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Baruch Blumberg discovered the Australia antigen when searching for immunological 

evidence of genetic polymorphisms. His hypothesis was that antibodies to blood proteins 

could be used to investigate human genetic diversity. The experiment was to look for 

antibodies in serum from patients who had been exposed to diverse blood sources via 

repeated transfusions. Blumberg and co-workers discovered a “protein with which they react 

[that] is very rare in populations of Western origin, but it is not uncommon in Micronesians, 

Vietnamese, Formosans and Australian aborigines” (1, 2). By 1967, Blumberg and others 

recognized that Australia antigen was correlated with hepatitis. In 1970 Australia antigen 

was identified as a structural component of the hepatitis B virus (HBV). That year Dane and 

co-workers published electron micrographs of 17–22 nm spherical HBV surface antigen 

(HBsAg) particles, 17–22 nm diameter filamentous HBsAg particles, and 45 nm diameter 

virions comprised of a HBsAg envelope and a 36 nm diameter core (3). HBV virions are 

known as Dane particles.

These early studies identified the salient features of the HBV virion and its epidemiology. 

The virus is outwardly simple but endemic and persistent. HBV is predominantly a virus of 

Southeast Asia, sub-Saharan Africa, and populations such as aboriginal Australians and 

Inuit. Worldwide, an estimated 240 million people have chronic HBV (4). This prevalence is 

consistent with predominantly vertical transmission of infection from mother to child. In 

young children HBV has a high probability of establishing chronic infection. HBV 

contributes to about 780,000 deaths each year, predominantly through hepatocellular 

carcinoma, cirrhosis, and liver failure (4). The HBV vaccine, now based on yeast-expressed 

HBsAg, the Australia antigen, is very effective and is changing the demographics of HBV 

disease (5), but cannot help those who are already infected.

Mature HBV is an enveloped, icosahedral virus. It packages a circular dsDNA genome with 

gaps in both strands and a reverse transcriptase (usually referred to as ‘P’) covalently bound 

to the 5′ end of the antisense strand; it also packages a number of host proteins. A 

description of the HBV lifecycle introduces the structural components of the virus and the 

basis for chronic infection.

To initiate infection, a Dane particle binds to the Na+-Taurocholate Co-transporter 

Polypeptide (NTCP) (6, 7). The virion is endocytically transferred to the cytoplasm; the 

mechanism of escape from the endocytic vesicle is not understood – release of duck HBV 

from endosomes appears to be insensitive to pH (8). The naked, DNA-filled core binds to 
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importin α-importin β complexes via nuclear localization signals on the core protein 

(HBcAg) (9, 10). Core dissociation and genome release are associated with the nuclear pore 

complex (11). In the nucleus, P is removed from the DNA and the DNA “repaired” (12, 13). 

The resulting covalently closed circular DNA (cccDNA) becomes nucleosome-decorated 

and appears to function like host DNA. Two HBV proteins, HBcAg and the X protein, have 

been localized to cccDNA and may have regulatory roles (14–17).

In an infected cell, production of new virus starts with RNAs transcribed from cccDNA, 

presumably by Pol2. A terminally redundant, unspliced copy of the cccDNA (pregenomic 

RNA or pgRNA) is the messenger for HBcAg, an HBcAg variant known as the “e” antigen 

(HBeAg), and P protein. A set of sub-genomic RNAs encode the large, medium, and small 

variants of the surface antigens (L-, M-, and S-HBsAg). A final subgenomic RNA encodes 

the X protein; X is a non-structural protein that affects cccDNA persistence, cccDNA 

transcription, and mitochondrial Ca++ flux (15, 18–20). In the cytoplasm, a complex of P 

protein and pgRNA appears to nucleate assembly of the immature RNA-filled HBV core 

(21). A substantial number of empty capsids are also formed (22) (a capsid refers to the 

protein shell of the HBV core). Reverse transcription takes place within the core while it is 

resident in the cytoplasm, leading to synthesis of a relaxed circular dsDNA product from the 

linear pgRNA (23); large pores in the capsid surface allow nucleotides to diffuse in and out 

(24). The mature capsid, and also the empty capsid, carries signals that allow it to bind the 

L-HBsAg (possibly from late endoplasmic reticulum (ER) membranes) for envelopment and 

secretion or to bind importin proteins for nuclear transport to generate more cccDNA.

The goal of this review is to describe the structural biology of the HBV virion. This 

necessarily ignores much of the interplay between virus and host that is critical for infection. 

We also concentrate on human HBV, the type member of the hepadnavirus family. However, 

we should note that related hepadnaviruses, Woodchuck Hepatitis Virus (WHV) (25) and 

duck Hepatitis B Virus (dHBV) (26) have made great contributions to our understanding of 

hepadnavirus biology and pathology.

The Dane particle

As little as a single virion, measured in terms of genomes, can lead to chronic HBV 

infection (27). Yet examination of electron micrographs reveals a startling heterogeneity. 

