcDNA genome must be
delivered to the host cell nucleus. The rcDNA is then repaired by removal of the polymerase
protein, which is covalently attached to the rcDNA, and by closure of the two strands. This
forms the covalently closed circular DNA (cccDNA) which is the source of viral mMRNA
transcripts (Hu and Seeger, 2015). The largest viral mRNA transcript, the pre-genomic RNA
(pgRNA), encodes viral polymerase and capsid proteins and additionally serves as the
template for viral DNA synthesis (Hu and Seeger, 2015; Seeger et al., 2007; Summers and
Mason, 1982). The pgRNA is degraded during synthesis of rcDNA due to the polymerase’s
RNase H activity, which is discussed in a companion article in this series (Tavis and
Lomonosova, 2015).

Synthesis of the viral genome is accomplished in several steps by the HBV polymerase, and
importantly, the DNA is synthesized inside a newly formed nucleocapsid (Hu and Seeger,
2015). The first step occurs when the RT associates with the pgRNA and together they are
packaged (or encapsidated) into an assembling capsid. This RNA binding occurs at the RNA
packaging signal, called epsilon (¢ RNA), which is a stem-loop structure on the 5’ end of the
pgRNA (Figure 1A). This € RNA binding by the RT is dependent on the presence of host
cell chaperones which form a complex with the RT (Hu and Anselmo, 2000; Hu et al., 2004;
Hu and Seeger, 1996b; Hu et al., 1997; Stahl et al., 2007b).

On the pgRNA, the ¢ RNA hairpin contains an internal bulge which is necessary for the first
step in DNA synthesis, called protein priming (see Figure 1A). Located on the internal bulge
is a 5’-UUC-3’ sequence, which is the template for initial synthesis of an oligonucleotide
with the sequence 5’-dGAA-3’ (Jones et al., 2012; Nassal and Rieger, 1996; Wang and
Seeger, 1993). The requirement for a primer is met by the HBV RT protein itself. In a
biologically rare occurrence, a tyrosine residue on the RT acts as a primer, where its free -
OH group covalently links to the initiating nucleotide, dGMP. This first step in protein
priming is referred to as priming initiation, and the addition of the subsequent adenine
nucleotides is called priming polymerization (Jones et al., 2012; Wang and Hu, 2002). The
product of protein priming is therefore a short DNA oligonucleotide, 5’-dGAA-3’, which is
covalently attached to the RT protein through a phosphotyrosyl bond. Subsequently, this
polymerase-nascent DNA complex is translocated to a direct repeat 1 (DR1) sequence near
the 3’ end of the pgRNA to continue minus strand synthesis (Figure 1A). Each of these steps
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is thought to require a distinct conformational state of the RT (Jones et al., 2014; Lin et al.,
2008; Stahl et al., 2007a; Wang and Hu, 2002).

Clues into the phenomenon of protein priming came early on when a large protein was
found to be covalently attached to the viral rcDNA genome, and was even found attached to
the smallest detectable growing strands of DNA when using duck HBV (DHBV) (Gerlich
and Robinson, 1980; Molnar-Kimber et al., 1983). Several years later, the identification of
the attached protein as the polymerase led to the implication that all necessary activities for
rcDNA synthesis—primer, polymerase, and RNase H—were contained in a single protein
(Bartenschlager and Schaller, 1988; Wang and Seeger, 1992). The polymerase has four
domains which facilitate these principal roles. Beginning at the N-terminus, these domains
are the terminal protein domain (TP) which contains the tyrosine primer (Zoulim and
Seeger, 1994), followed by a spacer domain, the RT domain which is responsible for
catalyzing DNA synthesis, and the RNase H domain which is critical for degrading the
pgRNA (Figure 1A).

The protein priming step is followed by the synthesis of the complete minus strand DNA,
during which the pgRNA is degraded by the RNase H activity of the RT. Then the plus
strand of rcDNA is generated using the minus strand as the template (Hu and Seeger, 199643;
Summers and Mason, 1982). Thus, like other RTs, the HBV polymerase uses both RNA and
DNA as templates to synthesize its dSDNA genome.

It should be no surprise that the polymerase enzyme is the main target of antiviral drugs
(Clark and Hu, 2015; Jones and Hu, 2013a). It is the only viral protein with enzymatic
activity, and the priming, DNA synthesis, and RNase H functions are all critical to the viral
replication cycle. Although much is inferred about the structure of the HBV RT, there is yet
no high-resolution structure of this important enzyme. Therefore, structural predictions,
including drug interactions, are based on the well-studied RT of the human
immunodeficiency virus (HIV), for which several crystal structures have been published.
The HIV and HBV RT have approximately 20% similarity in the RT domain (Das et al.,
2001), and 33% similarity in the RNase H domain (Tavis et al., 2013). Owing to the
similarity of the HBV RT to that of HIV, several NRTIs are active against both RTs.
However, the TP and spacer domains of the HBV polymerase are unique and have no
structural homologs.

