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Abstract 

 Hepatitis B virus (HBV) can cause either an acute or a chronic infection of hepatocytes, often 

leading to a hepatocellular carcinoma or a liver cirrhosis. HBV encodes seven proteins in its 3.2kb 

genome. Two of these proteins are transcribed from the same ORF (HBcAg and HBeAg). HBeAg, as a 

soluble variant of the core protein, plays a crucial role in virus immunogenicity. HBcAg, apart from 

building viral capsid, represents a pleiotropic protein engaging in multiple viral stages. Its primary 

structure is divided into two domains: an assembly domain and a C-terminal domain (CTD). The 

latter, containing four arginine clusters, is an important life cycle regulation element. By interaction 

with multiple viral and cellular factors, it directs the virus through a successful replication. In this 

thesis, we have collected the available data about the various roles of HBcAg in viral life cycle. We 

believe that further investigation of this field could lead to therapeutic advances resulting in the 

decrease of HBV infections worldwide, subsequently to a lower lethality connected with the diseases 

caused by HBV.  
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Abstrakt  

 Vírus hepatitídy B (HBV) spôsobuje akútnu alebo chronickú infekciu hepatocytov, často 

vedúcu k hepatocelulárnemu karcinómu alebo cirhóze pečene. Genóm HBV, dlhý 3.2kb, kóduje 

sedem proteínov. Dva z HBV kódovaných proteínov sú kapsidové proteíny (HBcAg, HBeAg). HBeAg, 

predstavujúci solubilnú variantu kapsidového proteínu, zohráva kľúčovú rolu v regulácii imunitnej 

odpovede hostiteľa. HBcAg sa okrem stavby kapsidy, podieľa na viacerých krokoch životného cyklu 

HBV. Jeho primárna štruktúra sa rozdeľuje na dve domény: stavebná doména a C-terminálna doména 

(CTD). Práve CTD, obsahujúca štyri oblasti bohaté na arginín, je rozhodujúcim elementom pre 

reguláciu životného cyklu. Interakciou s viacerými či už virálnymi, alebo nevirálnymi zložkami riadi 

priebeh infekcie vedúci k úspešnej replikácii vírusu. V tejto rešerši sme zhrnuli doterajšie dostupné 

dáta o úlohe HBcAg v životnom cykle HBV. Veríme, že ďalšie skúmanie danej témy prinesie nové 

terapeutické náhľady na liečbu a prevenciu infekcie HBV, vedúce k zníženiu úmrtnosti na choroby 

vyvolané vírusom.  
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1. Introduction 

 The hepatitis B virus (HBV) is a very small enveloped partially double-stranded DNA virus with 

a small genome of 3.2kb. Affecting more than two billion people worldwide, HBV infection became a 

major global health problem.  There are over 240 million people considered to be chronic carriers of 

HBV globally of which 20-30% suffer from hepatocellular carcinoma and/or liver cancer with lethality 

about 780 000 deaths per year. South East Asia and sub-Saharan Africa are the regions with the 

highest prevalence of the virus (WHO, 2015). The leading causes of HBV infections are blood 

transfusion, unprotected sexual intercourse or drug use and transmission during childbirth. There is 

no known efficient cure for hepatitis B. Although an effective vaccine was developed more than 30 

years ago, we are still a long way from universal vaccination. HBV is characteristic for a reverse 

transcription step in its life cycle ensured by its own RNA dependent DNA polymerase. Our point of 

interest is the core antigen (HBcAg). HBcAg is one of the seven proteins encoded by HBV genome. At 

a first glance, it may seem that the function of this protein remains exclusively in the capsid 

assembly. However, multiple studies, which are discussed in this thesis, have shown many 

engagements of the protein throughout the HBV life cycle. A closer look at the HBcAg impacts on 

viral development suggests a pleiotropic function for the protein. Nuclear entry of the genome is 

mediated via HBcAg as well as viral transcription, reverse transcription of the pregenome RNA 

(pgRNA) and capsid envelopment. HBcAg was shown to contain four arginine clusters, crucial for 

maintaining of the protein´s functionality as a life cycle regulator. HBcAg does not only interact with 

other HBV viral proteins. The directing of HBV life cycle by HBcAg is also achieved by its interactions 

with multiple host proteins. All the interactions, being crucial for the course of HBV infection, are 

often looked at as on a promising aspect of antiviral strategy. An overall summary of the available 

data on this topic is presented in this essay.  

2. HBV 

2.1. Classification 

HBV is a member of the Hepadnaviridae family, more closely Orthohepadnaviridae which are 

hepatitis viruses infecting mammals. HBV has 10 known genotypes : A, B, C, D, E, F ,G, H, I, J - some 

of which have their own sub-genotypes (fig.1) differing in multiple aspects like worldwide 

distribution, HBeAg concentration or a tendency towards chronic infection which leads to 

hepatocellular carcinoma or liver cirrhosis. Virus genotypes affecting Europe are A and D. G is 

commonly encountered in USA. The other genotypes were detected in Central and South America 
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(H) or Asia (B, C). Newly discovered genotypes I and J are spread in patients from Vietnam and Laos 

and from Japan respectively (Sunbul, 2014). 

