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Abstract

Infection with HBV is common worldwide, with over 350 million chronic carriers. Chronic HBV
infection is associated with cirrhosis and hepatocellular carcinoma. All currently available oral
antivirals are directed against the HBV polymerase enzyme, a reverse transcriptase. HBV
polymerase contains several important domains and motifs which define its functions and reveal
ways to further target it. This enzyme executes many functions required for the HBV replication
cycle, including viral RNA binding, RNA packaging, protein priming, template switching, DNA
synthesis and RNA degradation. In addition, HBV polymerase must interact with host proteins for
its functions. Future therapeutics may inhibit not only the DNA synthesis steps which are carried
out by the reverse transcriptase domain (as all current antivirals do) but other domains, functions
and interactions which are essential to the HBV replication cycle.
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Despite an effective vaccine which was introduced in 1986, HBV remains an important
cause of morbidity and mortality in the world. Many millions of people become infected
every year, and HBV is a major cause of cirrhosis and hepatocellular carcinoma. Chronic
hepatitis B is the resultant condition for over 350 million people worldwide. Chronic
hepatitis B may entail lifelong monitoring and treatment in order to impact disease outcomes
[1]. Several treatment options exist, including antivirals which directly target HBV.

Members of Hepadnaviridae such as HBV are pararetroviruses — DNA viruses with an RNA
intermediate [2]. They infect several bird and mammal species. HBV is small in both size
and genome. This enveloped virus produces spherical infectious particles of 42 nm, as well
as non-infectious particles of varying size and morphology [3]. The HBV genome is 3.2 kb
and contains four open reading frames which encode the polymerase (HP), core, surface and
X genes. The core gene encodes the core protein, or ¢ antigen (HBcAg), and also encodes
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the secreted nonstructural e antigen (HBeAg). The surface gene can also produce different
products — the small, middle and large surface antigens (HBsAg). Other than the enigmatic
X protein, all of HBV's genes have been successfully targeted for diagnostic, vaccine or
treatment aims.

The environmental reservoir for HBV is infected individuals; fomites are also a potential
issue since HBV can survive outside the body for at least a week [4]. The most common
transmission routes are vertical transmission during delivery and horizontal transmission by
blood contact. When an infection is established, individuals may become chronic carriers
[5]. Although this infection may be subclinical, liver damage can occur at each stage of
infection. There are four progressive stages of chronic HBV infection. The stages are, first,
an immune tolerance phase, then immune clearance of HBeAg as infected liver cells are
attacked. Next comes a nonreplicative stage with low levels of HBV DNA and the presence
of HBeAg antibodies; finally a reactivation phase may occur when core mutants arise that
prevent HBeAg production while allowing HBV replication [6]. Although these four stages
of chronic hepatitis B are usually linear in their progression, individuals may move forward
or backward on this scale. The real danger of HBV infection is that between 25 and 40% of
chronically infected patients are predisposed to developing liver cirrhosis and hepatocellular
carcinoma [7]. Fortunately, there are treatments which combat HBV, ameliorating the
symptoms associated with HBV infection.

Current treatments for chronic hepatitis B

Treatment is indicated for HBV infection in many cases [8]. Several treatments are currently
in use or are being developed. These drugs may modulate the immune system or target HBV
more directly. The cytokine interferon was one of the earliest treatment options for viral
hepatitis such as HBV. Today use of interferon (and PEGylated interferon, which has
reduced renal clearance [9]) is still common. In fact, PEGylated interferon is indicated as a
first line treatment. It may work best for those infected with HBV genotype A, and treatment
outcomes may be better in those with certain IL28B genotypes [10]. Other
immunomodulatory treatments are in clinical trials including thymosin al, IL-7 and a Toll-
like receptor 7 (TLR7) agonist [11,12]. These immunomodulatory drugs do not target a
specific function of HBV, but instead augment the body's natural immune defense. As such
they are not associated with specific HBV mutations.

Other therapeutics have been designed to inhibit a specific HBV protein or defined steps in
its replication cycle. Currently approved drugs in this category are limited to one class —
nucleos(t) ide analog reverse transcriptase inhibitors (NRTIs). NRTIs are inhibitors of the
polymer-ase enzyme, a reverse transcriptase with both RNA-directed and DNA-directed
DNA polymerase activity. The effect is at the initial polymerization step, protein priming or
the subsequent polymerization step, DNA strand elongation. Although NRTIs may suppress
viral replication and thus affect disease outcomes, it is important to note that they do not
represent a true cure of the virus infection.