Particles typically show an enveloped core containing the three co-terminal HBsAg proteins 

– S, M and L – embedded in the membrane. However, the envelope may have a filamentous 

extension or the enclosed core may have a smaller diameter, 32 nm, or an aberrant shape 

(28). As many as 90% of secreted particles are actually empty (22). This suggests that cores 

containing correctly processed nucleic acid and empty cores both display a secretion signal 

(22). Efforts to apply cryo-electron microscopy (cryo-EM) image reconstruction to Dane 

particles revealed that the envelope and core do not share symmetry (29, 30). A composite 

map was built when the core and the envelope were independently reconstructed (by 

masking the other) and these reconstructions were then superposed (Figure 1). It was shown 

that HBsAg spikes, 40Å protrusions from the envelope, are arranged in a trigonal lattice 

such that positions of HBsAg and HBcAg did not necessarily coincide. Capsids were 

structurally indistinguishable from other cryo-EM reconstructions of capsid alone; there was 
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also limited order in the encapsidated DNA due in part to icosahedral averaging during 

reconstruction. Packaged DNA was densest under fivefold and quasi-sixfold vertices, where 

HBcAg nucleic-acid binding domains are located (29) (Figure 1). Notably, in some Dane 

particles the envelope was only loosely associated with the core (30), this may be a function 

of the distribution of the different forms of the HBsAg. The capsid does not firmly constrain 

the distribution of HBsAg units in the envelope but provides a generalized template for 

packing (30).

HBcAg

Dimer structure

The basic soluble unit of HBcAg is a dimer (Figure 2a). A HBcAg monomer is 183 residues 

long (for in vitro studies we refer to it as core protein 183 or Cp183). The first 149 residues 

form the predominantly α-helical assembly domain (Cp149). The remaining 34 residues are 

the arginine-rich RNA-binding, C-Terminal Domain (CTD) (31, 32). This domain is located 

inside the capsid and has been identified to be intrinsically disordered based on sequence 

and Cryo-EM studies (33). The assembly domain alone is sufficient for assembly of 

morphologically regular empty capsids (32). The assembly domain has 5 α-helices 

connected by loops (34–36) (Figure 2a). Helices 1, 2 and 5 are part the chassis of the capsid. 

A tight proline-rich loop connects helix 5 to the CTD (37). Holding together a dimer, helices 

3 and 4 from one half-dimer form a 4-helix motif with corresponding helices from the other 

half-dimer. A total of about 3200 Å2 of hydrophobic surface is buried by this interaction. 

This motif is flanked by salt bridges and hydrogen bonds that stabilize the hydrophobic 

interface. Helix 4 is kinked in the middle and is sometimes referred to as helices 4a and 4b. 

A disulfide bond can form over time between highly conserved C61 residues in helix 3, 

which contributes to the dimer interface (38–40).

Despite its conserved sequence and α-helical state, there is a degree of variability in the 

structure of the dimer. Dimers in the context of capsids are more compact than free dimers in 

solution (Figure 2b) (36, 41). Crystal structures of an assembly-incompetent mutant 

(Y132A) of HBcAg (41–43) show substantial variability, mainly at the spike tips and the C-

termini. This variability in structure is thought to be indicative of the variety in functional 

roles for HBcAg in the viral life cycle. Regulating the structural state of HBcAg would 

induce/stabilize specific conformational states that match specific functional states. For 

example, an oxidized C61–C61 dimer results in weaker dimer-dimer interactions and slower 

capsid assembly rates in comparison to the reduced form (38); thus, the oxidized dimer 

favors a conformation (or conformations) that are unfavorable for capsid assembly. While 

the cytoplasm (where capsid assembly takes place during an infection) is a reducing 

environment, the proximity of the C61 residues is high may be sufficient to overcome the 

reducing potential. Data suggest that structural dynamics that allow HBcAg to transition 

between these states are an important key to its function (38, 41, 44, 45).

HBeAg

HBeAg is a secreted protein expressed by every member of the Hepadnaviridae family 

though its expression is not required to maintain infection. HBeAg is transcribed from the C 
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gene using the first of the two start codons, HBcAg uses the second. The HBeAg pre-protein 

has 29 residues upstream of HBcAg (46). The first 19 residues, a signal peptide, trafficks 

nascent HBeAg to the ER where the signal and the CTD are proteolytically removed (47, 

48). The remaining 10 residues upstream of HBcAg including a Cys at position -7. This C-7 

forms an intramolecular disulfide with C61 to stabilize the structure (40). HBeAg is thought 

to have an immune-modulatory role that allows for humoral and cell-mediated immune 

evasion (49, 50). Paradoxically, loss of e antigen is correlated with clearance of acute HBV 

infection and establishment of chronic infection (51). In a similar vein, loss of HBeAg in 

culture correlates with increased HBV expression while in humans it correlates with 

decreased viremia (52).

HBeAg and HBcAg show important physical differences: the thermal melting temperature 

of HBeAg is 51°C while that of HBcAg dimer is 63°C (53). Reducing the C-7–C61 disulfide 

or mutating C-7 to Ala residue increased the stability of the HBeAg to near HBcAg levels 

(54). While oxidized HBeAg does not assemble into capsids, sedimentation analysis and 

electron microscopy showed that reduced HBeAg dimers could (53, 54). These results 

suggest that HBeAg could adopt a conformation similar to that of HBcAg (40, 53). Thus, it 

is possible that both HBeAg- and HBcAg-associated dimer conformations may be accessible 

to both proteins in solution. Assembly studies with reduced HBeAg dimers indicate that 

their capsid-like products are less regular than HBcAg-assembled capsids (53). This would 

suggest that co-assembly of HBcAg with HBeAg would have a negative impact on regular 

capsid assembly, both from a kinetic and thermodynamic point of view.

The 10-residue peptide upstream of HBcAg makes HBcAg and HBeAg serologically 

distinct, though there is also substantial cross reactivity (35, 55, 56). In the HBeAg crystal 

structure (Figure 2c) (54), the overall fold of an HBeAg monomer was the same as an 

HBcAg monomer, with some differences at the spike tips and C-termini. The dimer 

interface, however, was heavily altered; one half-dimer was rotated by 140°, so that the 

HBeAg four-helix bundle is almost antiparallel relative to the motif in HBcAg (Figure 2c). 