 

 

 

 

 

 

 

 

 

Fig.1 Phylogenetic tree of HBV 

genotypes and its 

subgenotypes. A (1-7), B (1-9), 

C (1-16), D (1-9), E, F (1-4), G, 

H, I (1-2), J. Adapted from 

Pourkarim et al., 2014 

 

2.2. Virion morphology 

 Hepatitis B virion can take multiple forms (fig.2). Dane particle, named after its discoverer, is 

a reproduction capable form with a diameter of 42nm. The other two smaller forms, rods and 

spheres, are 22nm wide and are incapable of reproduction, thus non-infectious. However, the 

number of these subviral particles in serum can be 1000-10000 times higher than Dane particle´s 

titer (Heermann, 1984). Presumptive role of subviral particles is in immunoregulation, as host´s 

immune system´s antibodies bind to non-infectious virions.  

  

 



3 
 

  

 Fig.2 Three different virion 

structures. A. Dane particles. 

Reproduction capable virions with 

diameter of 42nm. B. Subviral 

sphere particles, 22nm in 

diameter. C. Philamentous 

subviral particles - rod. 22nm in 

diameter. Adapted from Farag and 

Mansour, 2016 

 

 

 

 

 

2.3. Genome structure 

 Due to the very small size of the virus, the mechanisms of gene expression and replication 

have to be complex and sophisticated (Zlotnick et al., 2015). HBV genome, with 3.2kb, consists of 

four genes encoding seven proteins. Two of these proteins are translated from the pregenomic RNA 

(pgRNA): HBcAg and P protein. The other five proteins are translated from sub-genome mRNAs. Core 

protein of HBV has two forms. HBcAg, our main point of interest, forms a capsid which serves as a 

transporting shell for the viral genome. The function of HBeAg, transcribed from the pre-core, is 

mainly in host´s immunogenicity. The P protein serves as a polymerase for the virus. Envelope 

protein or a surface protein (HBsAg) which is incorporated in the lipid bilayer of the envelope has 

three forms; small (S), medium (M) and large (L). The smallest open reading frame (ORF) encodes 

HBx (fig.3). The principal roles of this pleiotropic protein are not completely elucidated, but there is 

evidence that HBx is an important hepatocellular carcinoma regulator. It interacts with host´s DNA 

and thus regulates gene transcription and cell signaling pathways(Cha et al., 2004). Recent studies 

have shown that HBx might support HBV transcription by redirecting host´s E3 ubiquitinase towards 

structural maintenance complex (SMC5/6), which is bound to covalently closed circular DNA 

(cccDNA) and would normally silence viral transcription (Decorsière et al., 2016). The X protein also 
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interacts with p53 tumor suppressor resulting in its deactivation which leads to cell proliferation 

(Wang et al., 1994). 

Fig.3 The HBV genome. HBV genome is 

3.2kb long, carrying 4 genes encoding 

7 proteins (HBcAg, HBeAg, P, HBx and 

the three forms of HBsAg - S, M and L). 

The genome is represented as a 

relaxed circular DNA (rcDNA) with 2 

direct repeats (DR 1 and 2). Adapted 

from Seeger and Mason, 2000 

 

 

 

 

 

2.4. Viral life cycle 

 HBV life cycle is rather complex (fig.4). Recent study has shown that the virus enters the cell 

via clathrin mediated endocytosis regulated by potential interaction between HBsAg and the sodium 

taurocholate cotransporting polypeptide (Huang et al., 2012; Yan et al., 2012). Once virus core is 

released from the endosome, it makes its way to the nucleus. This is one of the points where the 

core protein plays role in the viral life cycle. It ensures that the core gets to the nucleus via the 

nucleus localization signal (NLS) located in the arginine rich domain of HBcAg C-terminal domain(Yeh 

et al., 1990). Relaxed circular DNA (rcDNA) is then repaired by host proteins (Königer et al., 2014). 

Thus, covalently closed circular DNA (cccDNA) minichromosome is formed (Miller and Robinson, 

1984; Tuttleman et al., 1986). Not only is the rcDNA repaired by host enzymes, it is also decorated 

withcommon proteins of euchromatin and additionally with viral X and HBcAg proteins (Belloni et al., 

2009; Bock et al., 2001). Here, again, we can point out to another HBcAg interference with viral life 

cycle. HBcAg is attached to cccDNA, more precisely to CpG islands (Guo et al., 2011) . The exact 

function and mechanism of this interaction is yet unknown. We know that viral core protein 

associated to CpG island 2 increases cccDNA activity (Guo et al., 2011; Zhang et al., 2014). cccDNA is 

then transcribed and translated to the 7 viral proteins. Polymerase and the core protein are 
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translated from the pgRNA, which is, later in HBV lifecycle, reversely transcribed to rcDNA. Reverse 

transcription starts when the pgRNA, together with host´s heat shock protein 90 (hsp90) (Hu et al., 

1997) and protein kinase C (PKC) (Kann et al., 1993), is encapsidated (Summers and Mason, 1982). 

