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ABSTRACT During the morphogenesis of hepatitis B virus (HBV), an enveloped vi-
rus, two types of virions are secreted: (i) a minor population of complete virions
containing a mature nucleocapsid with the characteristic, partially double-stranded,
relaxed circular DNA genome and (ii) a major population containing an empty cap-
sid with no DNA or RNA (empty virions). Secretion of both types of virions requires
interactions between the HBV capsid or core protein (HBc) and the viral surface or
envelope proteins. We have studied the requirements from both HBc and envelope
proteins for empty virion secretion in comparison with those for secretion of com-
plete virions. Substitutions within the N-terminal domain of HBc that block secretion
of DNA-containing virions reduced but did not prevent secretion of empty virions.
The HBc C-terminal domain was not essential for empty virion secretion. Among the
three viral envelope proteins, the smallest, S, alone was sufficient for empty virion
secretion at a basal level. The largest protein, L, essential for complete virion secre-
tion, was not required but could stimulate empty virion secretion. Also, substitutions
in L that eliminated secretion of complete virions reduced but did not eliminate
empty virion secretion. S mutations that blocked secretion of the hepatitis D virus
(HDV), an HBV satellite, did not block secretion of either empty or complete HBV vi-
rions. Together, these results indicate that both common and distinct signals on
empty capsids and mature nucleocapsids interact with the S and L proteins during

the formation of complete and empty virions.
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epatitis B virus (HBV) infects chronically ca. 300 million people worldwide and

remains a major cause of chronic hepatitis, cirrhosis, and hepatocellular carcinoma
(1, 2). HBV is a member of the Hepadnaviridae, a group of retroid viruses harboring a
small (ca. 3.2-kbp), partially double-stranded (ds-), relaxed circular DNA (rcDNA) ge-
nome that is replicated via reverse transcription of an RNA intermediate called pre-
genomic RNA (pgRNA) (3, 4). The HBV DNA genome is enclosed within a protein capsid
composed of 240 (for the major population) or 180 (for the minor population) copies
of one viral protein, the core or C (HBc) protein (5-7), which is in turn enclosed by an
outer envelope consisting of a host-derived lipid bilayer studded with three viral
envelope or surface proteins, S, M, and L (8-10).

Upon entry into human hepatocytes, HBV delivers its rcDNA to the host cell nucleus,
which is converted to a covalently closed circular DNA (cccDNA) that serves as the
transcriptional template able to generate all viral RNA species required for productive
viral replication (11-13), including the aforementioned pgRNA. In addition to serving as
the template for viral reverse transcription (i.e., the precursor to rcDNA), pgRNA also
serves as the mRNA for the viral C and polymerase (P) proteins. pgRNA is specifically
packaged into an immature nucleocapsid (NC) in a process also dependent on the P
protein and host factors (14-18). Viral reverse transcription within immature NCs,
carried out by P, a specialized reverse transcriptase (RT), converts pgRNA to rcDNA
found in mature NCs (3, 13, 19, 20). Mature NCs, but not immature ones that contain
PgRNA or the single-stranded DNA (ssDNA) intermediate, are then selected for envel-
opment by the viral envelope proteins and secreted into the bloodstream as complete
and infectious virions (3, 21-26).

In addition to the complete rcDNA-containing virions, HBV replication also leads to
the production and release of two classes of incomplete or subviral particles, neither of
which is infectious (27). The first is the classical Australian antigen, the HBV surface
antigen (HBsAg) sphere or filament that is composed of only the viral envelope
proteins, devoid of either the viral capsid or genome, and that is present in the blood
of infected patients in 100- to 100,000-fold excess over virions (4, 25). The second class
of subviral particles released into the blood is the more recently discovered and
characterized empty virion (genome-free virion) that contains the capsid and envelope
but no viral RNA or DNA (28, 29). Genome-free or empty virions are produced at ca.
100-fold excess or more relative to the number of DNA-containing virions by HBV in cell
cultures, experimentally infected chimpanzees, and naturally infected humans (28-30).

It remains unknown how either rcDNA-containing mature NCs or empty capsids are
selected for envelopment but immature, ssDNA- or pgRNA-containing NCs are ex-
cluded. In particular, the signal(s) on mature NCs or empty capsids that directs
envelopment remains to be defined (23, 25, 27). When Summers and Mason discovered
reverse transcription in hepadnaviruses using the duck hepatitis B virus (DHBV) as a
model system over 3 decades ago, they proposed the now classical “maturation signal”
hypothesis, which posits that a structural change is triggered in mature NCs, differen-
tiating them from immature NCs and signaling for mature NCs to be enveloped (3). On
the other hand, to explain the envelopment of empty capsids but not immature NCs,
we have recently proposed that the presence of ssDNA or pgRNA in immature NCs
triggers a single-strand blocking signal to actively prevent the envelopment of imma-
ture NCs (28). As genome maturation occurs within the capsid while envelopment
occurs from without, the capsid shell would seem to be ideally situated to transmit the
genome information (or the lack of any genome in empty capsids) from its interior to
the exterior for recognition by the envelope proteins. The relationship, if any, between
the maturation signal, which stimulates envelopment of mature NCs, and the single-
strand blocking signal, which prevents envelopment of immature NCs, remains unclear,
as does the relationship between these signals and the secretion signal on empty
capsids.

The capsid does play an integral role in viral assembly and replication. The
N-terminal two-thirds (the assembly domain or N-terminal domain [NTD]; amino acids
1 to 140) of the core protein (7, 31-33) provides the protective shell for the viral
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Requirements for Empty HBV Virion Secretion

genome, while its C-terminal domain (CTD; amino acids 150 to 183), connected to the
NTD via a short linker peptide (amino acids 141 to 149), plays essential roles in pgRNA
packaging and the ensuing reverse transcription (34-39). The highly basic CTD is
shown to have nonspecific RNA and DNA binding activity (40, 41). While traditionally
thought to be dispensable for capsid assembly, the CTD has also been shown to be
important to facilitate capsid assembly under physiological (low) protein and salt
concentrations in vitro and in human cells (42).