The nucleoside and nucleotide analogs currently used against HBV in the clinic are clevu-
dine, emtricitabine, entecavir, lamivudine and telbivudine (nucleosides); and adefovir
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dipivoxil and tenofovir disoproxil fumarate (nucleotides). The two NRTIs suggested as first-
line treatment (in addition to interferon) have very low cumulative resistance rates, entecavir
less than 2% at 5 years [8] and tenofovir at 0% at 8 years [13]. When considering their
ability to suppress serum levels of HBV DNA, entecavir and tenofovir are over 90%
effective [14,15]. Tenofovir monotherapy has not been directly associated with tenofovir
resistance mutations at the time of this report. Mutations have been found in patients being
treated with tenofovir; however, the mutant genotypes may [16-19] or may not [20,21] be
associated with a tenofovir-resistant phenotype when later tested in cell culture experiments.
Although the cure rate is low, these inhibitors are effective at relieving disease symptoms
such as normalization of alanine aminotransferase levels and improved liver histology.
Additionally, they are important in delaying or preventing liver cirrhosis and hepatocellular
carcinoma [8,22].

Adefovir, emtricitabine, lamivudine and telbivudine all have higher 5-year resistance rates,
ranging between 30 and 70% [8]. Adefovir and lamivudine were the first generation of HBV
drugs, US FDA approved in 2002 and 1998, respectively. They are associated with
resistance at a greater frequency than later generation drugs. Telbivudine is similar to
lamivudine, but more potent and associated with less resistance [23]. Clevudine is approved
for use in South Korea and the Philippines, however due to resistance and myopathy in some
individuals [24,25], it is being tested at lower doses and in combination therapies for
continued use. In combination with adefovir, it did not yield any resistance after 96 weeks
[26]. Emtricitabine is only approved for treatment against HIV, however it is known to
inhibit HBV due to studies involving co-infected patients. The list of anti-HBV NRTIs will
likely expand as more drugs in this chemical class are developed.

Before they can be incorporated into the DNA strand, nucleos(t)ide analogs must first be
converted into their active triphosphate forms by kinases which are provided by the cell.
They then compete with natural dNTPs for incorporation into the DNA strand being
synthesized. However, NRTIs are usually chain terminators due to lack of a 3’ hydroxyl
group. The first bases incorporated during protein-primed initiation of HBV reverse
transcription (protein priming, see below) are dGMP followed by dAMPs, forming the
initiating GAA trinucleotide. Therefore guanosine and adenosine analogs may be more
inhibitory to HBV, due to their effect on both the initial priming reaction as well as
downstream DNA synthesis. This may be due to the fact that priming and subsequent DNA
synthesis require different reverse transcriptase (RT) conformations, potentially raising the
bar to resistance. Indeed, the two NRTIs which are most effective, entecavir and tenofovir
(respectively, G and A analogs), inhibit both priming and DNA synthesis [27]. Entecavir
was shown to terminate synthesis in a delayed fashion — DNA polymerization is interrupted
only after adding entecavir and several nucleotides more [27-29]. The mechanism of
clevudine is less well understood. It is a thymidine analog; however, it inhibits GAA
synthesis during priming without being incorporated into the DNA. Therefore it may
function as a non-nucleoside inhibitor although its chemical structure is a nucleoside analog
[27].

NRTIs can lose effectiveness due to viral mutations. HBV polymerase has a high mutation
rate due to lack of proofreading ability. For every replication cycle, there is a mutation in
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approximately every 2 x 10° DNA bases [30]. Thus, each possible mutation occurs each day
in an active infection. If the mutations are favorable for resistance, a patient will experience
increases in clinical markers of infection, such as viremia, as the mutant HBV strain
expands. Drug-resistance associated mutations will continue to be an issue as more
treatments become available against chronic HBV. Fortunately, once resistance occurs with
one drug, another may still be effective. This may suggest the usage of combination therapy
from the outset of treatment; however, combination therapy has not been shown to prevent
resistance in treatment-naive patients [1]. This may not be true for all cases [26], and
combination therapy merits continued testing.