HBcAg forms dimers which are then assembled in trimers of dimers (Zlotnick et al., 1999). Core 

protein can form capsids of two sizes a T=3 and a T=4 capsid (Crowther et al., 1994). In the reverse 

transcription (RT) process, it is the minus DNA strand that is transcribed the first (Nassal and Rieger, 

1996). After its transcription, a part of plus strand is synthesized. Thereby the capsid carries an rcDNA 

of HBV. After RT is finished and rcDNA is formed, two possible scenarios can happen. Either a yet 

unknown core protein - envelope components interaction occurs, resulting in a fully maturated virion 

ready to exit the infected cell or the capsid is recycled back into the nucleus, where the rcDNA is 

repaired and cccDNA is formed (Tuttleman et al., 1986). This step is important to maintain the 

infection of a cell. Non-recycled mature capsids exit the cell via budding from the endoplasmic 

reticulum with all forms of HBsAg (S, M, L) incorporated. 

 Fig.4 Representation of HBV 

life cycle. HBcAg interactions 

are indicated. Entry: Virus 

enters the host cell by 

binding to a sodium 

taurocholate cotransporter 

polypeptide. Uncoating: As a 

result of endocytosis, HBV is 

now disposed of its 

envelope and occurs in the 

infected cell as a capsid 

containing rcDNA, hsp90 

and a PKC. Repair: After HBV 

enters the nucleus, viral 

rcDNA is repaired and 

cccDNA is formed. 

Transcription: Virus cccDNA transcription results in sub-genome mRNAs as well as in pgRNA. Translation: 

Translation of the sub-genome mRNAs as well as of the pgRNA results in 7 viral proteins (HBcAg, HBeAg, P, HBx, 

HBsAg (S,M,L). Assembly and packaging: The encapsidation signal (P protein binding to ε stem loop of the 

pgRNA) occurs and starts the building of viral capsid as well as viral reverse transcription. It is followed by 

minus strand and plus strand DNA synthesis that results in rcDNA. Envelopment: Nascent capsid makes its way 

to the endoplasmic reticulum, where the envelopment occurs. Budding: Release of the nascent virion out of 

the cell. Adapted from Fung and Lok, 2004.  
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3. Core protein structure 

  Protection of the viral genome is not the only function of the pleiotropic core protein. It also 

plays several crucial roles as a life cycle regulator. As already mentioned, two forms of core protein 

occur in patients suffering from HBV infection. HBcAg and HBeAg differ in amino acid (AA) sequence 

which leads to their function differences (fig.5). 

  

Fig.5 Precore, HBeAg and HBcAg primary structure representations. The precore primary structure shows the 

29 residues long propeptide sequence (signal). HBeAg carries a 10 AA long fragment of the propeptide 

sequence at its N terminus. HBcAg is lacking the propeptide sequence, however at its C terminus it carries a 

CTD domain with 4 arginine clusters (protamine). HBcAg and the precore carries an assembly domain (core 

domain) as well as a CTD, while HBeAg consist of the assembly domain only. The two domains are connected 

by a linker sequence. Adapted from Steven et al., 2005  

HBcAg has two main domains. The residues 1-140 at the N-terminus form an assembly domain. This 

domain is connected to the C-terminal arginine rich domain (ARD), consisting of residues 150-183 

(protamine domain), by a linker sequence filling the 9 amino acid gap in between the two domains. 

The E antigen has a 10 residue fragment of the core 29 AA propeptide at the N-terminal domain 

which is followed by the assembly domain and the linker peptide. HBeAg lacks the protamine domain 

(reviewed in Steven et al., 2005) 

The core assembly domain is capable of assembly per se (Ceres and Zlotnick, 2002). This effect was 

substantiated by multiple experiments, where HBcAg was expressed in different types of cells and 

self-assembled into capsids (Kniskern et al., 1986; Takehara et al., 1988; Zhou and Standring, 1992). It 

forms dimers which regroup into trimers of dimers (Crowther et al., 1994; Nassal, 1992; Zheng et al., 

1992). This formation is a first step of the complex capsid assembly, which will be discussed later. 90 

dimers can form a T=3 icosahedral capsid, while 120 dimers mould T=4 icosahedral capsid (Crowther 

et al., 1994; Stannard and Hodgkiss, 1979). 
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C-terminal ARD domain is highly basic as a result of 4 arginine clusters 

TVVRRRGRSPRRRTPSPRRRRSQSPRRRRSQSRESQC (residues 147-183) (Chu et al., 2014). Fig.6 shows 

the conservative evolution of the protamine domain of HBV, which suggest that it has a major 

function not only in HBcAg itself but also in the whole HBV life cycle 

 

Fig.6 Diagram represents the polymorphism of residues in HBcAg. 742 core proteins from different 

HBV genotypes (obtained from NCBI) were aligned and the frequency of variants at each position of 

HBcAg is shown. The underlined sequence in red highlights arginine clusters at the C-terminal domain 

of HBcAg (Chain and Myers, 2005). 

The HBeAg protein is encoded in all Hepadnaviridae, which leads to a conclusion that it has an 

important function. It is believed that this protein works as an immunosuppression substance, more 

precisely its N terminal propeptide: SKLCLGWLWG. By the downregulation of the immune system, 

virus manages to establish a chronic infection in a patient (Dimattia et al., 2013). The level of HBeAg 

in patient's blood is used as an indicator of the stage of HBV infection. 

