
(HBV) capsids and subviral particles and for experimental 
examination of  their morphogenesis are available. These 
systems allowed to draw a quite detailed, although still 
fragmentary, picture of  these processes. However, in vitro 
production of  virions by transfection of  certain cell lines 
derived from hepatocellular carcinomas, such as HepG2 
or Huh7, with cloned genomic HBV DNA[1,2] or by in vitro 
infection[3] is still quite inefficient, and this hampers many 
approaches to study the morphogenesis of  the complete 
virus. In natural HBV infections one single hepatocyte 
in the liver releases 1 to 10 viruses per day[4]. In vitro the 
production rate seems to be similar. Therefore, the direct 
observation of  HBV budding by electron microscopy 
or the characterization of  the process by biochemical 
approaches is difficult to achieve[5]. It seems that the 
virus production rate in duck hepatitis B virus (DHBV) 
infection is higher at least in vitro, making these techniques 
suitable for studying DHBV morphogenesis[6].

THE HBV CAPSID FORMATION AND 
STRUCTURE
The C protein forming the shell of  the HBV capsid 
consists of  183 or 185 amino acid (aa) residues depending 
on the genotype. The protein is relatively conserved among 
HBV isolates[7]. It can be expressed in a broad range of  
pro- and eukaryotic cell types and self-assembles into 
capsids. The first step is the formation of  homodimers[8] 
linked by a disulfide bridge between the cystein residue 
61[9,10]. Higher oligomers containing chaperons have been 
described[11] but the pathway leading from dimers to 
complete capsids has not been elucidated in more detail. 
In the final capsid, the inter-dimer interactions are rather 
weak[12]. Two different types of  capsids are formed[13]: 
particles with an icosahedral T = 3 symmetry have a 
diameter of  30 nm and consist of  90 C dimers, whereas 
particles with an icosahedral T = 4 symmetry are larger (the 
diameter is 34 nm) and contain 120 C dimers. Both particle 
species can also be found in infected human liver[14]. In 
infectious virions, T = 4 capsids have been found[15].

The primary amino acid (aa) sequence of  the C protein 
can be divided into two parts (Figure 1): the N-terminal 
149 or 151 aa (depending on the genotype) form the so 
called assembly domain because this part of  the protein 
is sufficient to direct the self-assembly of  capsids. The 
C-terminal 34 aa are dispensable for capsid formation, 
rich in arginine residues, and involved in packaging of  the 
pregenome/reverse transcriptase complex. Deletion of  
this domain abolishes the encapsidation of  nucleic acid[16]. 
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Abstract
The hepatitis B virus (HBV) particle consists of an 
envelope containing three related surface proteins 
and probably lipid and an icosahedral nucleocapsid of 
approximately 30 nm diameter enclosing the viral DNA 
genome and DNA polymerase. The capsid is formed 
in the cytosol of the infected cell during packaging of 
an RNA pregenome replication complex by multiple 
copies of a 21-kDa C protein. The capsid gains the 
ability to bud during synthesis of the viral DNA genome 
by reverse transcription of the pregenome in the 
lumen of the particle. The three envelope proteins S, 
M, and L shape a complex transmembrane fold at the 
endoplasmic reticulum, and form disulfide-linked homo- 
and heterodimers. The transmembrane topology of a 
fraction of the large envelope protein L changes post-
translationally, therefore, the N terminal domain of L 
(preS) finally appears on both sides of the membrane. 
During budding at an intracellular membrane, a short 
linear domain in the cytosolic preS region interacts with 
binding sites on the capsid surface. The virions are 
subsequently secreted into the blood. In addition, the 
surface proteins can bud in the absence of capsids and 
form subviral lipoprotein particles of 20 nm diameter 
which are also secreted.
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Expression of  the C-terminally truncated C protein in  
E coli produces high amounts of  T = 4 capsids and 
relatively little T = 3 particles[17]. Using this material a 
model for the folding of  the C protein in the capsid first 
at lower resolution by cryo-electron microscopy[18,19] and 
finally after crystallization at a resolution of  3.3 Å[20,21] has 
been proposed. The C protein dimer forms a structure 
like an upside down “T”. The horizontal bar mediates the 
inter-dimer contacts with 5 and 6 dimers arranged around 
the 5-fold and quasi 6-fold symmetry axes, respectively, and 
the vertical bar forms a spike protruding outwards from 
the capsid surface (Figure 2). The tip of  the spike forms 
the major epitope of  the capsid antigen (HBcAg). The 
capsid shell contains pores with a diameter between 12 Å 
and 15 Å. These pores allow the diffusion of  nucleotides 
into and out of  the capsid lumen during the synthesis of  
the viral DNA genome.