Current antivirals target HBV DNA synthesis

Current treatments for chronic HBV infection have been discussed in other issues of this
compendium (Block et al., 2015; Chang and Guo, 2015; Cheng et al., 2015; Gish et al.,
2015a; Gish et al., 2015b; Tavis and Lomonosova, 2015; Yan et al., 2015; Zlotnick et al.,
2015). They include interferon and nucleoside RT inhibitors (NRTIs, also called nucleotide
RT inhibitors if they are the phosphorylated form, such as tenofovir and adefovir) (De
Clercq et al., 2010; Scaglione and Lok, 2012). Interferon therapy is effective only in a
minority of patients and is associated with side effects and toxicities. Five NRTIs have been
approved by the United States Food and Drug Administration (FDA) for HBV treatment,
namely lamivudine, adefovir, entecavir, telbivudine, and tenofovir (which are respectively
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analogs of C, A, G, T, and A) (Figure 1B). In addition, the cytidine analog emtricitabine is
FDA approved for use against HIV, and known to also suppress HBV during treatment of
HIV/HBYV co-infected patients (Cui et al., 2015).

Clevudine is a thymidine analog approved for HBV treatment in the Philippines and South
Korea (Balakrishna Pai et al., 1996; Chu et al., 1995; Jang et al., 2011; Korba et al., 2006). It
was shown, after cessation of treatment, to maintain suppression of HBV replication over 6
months (Lee et al., 2006; Peek et al., 2001), very unusual for a polymerase inhibitor. Also
different from many other NRTIs, clevudine is not considered an obligate chain terminator
because of the presence of a 3’-OH group (Korba et al., 2006). Interestingly, in studies with
Epstein-Barr virus, clevudine inhibited the DNA polymerase without being incorporated into
the DNA (Yao et al., 1996), a finding which was later reproduced in tests with HBV (see
below). Due to drug resistance and myopathy in a small proportion of patients (Kim et al.,
2012; Seok et al., 2009), clevudine is being tested at lower doses and in combination with
adefovir, which did not exhibit resistance after 96 weeks (Tak et al., 2014).

NRTIs suppress HBV replication but rarely provide a cure. The potentially life-long
treatment regimen can thus be associated with drug resistance or toxicity (Scaglione and
Lok, 2012; Zoulim and Locarnini, 2009). Therefore, there remains a need to identify novel
compounds that can inhibit the RT or other viral targets and for convenient screening
systems to facilitate their identification.

Insights into polymerase function through the development of cell-free

assays

Over the years, several experimental systems have emerged for studying the molecular
biology of the HBV polymerase using different strategies. Early protein priming
experiments were first developed using DHBV. With this system, it was found that priming
requires the polymerase, e RNA, and host cell chaperone proteins like the Hsp90 complex
(Hu and Anselmo, 2000; Hu and Seeger, 1996b; Hu et al., 2002; Hu et al., 1997; Wang and
Seeger, 1992). Similar to what was later found in HBV, the DHBV polymerase uses a
conserved tyrosine residue to act as a primer (Y63 for HBV and Y96 for DHBV) (Lanford et
al., 1997; Weber et al., 1994; Zoulim and Seeger, 1994). This system also gave insights into
alternate sites used in protein priming in vitro. Priming at other residues can occur in vitro
including other tyrosine and serine residues on both the TP and RT domains (Beck and
Nassal, 2011; Boregowda et al., 2011). Also, the TP domain, normally attached to the RT
domain through the spacer, can be expressed as a two-component system with the TP and
RT domains as separate fragments, which are still priming active when combined (i.e. trans
complementation). This facilitated truncation of the fragments to define minimally important
sequences for priming and € RNA binding (Boregowda et al., 2012). Cell-free systems using
DHBYV could be useful for drug screening, however, there is the obvious caveat of
incongruent effects between the duck and human viruses.