Bottcher, Wynne, and Crowther in 1997 used electron cryomicroscopy to visualize the monomer fold 

of a HBcAg. The majority of HBcAg secondary structure is formed by α-helices. Starting at the N 

domain we can detect seven α-helices α1, α2a, α2b, α3, α4a, α4b and α5 (Wynne et al., 1999) (fig.7). 

As mentioned before, capsid proteins form dimers. Two monomers bind together and form a helix 

bundle - a spike. The two neighboring monomers form an intermolecular disulfide bond (residues 

Cys61- Cys61) (fig. 8). However, as Zhou and Standring have shown in 1992, this interaction is not a 

necessary step for a capsid to assemble. 
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 Fig.7 Monomer fold of a core protein. Amino acid numbers are indicated. 

All seven helices (α1, α2a, α2b, α3, α4a, α4b and α5) forming a secondary 

structure of the protein are shown. Helices α3-α4b form a characteristic 

"hairpin". The N terminus of the monomer is indicated by a bold "N". 

(Wynne et al., 1999). 

 

 

 

Fig.8 HBcAg dimer. Two HBcAg monomers´ secondary structures (red and green) form a dimer. The driving 

force behind this quaternary structure are the hydrophobic interactions, namely between the 4 helices forming 

the 4-helix bundle. The lack of C61 disulfide bond is shown (Yu et al., 2013) 

4. Core protein and its nucleus localization signal 

 A part of HBV life cycle takes place in a host cell´s nucleus. Thereby, many studies tried to 

investigate  this subject. As the virus core diameter exceeds 25nm, it cannot enter the nucleus via 

nuclear pores (Dworetzky and Feldherr, 1988). The arginine rich clusters were indicated as a nucleus 

localization signal (NLS) multiple times (Haryanto et al., 2012; Li et al., 2010; Yeh and Liaw, 1990). 

Results obtained in one of these studies show a nuclear export signal (NES) of ARD II and IV, while 

ARDs I and III function as NLS. Further examination proved that the presumed NLS is a co-dependent 

signal as mutation of either ARD I or ARD II led to a cytoplasmic localization of HBcAg. Since neither 

of mutations of ARD II or ARD IV itself led to an increased nuclear localization, the NES presumably 

works in an independent manner.  Predominant subcellular location of a WT HBcAg is cytoplasm, 

thus the NES, presumably hidden in ARD II and IV, show a certain dominance over the putative NLS 
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itself. Furthermore an in vivo association of ARD II and IV with cellular factor TAP, responsible for 

nuclear export  has been suggested (Kang and Cullen, 1999). It has been speculated that the relative 

strength between the NES and NLS plays the crucial role in HBcAg subcellular localization (Li et al., 

2010). TAP, being the host cellular factor necessary for nuclear export, is not the only host protein 

associated with translocation of HBcAg. Importin α and β has been shown to interact with HBcAg 

while entering the nucleus (Kann et al., 1999). HBcAg phosphorylation is an important regulation step 

of HBV life cycle. First unphosphorylated core protein holds the encapsidated pgRNA condensed. 

After RT, phosphorylation sites of ARD become accessible for PKC packaged in the viral capsid. Once 

HBcAg is phosphorylated, the exposed NLS, together with importin α and β, target the core particle 

to the nucleus (Kann et al., 1999).  

5. Core protein and cccDNA interaction 

 After the viral genome enters host´s cell nucleus the rcDNA is repaired by host´s enzymes to 

form a covalently closed circular DNA. This cccDNA, decorated with regular euchromatin proteins 

(histones H3, H2B, H4, H2A, H1) and two viral proteins (HBcAg and HBx), persists in the nucleus as a 

minichromosome (Belloni et al., 2009; Bock et al., 2001). HBcAg binds preferentially to a dsDNA form 

of the virus genome. As a result of this nucleoprotein complex, the dsDNA nucleosomal spacing is 

reduced by 10% - from 200bp to 180bp (Bock et al., 1994; Levrero et al., 2009). It is the viral cccDNA 

minichromosome formation which is responsible for the chronic hepatitis B infection. cccDNA pool is 

maintained by the recycling of viral rcDNA back into the nucleus that is regulated by HBcAg (Köck et 

al., 2010; Wu et al., 1990; Zoulim, 2005). The number of cccDNA copies in a hepatocyte of a chronic 

carrier is on average 0,1-1,0 copies of cccDNA (Nassal, 2015). 

HBV RNA transcription is regulated by epigenetic mechanisms that can be modulated by HBcAg 

interactions with cccDNA. Viral cccDNA contains multiple regions with a high representation of 

cytosines and guanines (CpG islands). These regions are often found at the start of an ORF (fig. 9).  

HBcAg binds preferentially to these CpG islands, especially CpG island II. This interaction leads to an 

increased expression of viral proteins and to a higher viral load (Guo et al., 2011).  Methylation, 

which occurs on CpG islands II and III, works the other way around, thus decreases cccDNA activity. 