The arginine-rich domain is not present in the capsid 
crystals but thought to interact with the viral genome in 
the lumen of  the particle[16,22,23]. However, a monoclonal 
antibody directed against this region binds to intact HBV 
capsids[24], and trypsin can clip off  this domain from 
approximately half  of  the C protein chains in recombinant 
HBV capsids (Daniela Lieder, PhD thesis, Goettingen, 
2002). It therefore seems possible that the C-terminal 
region of  one fraction of  C proteins reach into the lumen 
of  the particle, while the domains from the other fraction 
appear on the external surface of  the same particle. 
The peptide at the boundary between the assembly and 
arginine-rich domains of  C forms a mobile array[25] and 
may allow an extreme mobility of  the C terminal domain.

Capsid formation during recombinant expression of  
the C protein requires a higher concentration of  C protein 
dimers relative to nucleocapsid formation in the context 
of  an infection[26]. During authentic capsid formation, 
not only the viral pregenomic RNA bound to the viral P 
protein[27-30] but also cellular factors such as chaperones[31-33] 
and a protein kinase phosphorylating serine residues 
in the arginine-rich domain of  C[34-37] are encapsidated. 
Apparently, the threshold concentration of  C dimers 
needed for the initiation of  capsid formation is lowered 
by one or more of  these factors. This mechanism assures 

the efficient encapsidation of  replication complexes and 
prevents that large amounts of  empty capsids are formed 
in the presence of  free replication complexes.

C proteins from human and woodchuck HBV can 
form mixed capsids, while this is not possible between 
human and duck C proteins[38] which are less homologous. 
Foreign protein domains can be incorporated into capsids 
when fused to the N or C terminus or at the tip of  the 
spike[39-44]. The assembly of  HBV capsids can be blocked 
by low molecular weight compounds, possibly offering 
new options for antiviral treatments in the future[45-48]. 

THE HBV ENVELOPE PROTEINS
The HBV envelope contains three related viral surface 
proteins. They are expressed from one open reading 
frame (ORF) referred to as E containing 389 or 400 
codons depending on the genotype and three start sites 
for translation[49] (Figure 1). Transcription is initiated at 
a promoter upstream of  the ORF and, in addition, at an 
internal promoter upstream of  the second translation 
initiation site[50]. Translation of  the larger mRNA yields 
the large envelope protein (L) consisting of  389 or 400 
aa. Translation of  the shorter transcripts gives rise to the 
middle sized, 281 aa long M protein and, in addition, to 
the small S protein consisting of  226 aa[51] depending on 
which translation initiation site is used. The aa sequence 
present at the C termini of  L and M is identical to the 
S protein and is referred to as the S domain. The 55 aa 
long additional N-terminal domain of  M being central in 
L is called preS2, and the 108 or 119 aa long N-terminal 
domain unique to L is named preS1. The E ORF of  avian 
hepadnaviruses contains only 2 start codons, therefore, 
these viruses possess only two envelope proteins (L and S). 

Like typical membrane proteins, the HBV envelope 
proteins are synthesized at the endoplasmic reticulum 
(ER). They gain a relatively complex topology (Figure 3).  
Insertion of  the S protein into the ER membrane is 
initiated by an N-terminal signal sequence (aa 8 to 

C

L

M

S

preS1	           preS2	      S

myr

 +  +  +

Figure 1  Linear map of the main structural HBV proteins. The C-terminal region 
(open box) of the capsid protein C is rich in arginine residues (+). The sequence 
of the small envelope S is also present at the C termini of the M and L protein. The 
two larger envelope proteins contain the additional N-terminal preS2 and preS2 
+ preS1 domain, respectively. The L protein is myristylated at glycin 2 (myr), the 
preS2 domain of M is N-glycosylated (filled circles), and the S domain of all 3 
proteins is partially N-glycosylated (open circles).