Multiple roles of HBV polymerase represent both realized & potential drug

targets

To determine how to inhibit the polymer-ase enzyme, it is important to appreciate its many
functions during HBV replication. These functions are viral RNA binding, RNA packaging
(or encapsidation), protein priming, template switching, DNA synthesis and RNA
degradation. The only HBV-specific drugs currently approved are NRTIs which inhibit the
DNA synthesis steps — priming and strand elongation of DNA. This narrow scope of the
functions that are inhibited is in contrast to the many additional functions of the polymerase
enzyme. Furthermore, HBV polymerase (HP) must associate with host-cell proteins for
proper function, and these interactions could be disrupted. The next generation of anti-HBV
drugs could target not only DNA synthesis steps, but any of polymerase's functions or
interactions.

HBYV polymerase is the only enzymatically active protein and participates in many steps of
the viral replication cycle (Figure 1). In an established infection, covalently-closed circular
DNA (cccDNA) is maintained in infected cells” nuclei. This cccDNA is transcribed by host
factors into all viral mMRNAs, including the pregenomic RNA (pgRNA). pgRNA is both the
template for translation of the viral polymerase and core protein, as well as the template
RNA which will be reverse transcribed into viral DNA.

Once HP is translated, its binding to HBV RNA is a critical early step in virus assembly and
DNA replication. When associated with host cell chaperone proteins such as Hsp90, HP
binds to pgRNA at an RNA structural motif, called £ [31-34]. This ¢ RNA is a region of
secondary structure which forms a stem-loop that is recognized by the HBV polymerase.
Next the interaction of both HP and € RNA is necessary for their packaging into assembling
nucleocapsids. HBV &€ RNA contains the initial template for reverse transcription, where its
UUC template is copied as a GAA trinucleotide. The primer for DNA synthesis is a free
hydroxyl on the polymerase enzyme itself, and the template DNA is thus covalently linked
to the HP enzyme — a process called protein priming [35].

After the initial priming reaction yields the first DNA bases, HP translocates with these
bases to the 3’ end of the pgRNA, where it continues to synthesize minus-strand DNA. This
template-switching reaction is dependent on the activity of the polymerase in studies with
duck HBV [36]. As HP reverse transcribes the minus strand of DNA, it concurrently
degrades the template pgRNA owing to its RNase H activity. Then plus strand DNA is made
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using full-length minus strand DNA as template. These various roles of the HBV
polymerase all must function in order to complete a successful replication cycle. HP also
exhibits transferase activity in vitro, which is nontemplate-directed synthesis, but its
significance is unknown in vivo [37]. Distinct regions of the polymerase protein are
important for each of these step.

Importance of different domains, motifs & residues

TP domain

The HBV polymerase is composed of 4 domains (Figures 2B & 3A). They are a terminal
protein (TP) at the amino end which is important in initial DNA synthesis, a spacer domain,
the RT domain which houses the polymerase activity and an RNase H domain at the
carboxy-terminus which is critical for removing template RNA. Although much of the
spacer domain is not critical for polymerase function, the TP, RT and RNase H domains are
essential. Each is a potential therapeutic target.

There are many ways to determine the important residues, motifs and domains of HBV
polymerase. One method is to compare sequences among isolates of this highly mutable
virus (Figure 2A). Another way to determine important regions is through in vitro
mutational experiments. Truncations or specific amino acid changes can be made and
evaluated using functional assays (Figure 2C). During the course of treatments which
inhibit the polymerase, escape mutants can arise that are rendered less susceptible to the
drug. These mutations can be mapped to identify important areas of the protein. This type of
information can help decide which secondary treatment option is best (Figure 3B). These
differences among isolates or mutants can reveal regions important for HBV polymerase
function.

Attached to the main RT portion of the enzyme is a functional domain simply called the
terminal protein. It shows no homology to RT enzymes outside Hepadnaviridae. If named
according to its function, it might be called the priming domain. Template-directed
polymerization begins when the first DNA nucleotide, dGTP, attaches to the free hydroxyl
group on tyrosine 63 (numbering will follow genotype D for TP and spacer [GenBank 1D
V01460.1], and following standard nomenclature from Stuyver et al. for RT and RNase H
[38]). Attachment onto HP is referred to as protein priming since Y63 on the protein itself
serves as the primer. Priming encompasses € RNA-directed synthesis, of both the first
nucleotide of viral DNA (initiation) and the subsequent two nucleotides (polymerization)
(Figure 1 inset) [39]. Despite the enzyme being attached to the DNA, it continues to
synthesize both strands of DNA. The minus strand DNA continues its attachment to TP until
cccDNA synthesis, at which point HP must be removed from the DNA before
circularization. As the nucleocapsid undergoes this process of maturation, it becomes less
stable [40], leading to the release of rcDNA for conversion to cccDNA in the nucleus
(Figure 1).