Efforts to develop similar priming assays in vitro for the human HBV polymerase were
unsuccessful for many years due to difficulties in purifying a functionally active polymerase
in large enough quantities for testing. Also several systems were developed but were unable
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to reproduce the in vivo requirements, such as the e RNA dependence. For example,
expression of human HBV RT in insect cells using a recombinant baculovirus system shows
in vitro priming at low levels and uses the authentic Y63 priming residue, but protein
priming is € RNA-independent (Lanford et al., 1995; Lanford et al., 1997). Another in vitro
system is HBV polymerase expressed in E. coli and reconstituted with chaperone proteins.
This system exhibits € RNA binding activity, but is not competent in protein priming. RNA
binding requirements of both the ¢ RNA and the RT were mapped using this system (Hu and
Anselmo, 2000; Hu and Boyer, 2006; Hu et al., 2004). These systems have their utility, but
cannot recapitulate each step performed by the RT.

Addressing most of these shortcomings, a full-length human HBV polymerase was
expressed and purified using a mammalian cell culture system (Jones et al., 2012). Because
the polymerase and € RNA are co-expressed and then purified together from human cells,
the natural host chaperones are attached and need not be added exogenously. This system
allows in vitro testing for ¢ RNA binding and the -dependent protein priming activity
because the reaction is ¢ RNA dependent (Jones et al., 2012). Protein priming in vitro can be
studied in detail with this system, including the ability to separately analyze both priming
initiation (attaching dGMP to Y63 in the TP domain) and priming polymerization (addition
of two dAMP nucleotides to the initiating nascent DNA). Furthermore, this system is
capable of both drug screening and the evaluation of currently used compounds to elucidate
their exact molecular mechanisms.

Interactions between RT and NRTI by competitive and non-competitive

means

Competitive inhibition has been the assumed mode of action for all NRTIs. The polymerase
that normally recognizes nucleotide triphosphates will instead recognize the triphosphate
form of the inhibitor in a competitive manner. The nucleotide analog is thus incorporated
into the DNA strand. Several NRTIs lack a 3’ -OH group, which prevents bridging to the
next incoming nucleotide, and thus DNA synthesis is terminated. If an inhibitor does have a
3’ -OH, it usually prevents elongation only after several more bases are added due to a
delayed chain termination effect (De Clercq, 2010; De Clercq et al., 2010; Sarafianos et al.,
2009). The compound ribavirin is an exception, acting as a mimic of both adenine and
guanosine on RNA, but not terminating synthesis—instead it induces mutations when a
ribavirin-containing strand is used as template for a new strand of RNA (Crotty et al., 2002).

One consideration in regards to polymerase inhibition is the multiple conformational states
adopted by the HBV polymerase in order to carry out its multiple functions (see Figure 1).
Each stage—priming initiation (requiring dGTP), priming polymerization (requiring dATP),
and subsequent DNA synthesis (requiring all nucleotides)—has a distinct conformational
requirement from the RT, and thus may be targeted individually (Jones et al., 2012; Jones
and Hu, 2013b; Lin et al., 2008; Staschke and Colacino, 1994; Wang and Seeger, 1992;
Wang and Hu, 2002). This conformation-specific inhibition can be through the NRTI which
mimics that stage’s nucleotide requirement, however non-NRTIs may be found which are
stage-specific as well. For example, a non-NRTI compound may be found which inhibits the
polymerase while in a conformation specific to the priming initiation step, but may not
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inhibit during the priming polymerization step due to differences in polymerase
conformation.

Antiviral effects would presumably be the strongest when directed against early events in
viral replication, such as priming. The sole approved drug which targets priming initiation,
entecavir, is indeed one of the most effective. It is a guanosine analog and acts competitively
to inhibit DNA synthesis. Entecavir was shown to be incorporated into the DNA strand. It
has a 3’ -OH, and thus does not immediately terminate synthesis, but instead ceases
elongation in a delayed fashion. Specifically, the RT pauses at the third nucleotide after
entecavir is incorporated. This occurs because the 3’ end, where a new nucleotide would be
attached, is repelled from the active site when the growing strand includes entecavir (Jones
et al., 2013; Seifer et al., 1998; Tchesnokov et al., 2008). Emtricitabine, lamivudine, and
tenofovir also act competitively. They are incorporated into the DNA strand and, lacking a
3’ -OH, directly prevent chain elongation (De Clercq et al., 2010; Scaglione and Lok, 2012).
Tenofovir, an adenosine analog, was shown to specifically inhibit priming polymerization,
when two dAMPs are normally added, also in a competitive manner (Jones et al., 2013).

Surprisingly, a novel mechanism for polymerase inhibition emerged recently—an NRTI that
acts non-competitively. Clevudine is a thymidine analog and thus should not inhibit priming
initiation (which requires dGTP) or priming polymerization (which requires dATP), but
instead should only block downstream DNA synthesis after priming. However, it inhibits all
stages of DNA synthesis, and it does so non-competitively and without being incorporated
into the DNA strand. Thus, although a nucleoside analog, the same chemical class as all
other inhibitors of HBV RT, the mode of action of clevudine is distinct (see Figure 1) (Jones
etal., 2013).