Methylation occurring on CpG island II leads to a viral replication decrease by 50% (Zhang et al., 

2014). However, the abundance of HBcAg bound to cccDNA correlates with CpG island II 

hypomethylation (Guo et al., 2011). Histones which are part of the viral minichromosome often 

undergo post-translational modifications e.g. acetylation. Removal of acetyl groups is catalyzed by 

histone deacetylase 1 (HDAC 1) which is a part of viral nucleoprotein complex, as well as a creb 
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binding protein (CBP), which activates viral transcription (Pollicino et al., 2006). Both HDAC1 and CBP 

are regulated by HBcAg bound to cccDNA. There is a competition between HBcAg and HDAC1 for 

binding to cccDNA. On the other hand, a positive correlation has been detected between HBcAg and 

CBP bound to the viral minichromosome (Guo et al., 2011)  

 As multiple experiments have shown, HBcAg is an important epigenetic modulator in viral life 

cycle. The level of HBcAg interacting with viral minichromosome is positively correlated with the 

higher serum level of HBV in infected patients (Guo et al., 2011). 

 

Fig.9 HBV genome with viral transcripts and CpG islands I-III is indicated. sp1 and sp2 promoters are 

represented, as well as the two viral enhancers (enh I and II). CpG island I overlaps the start site of the S protein 

of the HBsAg. CpG island II is located at the upstream part of the P gene and is in close proximity of the core 

protein promotor, while CpG island III partially overlaps the P protein promotor and spreads towards the 

upstream of sp1 promoter (Zhang et al., 2014). 

6. Assembly of the capsid 

 Once P protein binds to the encapsidation signal ε of pgRNA, viral  encapsidation occurs 

(Bartenschlager et al., 1990; Bartenschlager and Schaller, 1992). Building blocks for virus capsid 

assembly are the dimers of HBcAg, translated from the pgRNA. When HBcAg dimers concentration 

reaches a certain level, the assembly follows within few moments, without any discrete 
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intermediates (Standring et al., 1993; Zhou and Standring, 1992). HBV capsid assembly is triggered by 

the formation of trimer of dimers of HBcAg, also referred to as a nucleation step, and maintained by 

addition of individual dimers (Zlotnick et al., 1999). Nuclear magnetic resonance as well as circular 

dichroism indicate, that HBcAg dimer undergoes a conformational change prior to assembly. To 

confirm conformational differences between the two forms of HBcAg (before and after capsid 

assembly) a truncated 149 residues long protein carrying Y132A mutation has been prepared (Cp149-

Y132A). This mutant is incapable of assembly, which gives the opportunity to compare Cp149-Y132A 

with WT (fig.10) and conclude that the Cp149-Y132A inter-dimer contacts are not strong enough to 

force a planar quaternary structure - presumably the basis for its inability to assemble capsid. Their 

secondary structures differ mainly in the "spike region", which explains different antigenicity of the 

free dimer and capsid. Hence, HBcAg is a dynamic structure directing the course of assembly by its 

remodeling. In addition, an induced theory for nucleation step has been proposed, where collision 

between assembly-active HBcAg and assembly-inactive HBcAg leads to its fast intramolecular 

structural transition to the assembly-active state (Packianathan et al., 2010). Further building of the 

capsid is based on weak protein-protein interactions, as shown by Ceres and Zlotnick in 2002. 

Sequential truncating of the primary sequence of HBcAg and subsequent analysis showed the ability 

of HBcAg to form capsids without CTD. HBcAg proteins truncated as much as to 140-144 residues, 

have been shown to still form capsids. However, the amount of encapsidated nucleic acid (NA) 

decreased with further truncations of the full length HBcAg. Nevertheless, in a protein lacking whole 

CTD, a small percentage of NA can always be detected. Based on the described results, it is believed 

that HBV NA encapsidation depends predominantly on the CTD arginine clusters. Also, worth 

mentioning is the preference of encapsidating RNA over DNA, more precisely a viral pgRNA 

(Birnbaum and Nassal 1990; Konig et al., 1998).  

 To better understand the capsid assembly, a closer look at the HBcAg architecture is needed. 

In physiological conditions, HBcAg can be found almost exclusively in dimer form. Such dimer consists 

of two HBcAg molecules forming a four-helix bundle. Although, an intermolecular disulfide bond has 

been detected between Cysteine 61 residues, it has not been associated with any crucial role for 

capsid assembly except increasing its stability (Zhou and Standring, 1992). After the nucleation step 

occurs a rapid elongation phase results in a T=3 or a T=4 capsid, the latter represents the majority of 

capsids usually found in human serum (about 95%). Yet recent studies revealed that the T=3 and T=4 

ratio depends mostly on mutations, redox state of HBcAg as well as on ionic strength for in vitro 

assembly (Selzer et al., 2014). These capsids, formed by 90 and 120 dimers, respectively, consist of 

asymmetric units. Each asymmetric unit of the core consists of two dimers: an A-B and a C-C dimer 

building a T=3 capsid; an A-B and a C-D dimer forming a T=4 capsid. Surface of the capsid contains 
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external spikes, being the immunodominant region of the capsid and built of aforementioned inter-

dimer four-helix bundles, and sizable holes located at the threefold and quasi-sixfold axes 

respectively (Crowther et al., 1994; Salfeld et al., 1989; Sallberg et al., 1991). Based on the 

temperature dependence of HBV capsid assembly, it can be concluded that assembly is driven by 

entropy consistent with burial of hydrophobic sites (Ceres and Zlotnick, 2002; Wynne et al., 1999). 