Thus, the tip of the spike must have evolved to support both parallel and antiparallel 

interaction. This gross change was stabilized by the disulfide from C-7 in the peptide to C61 

of helix 3 (one per monomer), which replaces the HBcAg C61–C61 disulfide (36). The 

structure is also stabilized by hydrophobic contacts between the peptide and helix 3 and 4. 

The peptide covers some of the exposed hydrophobic surface at the base of helix 3, creating 

a new interface (54).

Capsid structure

HBcAg can self-assemble to form the icosahedral virus capsid. A 120-dimer T=4 capsid 

(Figure 2d) is the major assembly product (~95%) with a small amount T=3 capsid observed 

in infected human livers, recombinant E. coli capsids and in vitro assembled recombinant 

HBcAg subunits (24, 28, 57–59). Structures for T=4 and T=3 capsids have been determined 

by Cryo-EM (24, 34, 35, 37, 60, 61). Crystal structures have been determined for T=4 

capsids and assembly-incompetent HBcAg dimers (36, 41, 42, 62).
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Icosahedra are comprised of 60 asymmetric units. A T=4 asymmetric unit contains contains 

4 HBcAg monomers, A through D, (or two dimers, AB and CD) that form the icosahedral 

asymmetric unit (Figure 2d). The subunits are in “quasi-equivalent” environments. The 4-

helix motifs from the dimers are oriented perpendicular to the surface of the capsid, forming 

the spikes that punctuate the capsid. By convention, A monomers form the fivefold vertices 

and two sets of B, C and D monomers form the quasi-sixfold vertices (Figure 2d). A T=3 

asymmetric unit has 3 quasi-equivalent monomers resulting in AB dimers and twofold 

symmetric CC dimers. Large holes fenestrate the capsid surface and provide a means for 

nucleotides and other small molecules to diffuse in and out of the particle.

Contacts between dimers are mediated by burial of about 1700 Å2 of hydrophobic surface. 

This is a tongue-and-groove contact where the groove is located near the junction where 

helix 5 emerges from the four-helix bundle at the “intradimer” contact. This groove is filled 

by the helix-turn-extended structure of an incoming subunit (36). Tyrosine 132 from the 

incoming subunit contributes about 10% of the buried surface are of this interaction (36); a 

Y132A mutant is assembly-incompetent (63) and has been the basis of HBcAg dimer 

structures (41–43). A peculiar pocket formed at this interface is the basis of assembly-

directed antivirals, which will be discussed later in this review.

The HBcAg capsid is itself highly immunogenic and reported to induce both B- and T-cell 

responses (64), though these responses are not protective against HBV infection. Peptide 

mapping studies identified the spike tip, around residue 80, as the major epitope (56, 65) In a 

series of cryo-EM studies antibodies to capsids were shown to bind not only to a linear 

epitope on the spike tip but to conformational epitopes on the sides of the spike and its base 

(35, 66–68). Other epitopes have been observed at interdimer contacts (65, 68). Because of 

its immunogenicity, HBV capsids have been used as a carrier for epitopes (69, 70). To 

facilitate insertion of large immunogens into the spike tip while avoiding steric clashes, 

investigators have used proteolytically processed “split cores” or a tandem fusion of HBcAg 

that allows modification of one half dimer at a time (71, 72).

HBcAg C-terminal Domain, the CTD

The 34-residue (or 36 residue, depending on genotype) arginine-rich HBcAg CTD (Figure 

3a) is localized to the interior of the capsid (Figure 3b), though it can transiently be exposed 

on the capsid exterior (37, 73–75). CTDs regulate RNA packaging, reverse transcription, and 

binding to host proteins. The CTD can be considered a sequence of four arginine-rich 

repeats (Figure 3). The CTD has 7 conserved serines and a threonine which can be 

phosphorylated (168,169, 79, 148) (Figure 3a). Several host protein kinases have been 

implicated, including protein kinase C, serine/arginine protein kinase (SRPK) and cyclin 

dependent kinase 2 (Cdk2) (76–78). These kinases may act on HBcAg prior to assembly or 

in the context of capsid. One or more types of kinase also gets packaged in cores, with 

strong evidence supporting identification as Cdk2 (78). Phosphorylation of S155, S162, and 

S170 is critical for packaging RNA (Figure 3a) – substitution of these residues with alanine 

to mimic the unphosphorylated state suppresses pgRNA packaging (76, 79–81).
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Interaction of Cp183 with SRPK has been used to demonstrate flexibility of the CTD and a 

possible mechanism for regulating assembly. In vitro, SRPK binds Cp183 dimers and empty 

capsids (74). However, the affinity for dimer is 50-fold stronger suggesting a thermodynamic 

basis for stalling assembly; SRPK also is large enough that it would occlude assembly of 

bound dimers. However, assembly of SRPK-bound Cp183 can be reactivated by addition of 

ATP to initiate phosphorylation and release the bound SRPK. Thus, hypothetically SRPK 

can acts as a non-canonical chaperone that gates assembly. A cryo-EM reconstruction of pre-

assembled empty Cp183 capsids bound to SRPK revealed that SRPK trapped CTDs that 

were transiently exposed to the capsid surface at twofold (quasi-sixfold) vertices (Figure 3c) 

(74). Transient exposure of CTDs in empty Cp183 capsids has also been documented by 

trypsin digestion studies (75). Mass spectrometry of trypsin-digested empty capsids showed 

ready accessibility as far as residue 157. Cryo-EM reconstructions of these products verified 

the cleavage and loss of CTD density underneath quasi-sixfold vertices (Figure 3b) (75).