Tip of spike

Capsid lumen

Figure 2  Crystal structure of a C-terminally truncated C protein dimer[21]. The spike 
protrudes upwards. The lumen of the capsid would be below the figure. Mutational 
analysis identified aa (shown in black) where the mutation was compatible with 
capsid formation and viral DNA synthesis in the lumen of the particle but blocked 
nucleocapsid envelopment[121].
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22) which is, however, not cleaved by the host’s signal 
peptidase. A second signal (aa 80 to 98) directs the 
translocation of  the peptide chain downstream of  this 
signal through the ER membrane into the ER lumen[52], 
whereas the region upstream of  the signal remains in 
the cytosol. The signal itself  anchors the protein as a 
transmembrane domain in the lipid bilayer. The C-terminal 
hydrophobic 57 aa of  S are believed to be embedded 
in the ER membrane. Foreign domains fused to the 
C terminus of  S are oriented towards the ER lumen, 
suggesting that the C terminus of  S is also oriented toward 
this compartment[52]. This configuration causes the region 
between residues 23 and 79 to form a loop at the cytosolic 
side of  the ER membrane, whereas the loop between aa 99 
and approximately 169 is on the luminal side. The luminal 
loop carries the major conformational epitope of  the HBV 
surface protein antigen (HBsAg) and is N-glycosylated in 
approximately half  of  the S molecules at asparagine (asn) 
residue 146[53]. After budding the HBsAg epitopes are 
located at the external surface of  viral particles.

The transmembrane topology of  the M protein is 
identical to S. The N-terminal preS2 domain (55 aa) is 
translocated into the ER lumen probably by the action 
of  the first signal in the S domain[54]. The M protein is 
N-glycosylated at asn 4[55]. In addition, the preS2 domain is 
O-glycosylated in some but not all HBV genotypes[56].

Glycine residue 2 of  the L protein is myristylated[57]. 
The preS1 and preS2 domains at the N terminus of  L 
initially remain at the cytosolic side of  the ER membrane 
during L translation (i-preS conformation). The central 

signal in the S domain of  L anchors the protein in the ER 
membrane and causes the translocation of  downstream 
sequences. Therefore, asn 146 in the S domain of  L is 
partially N-glycosylated, while asn 4 of  the preS2 as well 
as a further potential N-glycosylation site in preS1 remain 
unmodified (Figure 3). These sites are used when the N 
terminus of  L is forced to cotranslationally translocate by 
the artificial fusion of  a signal sequence to the N terminus 
of  preS1[58].

In about half  of  the L chains, the transmembrane 
topology changes after translation[59-63]. The preS domains 
then appear on the luminal side of  the ER membrane 
(e-preS conformation). Probably the N-terminal signal in 
the S domain crosses the membrane in this conformation 
similar to the M and S proteins. How the preS domains 
move post-translationally through the membrane is not 
known. Cytosolic chaperones like Hsc70 bind to preS1 
and deletion of  the binding site causes cotranslational 
translocation of  preS[64-66]. Luminal chaperones binding 
to the e-preS domain[67] could support this process. It 
might be possible that oligomerized S domains form 
a channel in the membrane for the preS transport[68]. 
For HBV, the S and M proteins are not required for the 
translocation process[69], whereas the S protein is essential 
for DHBV[70,71]. In DHBV, a C-terminally truncated S 
protein has been described to fulfil a chaperone function 
during preS translocation[72]. These facts suggest that 
the preS translocation mechanism might be different 
between HBV and DHBV[73]. Both L isoforms have their 
own function: in the e-preS conformation, the preS1 and 
preS2 domains of  L are exposed on the surface of  virions 
and participate in virus receptor binding[74,75], while in 
the i-preS conformation, the preS1 and preS2 domains 
of  L are internal in the virion and probably important 
for contacting the nucleocapsid (see below). In addition, 
the i-preS domain can activate a variety of  promoter 
elements[76]; however, the significance of  this function is 
not clear. 

The S domain but not the preS domain contains 
multiple cystein residues. Cystein residues in the luminal 
loop crosslink the envelope proteins with each other by 
multiple disulfide bridges. Shortly after synthesis, disulfide-
linked homo- and heterodimers between S, M, and L 
proteins can be found[77,78]. The cytosolic loop contains 
4 cystein residues. Mutational analysis demonstrated that 
the exchange of  1 out of  3 of  the 4 cysteine residues 
in this loop by a serine residue blocked subviral particle 
formation[79]. However, these cysteins are not involved 
in disulfide bridge formation in subviral particles[77], and 
a covalent modification of  these sites, for example, by 
fatty acid acylation, has not been found[57]. The DHBV 
L protein is partially phosphorylated[80,81], mainly at 
serine 118[82]. However, mutational analyses could not 
demonstrate an essential role for this modification in 
the DHBV life cycle[83]. Phosphorylation of  the HBV L 
protein could not be found.