Capsid remains stable even after losing hydrophobic surfaces as a result of weak hydrophobic 

interactions. As each dimer is tetravalent, capsid is able to sustain its stability only though weak 

hydrophobic interactions, forming in between each neighboring subunit (Zlotnick 2007).  

Fig.10 a) An icosahedral HBV capsid with a trimer of dimers (asymmetric unit) indicated. Obtained by 

crystallography. b) Cp149-Y132A asymmetric unit as a ribbon diagram. Mutated residue Y132A is identified by 

the pink spheres at the end of each dimer. c) Cp149-Y132A asymmetric unit as a surface-shaded diagram. The 

inset circle represents dimers A-B, C-D and E-F. The B-C and D-E inter-dimer contacts correlate with the ones 

found in capsid. The F-A interaction does not make an equivalent contact (F passes under the A) (Packianathan 

et al., 2010). 

7. Core protein and its reverse transcription regulation 

 Hepatitis B virus, as all of the hepadnaviridae, encodes an RNA dependent DNA polymerase - 

reverse transcriptase - P protein (Summers and Mason, 1982). HBV RT is a complex event (fig.11) that 

requires interactions with HBcAg at multiple steps. The signal for the encapsidation of viral pgRNA is 

the P protein bound to the stem loop structure at the 5′ end of pgRNA (encapsidation signal, ε) 

(Bartenschlager et al., 1990; Bartenschlager and Schaller, 1992). The binding of P protein to the ε is 

induced by hosts´ chaperone hsp90 and its cofactor p23 which promote a conformational change of 

P protein leading to its binding to the ε stem loop (Hu and Seeger 1996). Tyrosine 63 of the P protein 

serves as a primer for (-) DNA strand synthesis (Gerlich 1980;  Wang and Seeger 1992; Zoulim and 

Seeger 1994). The priming leads to a 4 nucleotide long nascent (-) DNA strand which changes the 

template to a complementary sequence at the 3′ end of the pgRNA - direct repeat 1 (DR1) (Wang and 
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Seeger 1993). The specificity of the described phenomenon, often referred to as a (-) DNA strand 

template switch, is in the base pairing between the ε and 2 cis-acting regions of nucleotides rimming 

the DR1 (φ and ω) (Abraham and Loeb, 2006, 2007). Minus DNA strand elongation is followed by the 

digestion of viral pgRNA via protein P´s RNase H activity. Anyhow, the most 5′ terminus capped 

pgRNA region (about 17 nucleotides) stays intact, as it will serve as a (+) DNA strand primer (Lien et 

al., 1986; Will et al., 1987). This small pgRNA fragment, initially bound to the DR1 of the nascent (-) 

DNA strand, is targeted towards the direct repeat 2 (DR2) - a complementary 11 nucleotide sequence 

located at the 5′ end of (-) DNA strand (primer translocation) (Seeger et al., 1986; Will et al., 1987) . 

Aforementioned template switch is targeted via 3 cis-acting sequences (h3E, h5E and hM) (Lewellyn 

and Loeb, 2007). After the pgRNA fragment, serving as a primer, is translocated, a short (+) DNA 

strand is synthesized towards the 5′ end of its template (P protein provides a DNA dependent DNA 

polymerization as well). Once the nascent (+) DNA fragment reaches the 5′terminus, a final template 

switch occurs, where the (+) DNA strand elongation starts on the 3′ end of the template, which leads 

to a circularization of the nascent genome (Will et al., 1987). Circularization, same as primer 

translocation is guided, by h3E, h5E and hM cis-acting fragments of DNA (Lewellyn and Loeb, 2007).  

Hence, the result of the above described molecular gymnastics leads to an rcDNA formation. 

Although, in a small portion of capsids, the primer translocation does not occur, and (+) DNA strand is 

primed and elongated from the DR1 of its template. In this way, HBV carries a linear dsDNA (Staprans 

et al., 1991). 

 At a first glance, it may seem that HBcAg has no further function in viral replication, than a 

"container" for viral material. Many recent experiments have proven opposite. Truncating the HBcAg  

after residue 164 led to accumulation of empty virions (Beames and Lanford 1993; Nassal 1992).  

However, not only proteins with missing CTD showed a lack of pgRNA encapsidation, also an HBcAg 

with mutated phosphoacceptor sites (serine residues)  turned out to present a similar result (Köck et 

al., 2004). As to demonstrate engagement of arginine clusters of core´s CTD, a detailed set of 

experiments leading to a better understanding of individual steps of RT and their HBcAg regulation 

was conducted (Lewellyn and Loeb, 2011). By substitutions of arginine to alanine or lysine in each of 

ARD, they found that the charge conservation is essential only for the capsid assembly. Also, the 

shown phosphorylation by serine-protein kinase (SRPK) 1 and 2 (Daub et al., 2002) has been disabled 

by R→A and modified by R→K substitutions. 
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Fig.11 Overview of HBV reverse transcription. A. A cccDNA ready to be transcribed into pgRNA. B. After 

encapsidation, the pgRNA is ready to be reverse transcribed, starting at the ε. The (-) DNA strand template 

switch is indicated (H). C. (-) DNA elongation, accompanied by pgRNA digestion. D. A complete (-) DNA strand is 

shown, with the pgRNA primer being translocated (for better understanding see panel I). E. Priming of the (+) 

strand. F. Final template switch during (+) DNA elongation. G. rcDNA as a result of (+) strand synthesis 

(reviewed in Zlotnick et al., 2015) 

 The charge balance hypothesis suggested by Le Pogam et al. in 2005 supposes that ARD 

regulation of RT is in the positive charge of arginine residues. Although this proposition is valid for 

the encapsidation of pgRNA, it fails to explain the regulation of subsequent events (Lewellyn and 

Loeb, 2011). 