There is a strong correlation between the positive charge of a viral capsid and its nucleic 

acid content (82, 83); this correlation extends to HBV (84–86). In vivo, a capsid with fully 

phosphorylated CTDs packages about 3400 nucleotides of pgRNA with its polyA tail, a ratio 

of 1.77 bases per arginine, and a fully dephosphorylated DNA-filled core has about 6300 

bases, a ratio of 1.75 bases per arginine. The number of positively charged arginines in the 

CTD correlates with the amount of encapsidated RNA (84, 86). Decreasing the amount of 

positive charge in an HBV expression system, by truncating the CTD (85) or by replacing 

blocks of arginines with alanines (87), decreases the amount of pgRNA encapsidated in cell 

culture expression of HBV. Surprisingly, the decreased RNA content correlates with 

decreased representation of 3′ ends compared to 5′ ends, suggesting that RNA is packaged 

so that the 3′ end is particularly vulnerable to nucleases or that it is packaged in a stepwise 

process 3′ end last.

Phosphorylation appears to modulate structural interactions between CTDs that affect capsid 

stability and RNA organization within the capsid. In empty Cp183 capsids, external 

exposure of CTDs is decreased and capsid stability is strengthened by an S155E, S162E, 

S170E triple mutation, mimicking phosphorylation of the three critical serines (75). In a 

virus expression system, the triple mutant assembles without packaging RNA (85). Image 

reconstructions comparing this triple mutant to wild type capsids show that mutant CTDs, 

particularly around the fivefold vertices, cluster together, which was suggested to be a result 

of electrostatic interactions between “phosphorylations” on one CTD with arginines on an 

adjacent CTD (33).

The triple mutant phosphorylation mimic also modified the organization of packaged 

pgRNA in in vitro assembled particles (33). In vitro, Cp183 can be assembled on (single-

stranded DNA) ssDNA and single-stranded RNA (ssRNA) but not on double-stranded 

(dsDNA) (88). The pgRNA in capsids with unphosphorylated CTDs formed an icosahedral 

cage of thick RNA ropes (Figure 4a)(33). In the phosphorylation-mimic mutant the RNA 

formed a more diffuse mesh-like network (Figure 4b) of thin and short stretches of electron 

density (33). Consistent with the ability of CTD modification to change the disposition of 

packaged RNA, the CTD has been shown to have RNA chaperone activity in the context of a 

capsid (89).
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Though CTDs are ostensibly on the capsid interior, in empty capsids and DNA-filled capsids 

they are accessible to the capsid exterior (74–76). While in RNA-filled capsids, the CTD is 

trapped on the capsid interior. External exposure of CTDs is biologically critical as the CTD 

has a role in nuclear translocation. Mature cores are imported into the nucleus through 

nuclear pores in a process that involves the binding of an Importins α-Importin β complex 

(11). Importin α binds to nuclear localization signals (NLSs), a sequence of three or four to 

six consecutive basic amino acids. When bound to an NLS, importin α exposes an importin 

β binding domain, a motif of 13 basic residues spread over 39 residues (90, 91). 

Emphasizing a fundamental difference between CTD exposure of DNA-filled versus empty 

capsids, in vitro empty capsids and free dimers bind Importin β without Importin α 
mediation (73). Furthermore, importin β appears to bind dimer and destabilize empty 

capsids. These observations suggest that intracellular transport of free dimer, empty capsids, 

and mature capsids use different mechanisms. Efforts to clarify the specific NLS sites have 

been complicated by the fact that they may overlap. Furthermore, the same sequences in the 

CTD have been shown to act as nuclear export signals, presumably for Cp183 dimer; this 

has been suggested as a mechanism for export of viral RNA from the nucleus (92).

Reverse Transcription

Reverse transcription (reviewed in (23, 93, 94)) is the target of most anti-HBV therapeutics 

now available. Capsid assembly is nucleated by a pgRNA-reverse transcriptase (P protein) 

complex, with P bound to the ε stem loop near the 5′ end of pgRNA. The P protein has four 

domains, a terminal priming domain, a linker, a polymerase domain, and an RNaseH. The 

polymerase, though it is monomeric, has been modeled based on the HIV reverse 

transcriptase (95). The RNAseH shares little sequence identity with other RNaseH proteins 

but enough to allow identification of active site residues and evaluate potential inhibitors 

(96). Within the capsid, using the loop in ε as its first template, a tyrosine in P’s N-terminal 

domain primes minus strand DNA synthesis, leaving the nascent chain covalently bound to 

the protein. After 3 bases, P switches template to a sequence (direct repeat 1, DR1) near the 

3′ end of pgRNA and then completes minus strand DNA synthesis. The carboxy-terminal 

RNaseH domain of P digest the template pgRNA leaving only about 17 bases of the original 

RNA. ssDNA-filled capsids accumulate in cytoplasm, suggesting that the next step in DNA 

synthesis has a high kinetic barrier. The remaining RNA with the P-protein (covalently 

bound to minus strand DNA) now makes a second template switch to a region overlapping a 

copy of the DR1 sequence, DR2, near the 5′ end the minus strand. Synthesis of the plus 

strand begins there, using the RNA as a primer. After running out of template, the P complex 

with the growing plus strand switches template for the third time. Successful maturation of 

the HBV virion requires three template switches in which P and associated nucleic acids 

jump from one end of the template nucleic acid to the other. These template switches are 

facilitated by complementary sequences at the 5′ and 3′ ends of the nucleic acid (97, 98). 