TP is essential for e RNA binding, RNA packaging and protein priming. It has several
important residues and motifs. The attachment to DNA is made through the Y63 residue,
and there is a T3 motif which is important in & binding, RNA packaging and protein
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priming. This T3 motif is thought to interact with the RT1 motif in the RT domain, thus
aiding ¢ binding [41,42]. Adjacent to the T3 domain are several key residues: R105 and
Y173 are required for pgRNA packaging, and W74 and Y147 are required for DNA
synthesis (Figure 2C) [43,44].

There have been no treatment-associated mutations reported in the TP region, but this region
is not usually screened by sequencing when HBV overcomes drug susceptibility. In
conclusion, the TP region has a high potential for new drug targets, however little homology
to other proteins places TP in an uncharted area of drug screening. New functional assays,
such as the in vitro RNA binding and protein priming assay developed by Jones et al. would
help in screening compounds that affect the critical TP domain [31]. Carbonyl J compounds
and porphyrin compounds affect polymerase binding to e RNA, however they are in the
preclinical evaluation stage [45,46].

Spacer domain

RT domain

The spacer domain may be little more than a bridge between the TP and RT domains. A
greater amount of sequence variation exists among different HBV genotypes in this domain
compared with the other three domains (Figure 2A). Although this may suggest this region
is unimportant and genetic drift has not affected function, there is additional selection
pressure in the spacer due to overlapping reading frames with the surface gene (Figure 2B)
[47]. Therefore, although mutations within the spacer or its partial removal may not render
an inactive protein when considering polymerase only [48], mutations in the spacer may
affect the function of HBsSAg in the context of an infection. Indeed, the PreS1 and PreS2
regions which overlap the spacer are used to form the large (L) and middle surface antigens,
and L is the main surface protein involved in attachment to target cells [49,50]. In short, the
spacer may not be critical for polymerase function, but it cannot be easily altered without
affecting HBsAg function.

There are several cysteine residues which are technically in the spacer region according to
the current numbering system [38]. However, using modeling with the RT of HIV as a
template, these cysteine residues have been mapped to the fingers subdomain of the RT
domain (Figures 2C & 3A) [51]. These cysteines are thought to maintain an active
conformation, and have been shown to be essential for ¢ binding, RNA packaging and
priming (Figure 2B) [42].

The spacer domain is not commonly screened for mutations when drug resistance appears,
and thus no treatment-associated mutations have been found here. Other than the cysteines
mentioned above, this domain may not hold significance to polymerase—drug interactions.
Therefore the potential for drug targeting is likely low for the spacer domain.

The RT domain is the main catalytic center of the enzyme. Three subdomains are present,
common to all DNA or RNA polymerases — the fingers, palm and thumb subdomains
(Figure 3). These subdomains in HBV have a high degree of homology with HIV's RT
enzyme. Also using HIV as a model, conserved boxes A through G have been characterized
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as the catalytic core of the RT enzyme [52-56]. These boxes process the incoming template
strand and incorporate natural nucleotide substrates or nucleos(t)ide analog inhibitors into
the elongating strand (Figure 3B).

The importance of these conserved boxes is demonstrated by their functions. Box A was
shown to interact with box C and possibly box G, forming the dNTP binding pocket [57].
Box A contains a phenylalanine residue at rt88 which discriminates between dNTP and NTP
in studies using the duck HBV polymerase [58]. This is important since HBV polymerase
only synthesizes DNA, not RNA. Box B is involved with base pairing the primer and
template strand in HIV. The next box, C, contains the conserved tyrosine, methionine, two
aspartate (YMDD) motif. This motif coordinates the binding of two magnesium ions and is
the enzyme's active site. Although box D does not directly affect ANTP binding, it likely
contributes to overall structure. Box E contains the primer grip which aids polymerase-¢
binding and DNA synthesis [59]. Box F was reported to facilitate interactions between the
incoming ANTP and its template nucleotide [55].