Although its exact polymerase binding site is not known, clevudine is thought to inhibit the
HBV polymerase by binding to the nucleotide triphosphate binding pocket within the RT
domain, just like other NRTIs. This was evidenced by the finding that only clevudine
triphosphate, and not the mono- or diphosphate forms could inhibit the RT (Jones et al.,
2013). Also clevudine-resistant mutations have been found in the dNTP binding site (Kwon
et al., 2010). Interestingly, these clevudine-resistant polymerase mutants were also resistant
to lamivudine and emtricitabine (both cytidine analogs), and to telbivudine (a thymidine
analog) demonstrating shared constraints (De Clercq et al., 2010; Kwon et al., 2010).

Despite this evidence that clevudine may bind at the dNTP binding pocket of the HBV RT,
clevudine is somehow not incorporated into the DNA strand. This may be due to
unfavorable conformational constraints, according to one study which modeled clevudine
binding to the active site (Chong and Chu, 2002). Since clevudine is not incorporated into
the DNA chain, it could potentially bind an allosteric site close to the active site, altering the
conformation of the active site to prevent DNA synthesis, i.e., an NRTI actually functions as
anon-NRTI (NNRTI). Supporting this hypothesis, clevudine was found to act
synergistically to inhibit HBV replication when combined with entecavir, lamivudine,
adefovir or tenofovir (Niu et al., 2010), suggesting its ability to act cooperatively with other
NRTIs. Interestingly, when combining clevudine and telbivudine (both thymidine analogs)
an antagonistic effect was observed. It was proposed that this did not relate to any
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interactions with the polymerase itself, but instead that due to their chemical similarity they
compete for other enzymes which are responsible for their uptake and phosphorylation (Niu
etal., 2010).

Clevudine was shown to inhibit all stages of DNA synthesis when tested with the human-
cell purified HBV polymerase described above. It blocks the initial priming reaction which
requires dGTP, despite the fact that clevudine is not a guanosine analog. This finding was
reinforced when the native 5’-UUC-3’ template sequence found in the internal bulge on the
€ RNA was mutated to 5’-UUG-3’ or 5’-UUA-3’. These mutated templates thus require
dCTP or TTP, however clevudine inhibited priming initiation in all cases (Jones et al.,
2013). The next step, priming polymerization, was also inhibited by clevudine. Similar to
tenofovir, an adenosine analog, clevudine blocked priming polymerization (which requires
dATP) despite clevudine being a thymidine analog (Jones et al., 2013). Finally, clevudine
can block, in a non-competitive manner, the post-priming DNA synthesis stage which forms
the completed genome. During none of its inhibitory activity is clevudine incorporated into
the DNA (Jones et al., 2013).

Potential for developing novel RT inhibitors, in combination with current

NRTIs, for more complete inhibition of HBV replication and to cure chronic

infection

Clevudine’s novel non-competitive inhibition provides an exciting proof of principle—
NRTIs can act as non-NRTIs. This would be a welcome addition to the arsenal of
compounds currently employed to treat HBV, which all use the same mechanism of action.
When NRTIs and non-NRTIs are used together, their combinatorial effect can be synergistic
in reducing viral load and provide a higher threshold to viral resistance. NNRTIs have been
used against HIV for several years and bind to a pocket near the active site (Das et al., 2012;
Sarafianos et al., 2009). This allosteric site, when bound to non-NRTIs, prevents the
conformational changes required for the HIV RT to affix a new nucleotide. Unfortunately,
anti-HIV non-NRTIs display no cross-reactivity to HBV.