For these to anneal, the encapsidated P protein and pgRNA adopt a specific quaternary 

arrangement.

There were two hypotheses to explain the process of reverse transcription: (i) The RNA lines 

the interior wall of the capsid allowing the P protein to travel on a nucleic acid track where 

5′ and 3′ ends are topographically close to one another; (ii) The polymerase is directly 
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bound to the inner wall of the capsid, requiring the nucleic acid to move through the enzyme 

like a conveyer belt. An asymmetric Cryo-EM reconstruction of RNA-filled cores with 

packaged P protein, determined to 16 Å resolution (Figure 4c), strongly supports the first 

hypothesis (94). Mutation of the priming tyrosine in P supported pgRNA packaging but 

arrested the core in the RNA-filled state (99). RNA density was irregular but lined the 

interior surface of the capsid, similar to in vitro-assembled RNA-filled capsids (Figure 4c). 

The RNA density was not resolved enough to fit individual strands. Internal to the RNA, a 

“donut-shaped” density was adsorbed to the RNA shell interior (under a threefold) 

consistent in size and shape to a polymerase (Figure 4c). Other unassigned internal density 

was observed and could be other packaged protein or could be an artifact arising from 

irregularity in the capsids and the difficulty of determining asymmetric orientation in an 

icosahedral particle.

The shell of the capsid as well as its interior surface impact reverse transcription. Mutation 

of conserved Val124 at the inter-dimer interface affects capsid assembly in a predictable 

way, changing capsid stability proportional to the change in buried surface (100). These 

mutations lead to defects in packaging of pgRNA, suggesting a competition between 

assembly of RNA-filled capsids with assembly of empty/defective ones. Reverse 

transcription was also profoundly affected (100). While first strand synthesis was 

proportional to the amount of pgRNA packaged, second strand synthesis was abolished 

(100, 101). This suggests that the capsid is not just an inert carrier of genomic material and 

its structural properties affect seemingly unrelated processes.

Interaction of HBV cores with Surface proteins

The HBV Surface antigen has distinct roles in the virus lifecycle. Intracellularly, HBsAg 

binds cores, attenuating core transport to the nucleus and effectively regulating cccDNA 

copy number (102). HBsAg is secreted as subviral particles that attenuate immune response 

to the virus (103); indeed, yeast-expressed S-HBsAg is the basis of the HBV vaccine. 

HBsAg is responsible for binding cores during assembly and receptor during infection. 

HBsAg is also a structural component of Hepatitis Delta Virus, a satellite of HBV that 

drastically increases morbidity and mortality (104).

The structure of HBsAg is known to low resolution only. At a basic level, HBsAg is a 

glycosylated integral membrane protein that has been localized to ER, pre-Golgi, and late 

endosomal membranes (105–107). HBsAg comes in three sizes, small, medium, and large, 

referred to as S-HBsAg, M-HBsAg, and L-HBsAg. The L-HBsAg has three domains, in 

order, pre-S1 (108 or 119 residues), pre-S2 (55 residues), and the S domain (226 residues). 

M-HBsAg, which is not required for infection, lacks pre-S1. S-HBsAg is comprised of only 

the S domain which is composed of four trans-membrane helices (108). The S domain forms 

disulfide crosslinked dimers, allowing formation of homo- and heterodimers.

Subviral particles are heterogeneous in chemical makeup and structure. Spherical subviral 

particles are enriched for S-HBsAg with only trace amounts of L-HBsAg whereas filaments 

have a 1:1:4 ratio of L-, M-, and S-HBsAg (109). Micrographs of subviral particles show 

serrations indicative of regular protrusions (Figure 5a, b). However, spherical particles 
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appear to be heterogeneous in size and geometry – they are not icosahedral – frustrating 

efforts to generate image reconstructions (110). Filamentous particles also are heterogeneous 

but can be classified based on helical parameters (eg. one-, two-, and three-start helices) 

allowing successful reconstruction to 20Å resolution. Spikes in the reconstruction are similar 

in size to those in the micrograph. They project 40Å from the membrane and are separated 

by about 50Å. The volume of a given spike corresponds well with the expected volume for 

four S domains, suggesting the biologically relevant complex is a dimer of dimers (110). In a 

Dane particle reconstruction (29), HBsAg spikes have a similar spacing but are arranged 

with approximately trigonal geometry on the membrane surface; notably, the HBsAg lattice 

does not align with the core’s icosahedral lattice.

In most viruses, internal features of the envelope protein(s) interact with the virus core and 

external features mediate interaction between the virion and its receptor(s). In HBV, both of 

these activities are functions of the pre-S domains of L-HBsAg, a peptide that can change its 

localization over time (111) and possibly in response to external triggers. The N-terminus of 

S-HBsAg and the pre-S2 domain of newly translated M-HBsAg are in the ER lumen, 

presumably due to an internal signal sequence (112). In L-HBsAg pre-S1, which is 

myristoylated, and pre-S2 are largely cytoplasmic, based on proteolytic sensitivity and the 

absence of pre-S2 glycosylation. This places the pre-S domains where they can interact with 

newly matured HBV cores. Conversely, in Dane particles the pre-S1 and pre-S2 domains are 

accessible to external proteases.

Dane particles appear to first interact with host cells through a relatively weak electrostatic 

interaction to highly sulfated proteoglycan (HSPG); this interaction is a necessary precursor 

to infection (113, 114). In vitro other anionic glycans, e.g. heparin sulfate, can bind HBsAg. 