The RT1 motif contains the conserved boxes F and G and is thought to interact with the T3
motif in TP to facilitate € binding and protein priming [41]. Mutations within RT1 at rt\V30/
rtD31 disrupted protein priming, and at rtR51/rtG52 disrupted priming and RNA packaging
[42]. Together, the above motifs and boxes govern the catalytic function of the reverse
transcriptase.

Although there is no crystal structure available for any domain of the polymerase, several
groups have modeled the RT domain using the homologous HIV RT, whose crystal structure
is solved [51,60-62]. These models are useful for mapping key regions that interact with
nucleos(t)ide analog inhibitors. Almost all of the drug treatment-associated mutations of
HBYV polymerase are in the palm subdomain (Figure 3A), which is also the site of
nucleotide recognition and strand synthesis.

The most common single mutations are in the catalytic core of the RT domain, at rtM204,
rtL180 and rtA181. The most common combination mutations include amino acid changes
at rt180 + rt204, rt181 + rt236 and rt173 + rt180 + rt204 [63]. The methionine at rt204 is
part of the YMDD active site in box C; the rt173, rt180 and rt181 positions are in box B; and
rt236 is in box D. In addition to these most common mutations, several mutations have been
associated with NRTI treatment [60,64—68]. Earlier generation drugs, such as adefovir and
lamivudine are associated with a larger number of mutations, as well as a higher rate of
mutation. A summary of currently known mutations is mapped graphically in Figure 3B to
demonstrate the regions affected by drug resistance, which align to a great degree with the
catalytic core boxes.

The causative mutations are not always known when virological breakthrough occurs. This
may be due to the lack of sufficient sequencing coverage for these clinical samples. Perhaps
mutations in regions outside the RT domain are leading to viral resistance as well. Despite
the important issue of drug resistance, the RT domain remains an excellent target for drug
development, as evidenced by the success of current RT inhibitors.
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RNase H domain

Also key to the replication cycle of HBV is the RNase H domain of the polymerase. The
RNase H domain removes the pgRNA template but leaves intact the 5 end of the pgRNA
(Figure 1). In this manner it both clears the way for DNA synthesis of the plus strand and
creates the plus strand primer from the 5" end of pgRNA. This region is homologous to the
HIV RNase H domain, which performs a similar function. Indeed, HBV RNase H has been
found to be sensitive to certain compounds first designed for HIV [69].

The RNase H domain contains a conserved DEDD box motif, which is important for metal
ion co-factor binding [70]. The RNase H domain is also needed for RNA packaging and
priming [42,71-73] and residues rhR24, rhR98 and rhR102 are critical for DNA synthesis
(Figure 2B) [74]. Owing to the amount of knowledge we have due to its homology with
other RNase enzymes, and its essential role in the HBV replication cycle, it is an attractive
target for the next generation of anti-HBV drugs. In fact, several compounds have shown
activity against HBV's RNase H domain, including p-thujaplicinol and HID compounds
[69,75,76]. Testing these RNase H-directed compounds is facilitated by functional assays
using purified RNase H from HBV. These compounds and the screening methods used
represent a newly paved path for drug development against this essential HP domain.

Interactions with host factors as a potential target

Many host factors have been shown to interact with HBV polymerase. Since many
interactions with host proteins are involved in virus replication, these interactions may be
altered to affect HBV infection therapeutically. In addition to the direct protein—protein
interactions mentioned below, the HP enzyme must be enzymatically cleaved from the
minus strand DNA in order to form cccDNA. The host enzyme TDP2 has been implicated in
this deproteination step (Figure 1) [31,77,78].

Hsp90 is a cellular protein complex which associates with HP and is required to keep the
polymerase in a conformation which allows for ¢ interaction [79,80]. This Hsp90 complex is
packaged with HP into the viral nucleocapsid [32,33]. Another host protein packaged into
nucleocapsids is elF4E, but the functional consequence is unknown [81]. DDX3 is an
immunoregula-tory protein, and it is required for both hepatitis C virus and HIV replication
[82,83]. DDXA3 directly promotes IRF3 phosphorylation by TBK1, leading to interferon
production [84]. DDX also interacts with HP independently of pgRNA and is incorporated
into nucleocapsids [85]. However, its immune-signaling function may be disrupted by HP,
leading to decreased interferon  promoter activity [86]. APOBEC3G may also be packaged
into nucleocapsids due to its association with HP. APOBEC3G is a cyti-dine deaminase
which induces DNA hypermutation. It binds to HP in an RNA-independent manner and is
packaged into nucleocapsids in an HP- and e-dependent manner [87]. Although the
deaminase effect of APOBEC3G is potently antiviral, it was shown to block HBV
replication independent of its deaminase activity, instead inhibiting early stage minus-strand
DNA synthesis [88,89]. Thus it should be noted that host factors may have inhibitory or
proviral effects. In the future, additional proteins which are provided by the host cell will
likely be found to interact with HP. Some of these interactions may be a potential target for
viral therapies.
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Conclusion