SUBVIRAL PARTICLES
The HBV surface proteins are not only incorporated into 
virion envelopes. Rather, they also bud very efficiently 

Lumen

Cytosol
*

*

*
*

Primary product
       i-preS

After refolding
     e-preS

Figure 3  Transmembrane topology of the HBV envelope proteins and model 
for envelope-capsid interaction. The transmembrane folding of the S protein is 
determined by an N-terminal and an internal signal shown as open boxes. The 
C-terminal domain is hydrophobic and probably embedded in the lipid bilayer 
(horizontal open bar). The C terminus is oriented towards the ER lumen. The 
folding of the M protein is similar to S. The preS2 domain of M (thinner line) is 
located in the ER lumen. In the initial folding of the L protein, the preS domains 
are located in the cytosol (i-preS). Whether the N-terminal myristate group (filled 
box) is inserted into the membrane as shown here is unknown. After refolding 
approximately half of the L chains expose the preS domains at the luminal side of 
the membrane (e-preS). Open and filled circles: see Figure 1. Asterisks indicate 
potential but unused N-glycosylation sites in preS of L. A domain in i-preS (boxed 
area) and in the cytosolic loop of S may interact with the capsid during budding. 
Immature capsids containing pregenomic RNA are not capable to bud. During viral 
DNA synthesis, the capsid shell changes (indicated by filled circles at the edges) 
and becomes competent for envelopment.
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from intracellular, post-ER pre-Golgi membranes[84,85] 
without envelopment of  capsids, appear as subviral quasi-
spherical or filamentous lipoprotein particles in the lumen 
of  the compartment, and are released from the cell by 
secretion. The quasi-spherical particles have a diameter 
of  20 nm and an octahedral symmetry[86], the filaments 
have variable lengths. Subviral particles are highly over-
expressed relative to virions and reach a 10 000-fold higher 
concentration in serum. Subviral particles and virions carry 
identical surface antigens (HBsAg), although the protein 
composition is not identical. Spherical subviral particles 
contain only low amounts of  L protein, whereas the 
relative amount of  L is higher in filaments and even higher 
in the virion envelope[49]. It is assumed that the massive 
HBsAg overproduction influences the host’s immune 
system in a way that is advantageous for the virus.

Recombinant expression of  the S protein (e.g. in yeast) 
yields highly immunogenic intracellular 20-nm HBsAg 
particles which can be used as an active vaccine against 
hepatitis B[87]. S protein expressed in mammalian cells is 
efficiently secreted as 20-nm HBsAg particles. How the 
protein escapes the membrane and mobilizes lipid during 
subviral particle formation is unclear. Chaperons, such as 
calnexin[88] and BiP[67], bind to S and support the matura-
tion of  the protein. The relative amount of  lipid is only 
25% by weight in subviral particles[89], suggesting that the 
lipid is not organized as in a conventional membrane bi-
layer.

The M protein essentially behaves like the S protein 
with respect to subviral particle formation. However, the 
L protein can not be secreted from cells when expressed 
by itself. In fact, the L protein causes a dose-dependant 
inhibition of  particle release when coexpressed with the 
S protein[90,91] and a storage of  subviral particles in the ER 
lumen[88]. This can cause cell stress and even cell death or 
cancer[92,93]. The significance of  the secretion inhibition 
function of  L for the viral life cycle has remained unclear. 
This function can be abolished by blocking L myristylation 
(e.g. by a point mutation of  the acceptor glycine residue) 
or by the deletion of  the N-terminal 19 aa of  preS1[94-96]. 
Also, the fusion of  a secretion signal to the N terminus 
of  L forcing the protein to exclusively generate the e-preS 
conformation abrogates secretion inhibition[58]. This, how-
ever, is different for the DHBV L protein[97].

Host proteins are efficiently excluded during the 
morphogenesis of  subviral particles. Even the HBV and 
DHBV S proteins sharing 25% identical aa do not form 
mixed particles during coexpression[98]. However, this is 
possible with the more closely related S proteins from 
HBV and the woodchuck hepatitis B virus (WHV). Appar-
ently, the S protein subunits interact tightly with each other 
during 20 nm particle formation. However, foreign protein 
domains can be incorporated into subviral HBsAg parti-
cles when they are fused to the S protein[99,100].