This interaction is modulated by a disulfide-stabilized motif on the S domain (115, 116). The 

virions then bind to NTCP (6, 7) in an interaction mediated specifically by a highly 

conserved N-terminal sequence of pre-S1, residues 2–48 (117). A myristoylated peptide 

based on this sequence, named MyrcludexB, is the basis for an HBV entry inhibitor that that 

displays an 80 picomolar IC50 (118, 119). Thus it is likely that binding to HSPG induces a 

conformational change exposing the N-terminal region of pre-S1 (116) – antibodies to this 

segment of pre-S1 do not precipitate Dane particles (120).

Interaction of cores with L-HBsAg is sensitive to the nucleic acid content of the core via a 

poorly characterized switch (22)(121). We have a rudimentary understanding of the 

structural basis of interaction of the pre-S domains with the HBV core that are associated 

with virion assembly and egress. Peptides based on the C-terminus of pre-S1 shows notable 

affinity for capsids based on binding of sequential peptides to capsids (122) and the ability 

of a series of L-HBsAg mutants with substitutions in the Pre-S1 and S2 sequences to support 

virion secretion (123). Additional determinants of interaction are associated with the S 

domain (122, 124). Ponsel and Bruss conducted a rigorous alanine mapping of HBcAg by 

evaluating the ability of the HBcAg mutants to support capsid formation and virion secretion 

(125). The amino acids identified by that study run down the solvent-exposed face of 

HBcAg helix 4 (Figure 5c). Using an alternative approach, phage display, a hydrophobic 

peptide with sequence similarity to the first 20 amino acids of pre-S1 was identified that 

bound at the core spike tips (126).
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Helix 4 is particularly attractive as regulatory element for core-envelope interaction. Its 

conformation is responsive to assembly state and bound small molecules (Fig 5c) (41, 127). 

In a cryo-EM comparison of DNA-filled cores from HBV-expressing cells with RNA-filled 

capsids from E. coli, Roseman and Crowther observed small structural changes in the 

protruding HBcAg spike centering on a hydrophobic cavity bounded by residues K96 and 

F97 from one half-dimer and L60 from the other half (121) (Figure 5c). K96 and F97 are on 

the back face of helix 4.

Notably, mutation F97L (or I97L, depending on genotype) results in a core that is secreted in 

the immature ssDNA state while a L60V mutation inhibits secretion altogether (128–130). 

One cannot tell whether the pocket mutations affect the helix or vice versa. It is also possible 

that both the helix and pocket are involved in binding pre-S or that these mutations affect a 

dynamic state rather than a static structure. In Dane particle structures (29, 30), the spike tip 

is in contact with the envelope. Direct interaction with protein could not be discerned in 

these structures due to the relative disorder of the envelope. However, the spike tip has been 

suggested as a binding site for HBsAg (126, 131).

Assembly

HBcAg spontaneously assembles into a mixture of T=4 and T=3 particles (58). Self-

association of the assembly domain, the first 149 residues of HBcAg (Cp149), has been 

investigated extensively. The assembly reaction can be summarized by two equations (132–

134). The kinetics of assembly can be described as a rate-limiting nucleation step followed 

by rapid elongation by addition of one dimer at a time:

1)

This simple equations can result in complex behavior (135, 136). While HBV is relatively 

simple, virus assembly reactions can be much more complex involving an array of 

metastable intermediates (137, 138). The importance of the nucleation step is that it prevents 

formation of kinetic traps, reactions where incomplete capsids accumulate but there are not 

enough subunits to complete them. To prevent kinetic traps, nuclei must be relatively rare 

either because they form slowly compared to elongation or because they are relatively 

unstable (132, 139). Assembly models predict a high energy barrier to disassembly (i.e. 

hysteresis to dissociation) that has been observed in experimental studies (140–142). 

Simulations suggest an array of intermediates during assembly (135, 136), biased towards 

smaller sizes, which have now been observed by ion-mobility mass spectroscopy (143). An 

implication of this kinetic model is that allostery between assembly incompetent and 

competent states can contribute to regulation of nucleation and elongation (144), an 

implication borne out by structural differences between free and capsid-bound HBV dimers 

(41, 44, 45). Hydrogen-deuterium exchange (45) and protease sensitivity (44, 75) indicate 

that HBV Cp149 is extremely dynamic, prone to conformational fluctuations and local 

melting of secondary structure.

At equilibrium, the assembly reaction reduces to a simple equilibrium expression:
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2)

The huge exponent in equation 2 leads to a pseudo-critical concentration (pcc), where the 

maximal concentration of free Cp149 dimer in solution is approximately equal to the pcc 

and all addition Cp149 is in the form of capsid and sometimes non-capsid polymer. Unlike a 

true critical concentration, equation 2 predicts assembly will occur at low Cp149 

concentrations; this has now been observed using nanofluidic devices sensitive to very low 

protein concentrations (145). The term Kcapsid is a function of the pairwise interaction 

energy between two dimers, ΔGcontact (139). For HBV, and most other viruses, ΔGcontact is 

remarkably weak and assembly at physiological concentrations is only possible because 

subunits are multivalent. Weak association energy prevents entrapment of defects by 

favoring dissociation of misassembled components. Consistent with the hydrophobic inter-

dimer contacts observed in capsids (36), assembly is entropy-driven (134). Kinetic traps can 

form when Cp149 association energy is strengthened by solution conditions; this was not 

evident until recent developments in charge detection mass spectrometry, a single particle 

technique (146). The same approach was used to show that Woodchuck Hepatitis Virus has a 

much greater tendency to form aberrant capsids (147, 148).