Infection with HBV leads to a chronic state of infection in millions of people worldwide. It
is controlled but not cured by current antiviral therapies. All HBV-directed medicines target
the HBV polymerase enzyme. By using comparative genomics, mutational assays and
sequencing of clinical isolates, many important regions of HBV polymerase have been
found which may reveal novel ways to inhibit it. Understanding the many functions of HP
also assists in finding ways to target it. These functional roles include viral RNA binding,
RNA packaging, protein priming, template switching, DNA synthesis and RNA degradation.
Also, HP interacts with host proteins while performing these functions. Since current drugs
only target the DNA synthesis function of the RT domain, future HP inhibitors may target
the RNase H domain or TP domains as well, exploiting their essential functional roles.

Future perspective

Understanding the domains, motifs and amino acid residues which are important for the
distinct roles of the HBV polymerase inform future studies and drug development.
Continued use of mutant screens, comparative genotyping and treatment-associated
mutation monitoring will prove useful in future HBV research.

As suggested by clevudine's function as a non-NRTI, other non-NRTI compounds could be
found in the future to inhibit HBV. Several non-NRTIs are already in use against HIV and
are in development for hepatitis C virus [90,91]. NRTIs continue to be a fertile ground for
anti-HBV drug development. Many new agents are in clinical trials, including new tenofovir
prodrugs and novel inhibitors besifovir, elvucitabine, lagociclovir valactate, pradefovir
mesylate and valtorcitabine [65]. In addition to these NTRIs, which target the RT domain of
the HP enzyme, several compounds have been found to inhibit the function of the RNase H
domain or RNA binding through the TP domain; however, these compounds are in early
preclinical stages of development. Beyond antipolymerase drugs, treatment options may be
forthcoming such as RNAI which targets HBV RNA, cccDNA inhibitors or capsid inhibitors
[92]. Interactions with host proteins could also be inhibited, however toxicity may be an
issue when targeting interactions between host proteins and viral components.

Although vaccination strategies and effective antivirals exist, infections are unlikely to be
cured by current therapies. Current HBV-specific treatments, which are directed against the
polymerase enzyme, help control the devastating effects of chronic HBV and reduce spread
by lowering serum viral load. However, continued development should also target the
RNase H domain as well as the TP domain. It is important to note that polymerase inhibitors
alone are unlikely to eradicate HBV infection. Finding ways to directly deplete the cccDNA
pool [93] will be critical since cccDNA is the source of all viral RNA and may survive in
hepatocytes during drug treatment. A combination of prevention and increasingly effective
treatment can control and may eventually eliminate HBV infection.
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EXECUTIVE SUMMARY
Current treatments for chronic hepatitis B

»  Immune-modulator drugs such as interferon do not cause any viral resistance,
however their efficacies are more dependent on the host and can be highly
variable.

e For now, nucleos(t)ide analog reverse transcriptase inhibitors are the only
approved class of drugs which target HBV. They include adefovir, clevudine
(approved in South Korea and The Philippines), emtricitabine (approved for
HIV), entecavir, lamivudine, telbivudine and tenofovir.

»  The first line drugs are entecavir and tenofovir. They are over 90% effective and
have resistance rates less than 2%.

Multiple roles of HBV polymerase represent potential drug targets

»  Current HBV-specific antivirals target only one domain of the polymerase (the
reverse transcriptase domain) and inhibit only one of its activities (DNA
polymerization).

»  The functional roles of HBV polymerase are viral e RNA binding, pgRNA
packaging, protein priming, template switching, DNA synthesis and RNA
degradation.

Importance of HBV polymerase's domains, motifs & residues

e The terminal protein (TP) domain is unique to Hepadnaviridae and contains
critical residues for priming, € binding, RNA packaging and DNA synthesis. TP
could prove to be a novel therapeutic target. Carbonyl J and porphyrin
compounds affect TP's RNA binding activity.