  As already stated, HBV reverse transcription is indeed a molecular gymnastics, where nucleic 

acids (both pgRNA and DNA) have to undergo multiple conformational changes in order to facilitate 

template switches. This fact proposed an idea of nucleic chaperone activity (NAC) of HBcAg, thus an 
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ability to interact with NA resulting in convenient annealing of NA, leading to a favorable 

conformation. Moreover, the findings that the nucleocapsid protein of human immunodeficiency 

virus was shown to have NAC increased such expectations for HBV (reviewed in Darlix et al., 2011). 

Indeed, NAC has been proven for the HBV core protein. More precisely, it is the unfolded protein 

form which showed rather discernible NAC. Unfolded residues located in the CTD domain are 

responsible for NAC. While trying to detect the minimal essential region of HBcAg for annealing 

activity, a rather interesting fact was revealed. Albeit containing only two arginine clusters, HBcAg 

NAC is still detectable. Moreover the phosphorylation of the main phosphoacceptor  sites (residues 

155, 162 and 170) led to a decreased NAC and vice versa. Another newly discovered attribute of 

HBcAg is its strand exchange activity, which means that HBcAg is able to disrupt mismatched nucleic 

acid duplex in order to form a new perfectly matching one. Three arginine clusters are required for a 

strand exchange activity, although if the protein concentration is high enough, HBcAg with two ARD 

is able to perform moderate strand exchanges. Again, the higher the serine phosphorylation of CTD 

residues, the lower strand exchange activity was detected. A further examination confirmed that CTD 

of HBcAg enhances hammerhead ribozyme (HHR) activity. Yet again, phosphorylation of serine 

phosphoacceptor sites leads to a decreased intensification of HHR cleavage. These findings give an 

overall idea of NAC of HBcAg, which still requires a better understanding, mainly in in vivo setting. 

(Chu et al., 2014).  

 The above information suggest the compelling role of HBcAg in viral replication. Although 

there is evidence of the necessity of the regulation of viral RT by HBcAg, the detailed description of 

mechanisms of this multistep phenomenon is still lacking. 

8. Capsid envelopment 

  The observation that capsids containing RNA can be found in infected cells, but not in 

virions (Mason et al., 1982; Weiser et al., 1983) was further investigated in multiple experiments 

showing that capsids with non synthesized DNA do not proceed to budding from the infected 

hepatocyte (Gerelsaikhan et al., 1996; Perlman and Hu, 2003; Wei et al., 1996; Yu and Summers, 

1991) . Thus, an old hypothesis, stating, that the envelopment of the capsid is contingent upon a 

structural change of HBcAg after DNA synthesis, has been repeatedly confirmed. As already 

mentioned in the HBV overview, viral envelope consists of three proteins, namely pre-S1 (L; as for 

large), pre-S2 (M; medium) and S (small). Proteins are encoded in the same ORF, with multiple start 

codons yielding the three HBsAg forms as a result of preferential ribosomal scanning (Sheu and Lo, 

1992). HBsAg is further translated and bud from a compartment between endoplasmic reticulum and 

Golgi (Huovila et al., 1992). The exact manner of how do the capsids get into this compartment 
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containing HBsAg is not yet known. However, phosphorylation of HBcAg has been shown to regulate 

viral envelopment, as HBcAg of immature capsids is phosphorylated (capsids containing RNA), while 

the mature capsids lack any signs of phosphorylation (capsids containing DNA) (Basagoudanavar et 

al., 2007; Perlman et al., 2005). More information on viral envelopment mechanism were brought by 

suppression of M protein expression which did not interfere with viral envelopment and further 

budding, while proteins S and L are required (Bruss and Ganem, 1991; Fernholz et al., 1991). External 

parts of HBcAg forming the capsid were mapped in order to find regions responsible for capsid-

membrane interactions. Fifty two AA exposed on the capsid surface were narrowed down to 11 

amino acids, which when mutated, caused a specific loss of capsid envelopment. Although none of 

these envelopment abbreviating AA mutations are located on the tip of the spike, nucleocapsid 

envelopment can be blocked by a peptide binding to the tip of the four-helix bundle, suggesting a 

new  horizon for the antiviral research (Ponsel and Bruss, 2003). The envelopment and budding of 

HBV is the last step of the inner-cell HBV life cycle, now the newly enveloped virion is ready to infect 

another host cells and spread the hepatitis B virus infection.  