In vitro assembly on nucleic acid is much more complicated because of the combination of 

protein-protein and protein nucleic acid interactions (149, 150). In vitro assembly of Cp183 

on ssRNA and ssDNA is fast and, based on the paucity of intermediates, highly cooperative 

(88). Assembly on dsDNA is problematic. The protein binds dsDNA with apparently high 

affinity. However, the assembly products are heterogeneous as if protein-protein interactions 

are insufficient bend and enclose the relatively rigid dsDNA substrate (88, 150) leading to a 

calculation that a dsDNA could destabilize capsids (88, 150). Consistent with this 

calculation, a growing body of evidence indicates that dsDNA-filled cores are not 

particularly stable – they are sensitive to proteases and nucleases and show alter biophysical 

properties (151, 152).

Capsids and capsid-directed antiviral strategies

HBcAg is an attractive antiviral target because dimer and capsid participate in several steps 

of the virus life cycle (153, 154). Misdirection of in vitro assembly by altering temperature 

and ionic strength can lead to formation of kinetically trapped intermediates or aberrant non-

capsid structures. Forming these products under physiological conditions may be an 

effective antiviral strategy (155, 156).

In cell-based screens, ostensibly for non-nucleoside reverse transcriptase inhibitors, two 

enigmatic classes of molecules were discovered: the phenylpropenamides (PPAs) and the 

heteroaryldihydropyrimidines (HAPs) (157, 158). In both cases it was discovered the mode 

of action focused on the core protein, not the reverse transcriptase. PPAs led to loss of 

cytoplasmic RNA-filled cores and accumulation of empty capsids (159). HAPs led to loss of 

core protein (158, 160). Unsurprisingly, these molecules were insensitive to nucleoside 

analog-resistant mutants of HBV reverse transcriptase (161–163).
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In vitro assembly experiments uncovered important clues to mechanism of action. HAPs and 

PPAs speed up assembly and stabilize protein-protein interaction (162, 164–166). HAPs, in 

concentrations that can saturate available HBcAg, lead to assembly of aberrant non-

icosahedral complexes (165–167). On examination, HAPs favored formation of hexagonal 

repeats of core protein at the expense of fivefolds (165). Quantification of the effect of HAPs 

and PPAs on assembly shows that they strengthen dimer-dimer association energy, 

decreasing the pseudo-critical concentration of assembly from ca. 15μM down to ca. 30nM, 

and increasing the apparent rate of assembly by more than two orders of magnitude. Some 

of this effect may be due to simply filling a hydrophobic pocket – stabilizing intermediates 

will affect the observed rate of assembly as well as the yield of product (168). However, 

some the kinetic effect has been attributed to allosterically modulating HBcAg 

conformation; hence this molecules that drive assembly may be though of as Core protein 

Allosteric Modulators (CpAMs).

HAP1 led to substantial quaternary structural differences, an expansion at fivefold axes, 

when compared to an unliganded apo capsid structure (62). Any changes in tertiary structure 

were negligible at the observed 5Å resolution. CpAMs were found to wedge between dimers 

at the interfacial HAP pocket, which explained the strengthening of inter-dimer interactions. 

The site was made by a C-shaped four helix motif with helices 2, 4 and 5 forming a pocket 

and helix 5 from the interfacial monomer forming a cap over the pocket. Strong electron 

density was only observed in the pocket associated with C monomers that interfaced with a 

D monomer from a neighboring dimer; weak density was observed in the B pocket.

A crystal structure of capsid bound to AT130 showed similar quaternary structural changes 

but substantial tertiary structural changes in C and D monomers (127). Electron density for 

the CpAM was found in the HAP pocket at the B–C inter-dimer interface with weak density 

at the C–D interfacial pocket. The findings from this structure supported the hypothesis that 

CpAMs drive aggressive assembly towards misdirection by affecting the quaternary 

arrangement of dimers.

A third structure of capsid bound to HAP18, a derivative of HAP1, determined to 4Å 

resolution, surprisingly showed no quaternary structural changes and minimal changes in 

tertiary structure (169). HAP18 had been previously shown to affect assembly in vitro 
(leading to microns long 100 nm diameter tubes) and in vivo (162). Equally strong HAP18 

density in both B–C and C–D sites though there were substantial differences between the 

different binding modes. Thus, HBV capsids have diverse structures and structural responses 

to CpAMs.

Efforts to obtain higher resolution structures have been based on the assembly-deficient 

Y132A mutant, with an apo-structure determined to 2.25Å resolution. The structure of a 

HAP1 derivative (NVR10-001E2) soaked into crystals of the mutant was determined to 

1.95Å (43). The CpAM bound in HAP pocket in a similar orientation as CpAMs observed in 

capsids. However, the lack of a capsid-like environment and quasi-equivalence in the 

quaternary arrangement of the monomers in this structure limit its use in rational drug 

design, despite the resolution. The structure, however, does serve to validate the orientation 

of similar molecules in other low-resolution structures.
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The range of quaternary structure changes in the presence and absence of CpAMs suggest 

that the altering the quaternary structure may not be a basis for CpAM mechanism. Changes 

in structure, rates of crystallization, effects of CpAM-emulating mutants (100, 101), the 

effect of antibodies damping global HD exchange (170) – the variety of structural responses 

– leads to the hypothesis there may be dynamic basis to CpAM activity. Damping capsid 

dynamics as an antiviral mechanism has been demonstrated previously in studies with 

picornaviruses (171, 172). This would have important implications in future CpAM design. 