CAPSID MATURATION
During HBV nuc leocaps id for mat ion , the RNA 
pregenome is packaged into the particle’s lumen and first 
converted into single stranded and than into partially 

double-stranded DNA. While nucleocapsids showing all 
stages of  the viral DNA synthesis can be found within 
cells, secreted virions contain only rather mature circular, 
partially double-stranded DNA[101,102]. Therefore, it was 
proposed that early RNA-containing capsid can not be 
incorporated into virions and that the viral DNA synthesis 
is associated with a structural change in the capsid shell 
that allows only mature capsids to be enveloped[103]. This 
hypothesis was supported by several genetic experiments. 
C-terminal truncations of  the DHBV core protein 
blocked viral DNA synthesis and also inhibited capsid 
envelopment[104]. Missense mutations inhibited the reverse 
transcriptase activity of  HBV and DHBV P protein 
and locked nucleocapsids in an immature state. The 
incorporation of  these capsids into virions was greatly 
reduced[105,106]. Using a synchronized DHBV replication 
system, it was shown that envelopment of  capsids 
happened only late in the replication cycle[107].

The nature of  the maturation signal has only been 
described insufficiently. A comparison of  capsids 
containing RNA and DNA by cryo-electronmicroscopy 
revealed structural differences[15]. There is also evidence 
that the phosphorylation state of  the arginine-rich domain 
of  the C protein might be part of  the signal[108-110]. A 
validation of  this hypothesis by a genetic approach is 
not suitable because substitutions of  phosphorylation 
sites with alanine or glutamic/aspartic acid also influence 
pregenome packaging and DNA synthesis[111]. Interestingly, 
the point mutation of  isoleucine 97 to leucine in the C 
protein caused the envelopment of  immature capsids[112]. 
The side chain of  this residue is located in the inner space 
of  the spike and close to a hydrophobic pocket showing 
structural differences in mature versus immature capsids[15]. 
Possibly, the I97L mutation induces a conformational 
change causing a constitutive or early expression of  the 
envelopment signal. An additional point mutation (P130T) 
in a quite distant area of  the core protein restored the 
wild-type phenotype[113], demonstrating the complex nature 
of  the maturation signal for envelopment.

The exclusion of  immature nucleocapsids from 
envelopment causes only replication-competent capsids to 
become part of  virions. This may be one reason for the 
high specific infectivity of  DHBV which is close to the 
optimum of  1 infectious particle per virion[114]. Also for 
HBV the specific infectivity seems to be very high[115].

The disassembly of  capsids occurs in the basket 
of  nuclear pores upon nuclear transport of  the viral 
genome[116] either during infection or intracellular 
amplification of  the viral genome copy number. Capsid 
destabilization can also be induced by a tumor necrosis 
factor alpha-mediated non-cytopathic pathway and may play 
a role as an antiviral mechanism in natural infections[117].

CAPSID ENVELOPMENT AND VIRION 
FORMATION
In contrast to retroviruses or togaviruses, it is difficult 
to directly observe the envelopment of  HBV capsid by 
electron microscopy probably because budding events are 
less frequent in the available in vitro expression systems. 
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It has even not been clarified whether the HBV envelope 
contains lipid, although this seems to be likely due to the 
composition of  subviral HBsAg particles. Nevertheless, 
based on the molecular characterizat ion of  HBV 
formation (see below), it is assumed that hepatitis B virions 
are formed by budding in analogy to other enveloped 
viruses.

Mature hepadnaviral nucleocapsids originate in the 
cytosol. How the capsids move to post-ER, pre-Golgi 
membranes where the envelopment by the surface proteins 
supposedly occurs[84,85] is unknown. For DHBV capsids, 
there is evidence that mature capsids lacking C protein 
hyperphosphorylation, like capsids in virions, attach to 
intracellular membranes independent of  viral envelope 
proteins[118]. Immature capsids are hyperphosphorylated 
and do not bind. This observation suggests that the 
discrimination between immature and mature capsids 
happens during the transport of  the particle to budding 
sites before the contact to envelope proteins is established.

Several enveloped viruses utilize a host cell machinery 
for budding of  vesicles into the lumen of  so-called 
multivesicular bodies for their own virus budding[119,120]. 
Viral capsid proteins interact with the host factor of  this 
pathway via so-called late domains. The HBV C protein 
contains the sequence PPAY (aa 129-132) exposed on the 
capsid surface[21] resembling the late domain motif  PPXY. 
However, mutations at this site either blocked capsid 
formation or reproduced the wild-type phenotype[121]. 
Therefore, future experiments have to decide whether this 
pathway is involved in HBV morphogenesis.