9. HBcAg directed antivirals 

 There is an urgent need for development of efficient anti-HBV drugs. Even now, the 

treatment enables only a partial retardation of the HBV infection with no complete virus eradication 

achieved. Raising the level of interferon α (by injecting) leads to an increased expression of host 

proteins responsible for cytidine deamination (APOBEC3, A3A and A3B), which, by interaction with 

HBcAg, are redirected to the nucleus. Cytidine deamination, leading to uracil formation, results in the 

digestion of viral cccDNA, followed by the possible elimination of viral infection (Lucifora et al., 2014; 

Rang et al., 1999). However, the long-term benefits have been shown to be less substantial. A 

pegylated interferon α brought better long-term results (Craxi and Cooksley, 2003). Unfortunately, 

both of these methods yield a set of strong side effects. Another available agents for the treatment 

are the oral nucleoside/nucleotide analogues (e.g. tenofovir, entecavir) which inhibit DNA 

polymerase activity of the virus and thus suppress HBV infection. This method is much more available 

for the low-income regions, however a major drawback of this therapy is the development of drug 

resistance (Fung et al., 2011*). The above examples of HBV infection and their downsides underline 

the urgency of developing an efficient cure for the virus infection.  

 

 HBcAg, being a pleiotropic protein regulating many steps of HBV life cycle, became one of the 

main targets for promising anti-HBV treatment (fig. 12). 
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Fig.12 Examples of HBcAg directed antivirals´ structures. Adapted from Zlotnick et al., 2015. 

 Prevention of the capsid assembly was first achieved by a fluorescent dye. The 5,5´-bis[8-

(phenylamino)-1-naphtalenesulfonate] (BisANS) bound to HBcAg dimers led to more assembly-

inactive dimers, moreover it increased the level of non-capsid polymers (Zlotnick et al., 2002). 

Heteroaryldihydropyrimidine (HAP) is one of the promising candidates. The driving force for the drug 

and the protein to stay together are presumably polar and hydrophobic interactions resulting in HAP 

filling a pocket at the interface between two dimers. This interaction induces a shift of conformation 

to the assembly-active state, thus skips the nucleation step, the major barrier of capsid assembly. 

Such assembly leads to a formation of aberrant, non replicative particles (Stray et al., 2005). The 

HAPs have antiviral efficiency at very low concentrations (Li et al., 2013). Another compound binding 

in the hydrophobic pocket in between the two subunits of an asymmetric unit is the 

phenylpropenamide AT-130 (PPAs) (Delaney et al., 2002; King et al., 1998). Despite the fact that in 

vitro capsids look normal, capsids treated with PPAs in vivo do not encapasidate pgRNA (Feld et al., 

2007). Capsid assembly inhibition or misdirection is not the only preoccupation of research teams 

bringing new antivirals on the horizon. As indicated, HBcAg is an important modulator of the 

regulation of viral transcription, thus numerous compounds possibly interacting with the cccDNA are 

being investigated. Several sulphanilamides (CCC-0346, CCC-0975) are believed to target the repair of 

rcDNA resulting in cccDNA (Cai et al., 2012).  

 HBcAg directed antivirals, and their broad range of effects, represent a promising pathway to 

the worldwide reduction of HBV infection.  
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10.Conclusions 

 In this review, we have shown an undeniable engagement of the capsid protein of HBV in 

viral life cycle. We have researched the data on this topic and shown that multiple steps of the life 

cycle are regulated by HBcAg.   

 From the moment the HBV capsid enters host´s cell, HBcAg plays a compelling role in 

directing viral development. First, it guides the HBV capsid towards the cell nucleus. Thanks to 

multiple sequencings of HBcAg´s primary structures, we now know the exact function of each of the 

ARDs, concerning the cellular localization. Interacting with host proteins (TAP for export, importin α 

and β for import to the nucleus) HBcAg navigates the viral capsid inside the hepatocyte. Once HBV 

genome finds itself in nucleus, viral rcDNA is repaired to a cccDNA form of a minichromosome. 

HBcAg, as a main compound of this nucleoprotein complex, is a major transcription regulator. 

Together with bound host´s proteins (HDAC1, CRB) it governs the epigenetics of the virus. As the viral 

genome undergoes transcription into sub-genome RNAs and pgRNAs and following translation, an 

encapsidation signal occurs. The assembly of the capsid, made out of dimers of HBcAg, is nucleated 

when a trimer of dimers is formed, followed by adding of single dimers. The building blocks of capsid 

are holding together via weak protein-protein hydrophobic interactions. Two forms of the capsid can 

be formed, a T=3 or a T=4 capsid. Binding of the P protein to the ε stem loop of the pgRNA leads to a 

capsid assembly as well as to a reverse transcription start. HBcAg is necessary for RT in multiple 

steps. The positive charge of arginine residues is responsible for DNA encapsidation, while NAC 

activity of HBcAg takes care of the correct conformation of the NA. Phosphorylated phosphoacceptor 

sites of HBcAg CTD correlate with the decrease in HBV NAC activity. Reverse transcription results in 

mature capsids which are further directed towards the envelopment of the capsid, where HBcAg 

targets the nascent capsid towards the compartment between endoplasmic reticulum and Golgi 

containing HBsAg. 

 This thesis summed up the indisputable pleiotropic effects of the hepatitis B virus capsid 

protein on viral life cycle. This topic hides many shadowed features which ask for further research 

which make this subject a dynamic and evolving element. Not only do I find this topic attractive and 

thought-provoking, I consider it to be a very promising and favorable pathway for developing an 

antiviral compound leading to the HBV cure.  
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