For HBV this would also have larger implications for the mechanism of CpAM action in the 

viral life cycle because affecting dynamics would affect the role of the capsid in processes 

upstream and downstream of assembly.

Closing comments

There is no known cure for HBV infection. Eliminating or silencing the cccDNA in cells is 

essential to clearing infection permanently. Direct acting antivirals may be the key to 

cccDNA. The virus capsid is one such target. Reverse transcriptase is the primary target for 

available antiviral therapeutics, however even the best of these methods lead to only about 

5% clearance of infection after five years of treatment (51). Clearly other targets are needed, 

perhaps in combination. The RNaseH domain of the reverse transcriptase is an independent 

and unutilized target with opportunity for synergism (96). Another direct target is the 

cellular entry process which has shown its value in protecting liver transplants (118, 119). 

The virus may also be blocked by interfering RNAs that block viral products (174). Recent 

advances indicate that HBV X protein has a direct role in preventing the host cell from 

silencing cccDNA, but do not suggest a mechanism for targeting it (175).

HBV is one of the smallest human pathogens, based on a 3200 bp genome encoding only 

four open reading frames. Yet structurally the virus shows a remarkable diversity of 

structural features, often with the same proteins. In part this is the parsimony of viruses, 

where a minimal number of proteins performs a wide variety of functions. However, a more 

important them is that weak interactions between components and irregular interactions 

between components lead to a highly dynamic system. In HBV this is manifested as a virion 

where the envelope proteins have multiple structures, the envelope capsid interaction is 

irregular, the capsid is a dynamic metabolic compartment that actively participates in 

structural changes to its encapsidated genome. Thus, direct acting antivirals have a limited 

repertoire of targets, but have the opportunity to be highly specific.
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Figure 1. 
A composite cryo-EM reconstruction of a dane particle. (a) Cut away views of a composite 

model of the HBV virion comprised of an icosahedral capsid (blue) containing packaged 

DNA (red) and an outer envelope (gold) with protein projections spaced 60Å apart. Views 

are cross-sections (left), and two cut aways (b) X-ray crystal structure of recombinant capsid 

(36) docked into the cryo-EM density map of the virion capsid (left). The tips of the core 

spikes are in close apposition but do not penetrate the envelope. Additional details and 

cartoon of interpretation (right). The surface protein projections are ascribed to HBsAg and 

are designated as large (L), medium (M), and small (S) arbitrarily. These figures reproduced 

with permission from Dryden et al. (29).
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Figure 2. 
X-ray crystal structures of the assembly domain. (a) A HBcAg dimer in the context of a 

capsid. The helices in HBcAg are named 1–5 from N to C-terminus. The dimer interface 

comprises of a four-helix bundle created by two helices from each monomer. (b) a 

superposition of an HBcAg dimer in the context of a capsid (grey) on a free dimer (Y132A 

mutant) (blue). The free dimer is less compact than the dimer in the context of a capsid (c) 

An HBeAg dimer. The dimeric interface is drastically altered and stabilized by disulfide 

bonds (d) An HBcAg T=4 capsid with the asymmetric unit in color. The individual subunits 

are A (blue), B (red), C (green) and D (yellow) or AB and CD dimers.
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Figure 3. 
The HBcAg CTD. (a) A schematic of the assembly domain and the CTD including the 

sequence of the CTD. S155, S162 and S170 are deemed to be critical for pgRNA packaging 

(173, 174) (b) cut-away view of a cryo-EM reconstruction of an empty Cp183 capsid. The 

density in color corresponds to the CTD based on the fitting of an X-ray crystal structure of 

a Cp149 capsid in the reconstruction. CTD density is prominent beneath the fivefold and 

quasi-sixfolds (c) A cryo-EM reconstruction of empty Cp183 capsids bound to SRPK 

molecules. SRPK (red) binds to transiently exposed CTDs at the quasi-sixfolds. These 

figures reproduced with permission from Selzer et al. (75) and Chen et al. (74).
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Figure 4. 
RNA containing capsids. Icosahedral reconstructions of (a) wildtype Cp183 and (b) a 

phosphorylation mimic mutant with in vitro packaged pgRNA (blue and gold respectively). 

The pgRNA in the former forms an icosahedral cage while the same in the latter is more 

mesh-like (c) An asymmetric reconstruction of an RNA-containing virion shows density for 

pgRNA (gold), P protein (red) and other unassigned content. These figures reproduced with 

permission from Wang et al. (33) and Wang et al. (94).
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Figure 5. 
HBsAg subviral particles. (a) A cryo-micrograph of a mixture of ~22nm spherical and 

filamentous particles. Note how some filaments vary in their diameter. The scale bars 

correspond to 100nm. (b) A helical real-space reconstruction of a self-consistent data set. 

This two-start helix has a subunit twist of 35° and rise of 9.8Å. (c) A HBcAg dimer 

highlighting residues that affect secretion of Dane particles but do not affect core assembly 

(117). Residues from different monomers are in magenta and orange, respectively. Residues 

that are partially obscured by interdimer interfaces are highlighted in muted colors. Panels 

(a) and (b) are reproduced with permission from Short et al. (110).
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Figure 6. 
CpAMs alter the structure and dynamics of the capsid. (a) Overlays of CpAM bound capsids 

(magenta) on apo-capsid (cyan) when viewed down the fivefold reveal systematic 

differences in capsid structure in the exterior (upper panels) and interior (lower panels). This 

figure reproduced with permission from Venkatakrishnan et al. (b) Superpositions of Cα 
traces of individual dimers from CpAM bound structures (red) on the apo structures (grey).
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