The envelopment of  HBV capsids strictly depends 
on viral envelope proteins[122-124] in contrast to type C 
retroviruses or lentiviruses where mutants blocked in 
envelope protein expression still release capsids wrapped 
with a lipid layer. A natural HBV point mutant unable 
to express the M protein was isolated from a patient 
and demonstrated that this protein is not required[125], 
whereas suppression of  L or S expression impeded virion 
formation[122,123]. An L construct with an N-terminally 
fused secret ion signal generat ing only the e-preS 
conformation was secreted as a component of  subviral 
particles[126] but failed to support virion formation[58]. 
Apparently, the i-preS conformation of  L exposing the 
preS domain at the cytosolic side of  the ER was essential 
for nucleocapsid envelopment. This finding is compatible 
to a model where this part of  the L protein contains 
regions (matrix domains) mediating a contact to the capsid 
required for budding.

In DHBV, the L protein inf luences the fate of  
cytoplasmic capsids[124,127]. If  the L protein is absent, 
capsids deliver the viral genome to the nucleus like in the 
initial infection of  the cell and amplify the intracellular 
viral genome copy number, whereas capsids are mainly 
secreted as enveloped virions when the L protein is 
present. This function mapped to aa 116 to 137 of  the 
161 aa long DHBV preS domain[128]. A similarly short 
linear stretch between aa 103 and 124 (or aa 92 and 113 
depending on the genotype) genetically mapping in HBV 
preS was found to be important for virion formation[129]. 
The exchange of  two adjacent aa by alanine residues in this 

area also prevented nucleocapsid envelopment.
Therefore, it is hypothesized that this part of  L 

interacts with the capsid during envelopment and serves 
the function of  a matrix domain similar to the cytoplasmic 
tail of  the alpha virus E2 protein[130]. This model is 
supported by an HBV double point mutant where the 
I97L C protein mutation causing the envelopment of  
relatively immature capsids is suppressed by the A119F 
mutation in the putative matrix domain of  L[131]. Also in 
vitro binding assays, using HBV envelope-derived peptides 
and liver-derived as well as recombinant capsids favour the 
model[132]. These results also suggest that the discrimination 
between immature and mature capsids might not occur 
on the level of  capsid-envelope protein interactions. As 
aforementioned, this selection may happen during surface 
protein-independent membrane association of  capsids.

The loop between the first and second transmembrane 
region in the S protein is also located at the cytoplasmic 
side of  intracellular membranes and may establish a 
contact between envelope and capsid. Indeed, short 
deletions in the C-terminal half  of  this loop inhibited 
virion but not 20-nm particle formation[133]. However, 
point mutations (substitutions of  two adjacent aa by 
alanine residues) in this area were not sufficient to block 
envelopment (V. Bruss, umpublished).  

Potential binding sites on the capsid for envelope 
protein domains have also been mapped by mutational 
analyses. A screening of  random insertions and deletions 
in the C protein[134] identified a few mutations allowing 
nucleocapsid formation and genome synthesis but blocking 
nucleocapsid envelopment[135]. A similar phenotype was 
found for naturally occurring HBV mutants isolated 
from chronically infected virus carriers[136]. Eleven point 
mutations generated on the basis of  the crystal structure 
of  the HBV capsid also induced a loss of  nucleocapsid 
envelopment[121] (Figure 2). They are clustered around the 
base of  the spike and in the grove between spikes. The 
minimal distance from the matrix domain in the preS 
region of  L to the transmembrane region in the S domain 
of  L allowing virion formation as mapped by deletion 
mutagenesis[137] is sufficient to allow the matrix domain 
to reach these sites on the capsid surface. Mutations at 
the tip or stem of  the spike had no impact on capsid 
envelopment. However, HBV budding from transfected 
cells can be suppressed by a peptide binding to the tip of  
the spike[138,139], possibly by steric hindrance.

As in the case of  subviral 20-nm particles, the incorpo-
ration of  foreign proteins into the virion envelope is 
strictly suppressed. Host membrane proteins could not be 
detected in virions and even envelope proteins from avian 
hepadnaviruses do not mix. However, the L protein from 
WHV can substitute with low efficiency for the HBV L 
protein in HBV morphogenesis[98]. The matrix domains 
of  WHV and HBV L protein are highly conserved in 
contrast to the matrix domains of  DHBV and HBV L. 
Foreign domains can be integrated into the HBV envelope 
by fusion to the N terminus of  the S protein and addition 
of  an N-terminal secretion signal[122]. This configuration 
results in a transmembrane topology similar to the M 
protein with the preS2 domain substituted by the foreign 
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sequence. When coexpressed with wild-type virus, the 
chimeric protein is phenotypically mixed into virions and 
the foreign domain is exposed on the virus surface.
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