Despite several attempts to devise a combination therapy that is more effective than single-
compound, all current indications for HBV treatment are for monotherapy (Hadziyannis et
al., 2013; Zhu et al., 2009). This is likely due to the single mode of inhibition for the
components in the combined therapy trials. However, one study showed a synergistic effect
when clevudine was combined with other NRTIs, as measured by viral DNA reduction (Niu
et al., 2010). A recent clinical trial tested clevudine alone versus clevudine combined with
adefovir. Only the combination therapy showed no resistance, and the decrease in viral load
was stronger in the combined therapy (Tak et al., 2014). The most promising developments
may come when derivatives of clevudine without its toxic effects or similarly acting non-
NRTI compounds are used in combination with approved NRTIs, as is the case with HIV. In
the meantime, NRTIs will continue to be a mainstay of anti-HBYV therapy. Several new
NRTIs are in development including variations of tenofovir and adefovir, and the novel
compounds besifovir, elvucitabine, lagociclovir valactate, and valtorcitabine (Menendez-
Avrias et al., 2014; Yuen et al., 2015).
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Other compounds which inhibit the HBV polymerase have been found, but none are in
clinical trials. Hemin and other porphyrin compounds strongly inhibited the binding of HBV
polymerase to € RNA (Lin and Hu, 2008). A carbonyl J acid derivative, KM-1, targets the
binding of template and primer to the HIV polymerase (Skillman et al., 2002; Wang et al.,
2004), and was found to block the binding of ¢ RNA to HBV polymerase as well (Wang et
al., 2012). As polymerase-e¢ RNA interaction is a prerequisite for not only protein priming,
but also pgRNA packaging, drugs targeting this early interaction can be expected to be
highly potent. Another critical feature of the HBV polymerase enzyme is its RNase H
activity. Not only essential for degrading the pgRNA, this domain also contains several
residues essential for DNA synthesis (Tavis and Lomonosova, 2015). The ability to screen
compounds which are inhibitory to this domain has advanced recently, and -thujaplicinol
and HID compounds were shown to have anti-RNase H activity (Cai et al., 2014; Hu et al.,
2013; Tavis et al., 2013). Additionally, a method to inhibit the HBV replication cycle would
be to target host chaperone proteins that facilitate HBV RT function (Hu et al., 2004; Hu and
Seeger, 1996b).

The burden of morbidity and mortality due to chronic HBV infection has decreased since the
introduction of polymerase-directed antiviral drugs, and the potential for finding new HBV
RT inhibitors is high. While the polymerase, with its many functions, has been successfully
targeted by NRTIs, the advent of combination therapies which include non-NRTIs as well as
inhibitors of other viral components should further increase the effectiveness of HBV drug
therapy. There are many strategies and compounds in development which target HBV or its
life cycle beyond the RT and are further discussed elsewhere in this symposium (Block et
al., 2015; Chang and Guo, 2015; Cheng et al., 2015; Gish et al., 2015a; Gish et al., 2015b;
Tavis and Lomonosova, 2015; Yan et al., 2015; Zlotnick et al., 2015). Assuming that new
cccDNA formation is needed to sustain HBV persistence, combination therapies sufficiently
potent to completely block rcDNA synthesis should be able to clear cccDNA and thus cure
chronic HBV infection, once the preexisting cccDNA is removed by the host (Hu and
Seeger, 2015).
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Blocked by all NRTIs
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Priming polymerization

Post-priming DNA synthesis

3'-OH | Mode of

NRTI Analog| group | inhibition Stage inhibited
Lamivudine C |Absent | Competitive Post-priming

Adefovir* A |Absent | Competitive Priming polymerization
Entecavir G [Present | Competitive Priming initiation
Telbivudine* T Present | Competitive Post-priming
Tenofovir A |Absent | Competitive Priming polymerization
Emtricitabine C |Absent | Competitive Post-priming
Clevudine T Present | Non-competitive | All

Figure 1. Inhibitors block the early stages of DNA synthesis by hepatitis B virus
A. The hepatitis B virus (HBV) polymerase consists of a terminal protein domain (TP), a

spacer domain, the reverse transcriptase domain (RT), and an RNase H domain. DNA
synthesis begins after the polymerase binds to the viral pre-genomic RNA (pgRNA), and the
subsequent steps of DNA synthesis are performed inside the nucleocapsid (not shown).
Also, the polymerase is also associated with host chaperone proteins (not shown). Early
DNA synthesis is performed in three stages, each of which has distinct requirements for
polymerase conformation and the nucleotide used. First, initiation of protein priming occurs,
which attaches a deoxyguanosine nucleotide (red “G”) to a tyrosine residue (shown as an
aromatic ring) on the TP domain. Next, priming continues to polymerize two
deoxyadenosine nucleotides (red “AA”). Once this short oligonucleotide is synthesized, it is
translocated and anneals to the 3’ end of the pgRNA at a direct repeat 1 (DR1) sequence,
and the minus strand of DNA continues to elongate (red arrow). Each of these stages can be
blocked by nucleoside RT inhibitors (NRTI). B. NRTIs which target HBV polymerase are
listed, along with information about their chemical structure and mode of action (De Clercq
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et al., 2010). * It is assumed, but has not been determined if these NRTIs act competitively
and only affect the indicated stage of DNA synthesis.
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