»  The spacer domain contains cysteine residues near the RT domain which may
form disulfide bonds in the RT domain; they aid € binding, RNA packaging and
priming. The spacer region contains the most genetic variation among clinical
isolates, and is the least important region functionally. It is not a likely drug
target.

e The reverse transcriptase (RT) domain is the target of all currently approved
HBV-specific drugs. It forms the fingers, palm and thumb subdomains and
contains several important conserved boxes. Several mutations commonly occur
which are associated with drug treatment. Sequencing beyond the RT domain
may reveal mutations in other important regions of the polymerase that may also
be relevant for drug resistance.

e The RNase H domain is also critical for the HBV life cycle. It degrades the
template viral RNA and is needed for RNA packaging, priming and DNA
synthesis. This domain will likely be a fruitful region for future drug
development. Several compounds have already been reported to have anti-
RNase H activity.
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Figure 1. Polymerase-dependent events in the HBV replication cycle
Beginning at the cccDNA which is found in the nucleus of infected cells, HBV pgRNA is

transcribed. It is exported to the cytoplasm and then translated. The translated polymerase
binds to pgRNA at the 5" & stem-loop structure. This interaction facilitates the encapsidation,
or packaging, of both polymerase and pgRNA. Priming may occur before, concurrent with
or after nucleocapsid assembly. Using a free hydroxyl group on Y63 of the polymerase as
primer, DNA is attached to HP using € as a template. After the initiating GAA nucleotides
are laid down, HP and these bases switch templates to the 3’ end and continue minus strand
DNA synthesis. As the template pgRNA is copied, it is concurrently degraded by the RNase
H activity of the polymerase. The resultant ssDNA-containing nucleocapsid is then further
matured as the polymerase copies the second strand of DNA, yielding an rcDNA-containing
nucleocapsid. This maturation of the nucleocapsid leads to its destabilization, which may
facilitate disassembly (uncoating) to liberate the rcDNA for conversion to more cccDNA in
the nucleus. The polymerase must be removed in order to allow cccDNA formation.
cccDNA: Covalently-closed circular DNA,; e: Epsilon RNA secondary structure motif; HP:
HBV polymerase; pgRNA: Pregenomic RNA; rcDNA: Relaxed circular DNA.
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Figure 2. Sequence conservation and important domains, motifs and residues of HBV
polymerase

(A) Genotype homology mapping. Amino acid residues of seven reference strains of HBV
representing genotypes A—G were mapped according to differences among 11 amino acid
regions (considering a single residue with five amino acids upstream and five downstream).
Each point along the graph represents the percentage of amino acid differences within the
corresponding 11 amino acid region. Higher graph values thus represent less homology in
that region among genotypes. GenBank 1Ds are: X02763.1, D00329.1, X01587.1, V01460.1,
X75657.1, X75658.1 and AF160501.1 for genotypes A-G, respectively. (B) The domains
and conserved RT boxes A-G of HP are shown. Numbering is according to genotype D for
the TP domain and spacer, and follows standardized numbering for the RT and RNase H
domains [38]. The position of the surface gene, which is in a different reading frame, is also
shown. (C) Functionally important motifs and residues revealed through in vitro mutant
screens. Several regions are important for the functional roles of HP, including the T3 and
RT1 motifs which facilitate e RNA binding. See text for specific details. Drawn to scale.
ORF: Open reading frame; RT: Reverse transcriptase; TP: Terminal protein. Reference
genotype list is taken from Stuyver et al. [38].
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Figure 3. Structure of the HBV polymerase and treatment-associated mutations in its reverse
transcriptase domain

(A) Hlustration of the four domains, including the three RT subdomains. Minus-strand DNA
is attached at the TP, and DNA or RNA passes through the “hand’ which synthesizes DNA.
Most nucleotide interactions are at the palm subdomain. (B) Subdomain organization of the
RT domain of HBV polymerase. Boxes A—G are part of the enzyme's catalytic core, and
they are homologous to other RT enzymes. Each nucleos(t)ide analog is shown with its
treatment-associated resistance mutations. Drawn to scale.

TTenofovir mutations have not been shown to confer in vivo resistance (see text for details).
AA: Amino acid; RT: Reverse transcriptase; TP: Terminal protein.

Future Virol. Author manuscript; available in PMC 2015 November 01.