Subtle structural differences have been observed by cryo-electron microscopy (EM)
between virion-derived HBV NCs, which were presumed at the time to be all mature
and contain rcDNA, and recombinant HBV capsids derived from bacteria containing
nonspecific RNA (43). It is now clear, however, that the majority of the virion-derived
capsids used for that and other EM studies (9, 10) were almost certainly empty capsids
and that only a small minority were in fact mature NCs. The structures observed
therefore likely represent a mixture of empty capsids and mature NCs. More recent
cryo-EM imaging and biophysical studies also revealed some structural differences
among recombinant, in vitro-assembled capsids that were empty or packaged artifi-
cially with pgRNA or ss- or dsDNA (but not the P protein) (44, 45). The role, if any, of
these putative structural differences in directing NC envelopment remains to be
determined. In addition, NC maturation is associated with a dramatic dephosphoryla-
tion at the CTD of the capsid protein such that mature NCs are dephosphorylated
whereas immature NCs are heavily phosphorylated (30, 46, 47). CTD phosphorylation is
important for pgRNA packaging (48, 49) and DNA synthesis (39, 46, 50, 51). At least for
DHBYV, subsequent CTD dephosphorylation is shown to be required for second-strand
DNA maturation and stability of mature NCs (39, 51). However, the CTD phosphoryla-
tion state, per se, does not play an essential role in directing envelopment of mature
NCs or empty capsids during complete or empty virion formation (30). Whereas
complete virions contain dephosphorylated mature NCs, empty virions contain phos-
phorylated empty capsids.

On the other hand, there is strong and accumulating genetic evidence that impli-
cates the HBc NTD in interaction with the viral envelope protein(s) to facilitate secretion
of the DNA-containing virions. HBc NTD mutants, particularly those on the capsid
surface, have been identified that remain competent for rcDNA synthesis but that are
selectively defective in complete virion formation (25, 52-55). NTD variants that appar-
ently relieve the block to envelopment of immature NCs (the so-called immature
secretion mutants) have also been isolated (56). Furthermore, the snow goose hepatitis
B virus is found to secrete ssDNA in their virions naturally (57), and elegant analyses
using chimeric constructs have mapped the determinants responsible for this remark-
able phenotype to just two residues in the NTD of the core protein (58). The role, if any,
of the NTD in the secretion of empty virions, however, is not yet known.

Regarding the envelope proteins, both L and S, but not M, are required for secretion
of DNA-containing HBV virions (8). L and M share the same sequences of the entire S
protein in their C-terminal parts, with the N-terminal extension of M (pre-S2) being also
entirely contained in L, which has an additional N-terminal extension (pre-S1). Specif-
ically, the so-called matrix domain (MD) in L, a short linear sequence in the C-terminal
part of pre-S1 and N-terminal part of pre-S2, is essential for complete virion formation
(25, 59-64). The NTD residues on the capsid surface, the substitution of which prevents
complete virion formation as described above, are thought to interact with the MD of
L during complete virion formation and are thus called the matrix binding domain
(MBD) (65).

Interestingly, HBV envelope proteins are also required for the envelopment and
secretion of the HBV satellite, hepatitis D virus (HDV or delta agent) (66, 67). An
important human pathogen itself, HDV virion contains a genomic RNA in complex with
two HDV proteins, the small and large delta antigens enclosed within the HBV envelope
proteins. The HDV proteins bear no resemblance to the HBV capsid protein. In contrast
to formation of complete HBV virions, HDV virion formation requires only the HBV S, but
not M or L, protein (68, 69). Evidently, sufficient levels of L must also be incorporated
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into the HDV envelope (66, 70), presumably via interaction with S, since HDV infects the
same cells as HBV in a process that is dependent on HBV L and uses the same cell
surface receptor as HBV (70, 71).

To understand better the determinants involved in HBV virion assembly, we have
now compared the core and envelope requirements for the secretion of empty HBV
virions with those for complete virions. Our results showed that mutations in HBc or L
that completely blocked the formation of complete virions still allowed secretion of
empty virions. Furthermore, S alone was sufficient to allow empty HBV virion secretion
at a low level, which was stimulated by L, even though L is absolutely required for
complete virion secretion. In addition, S mutations that blocked HDV secretion did not
inhibit secretion of either complete or empty HBV virions. These results thus demon-
strated that morphogenesis of empty and complete HBV virions involved both com-
mon and distinct signals on both HBc and envelope proteins, and the S requirement for
HDV secretion was also different from that of HBV empty virions.

RESULTS

HBc NTD mutations that block complete virion secretion did not block empty
virion secretion. A number of HBc NTD residues located on the surface of the capsid
shell have been identified as critical for secretion of complete virions (54). In particular,
alanine substitutions at L60, L95, K96, and 1126 were shown to block secretion of
complete virions. To determine if these same mutations could differentially affect the
secretion of empty virions, they were introduced into an HBV genomic (replicon)
construct able to engender viral replication and secretion. To allow flexibility of the
envelope proteins used to support virion secretion, the replicon construct used in some
experiments (as indicated in the figures) was defective for expressing any envelope
proteins. In that case, a second plasmid expressing envelope proteins was cotrans-
fected to allow virion secretion. As indicated in the appropriate figure legends, an
N-terminally truncated L protein, missing N-terminal residues 2 to 30 and thus lacking
the myristylation and intracellular retention signal of L but remaining fully competent
in supporting complete virion formation (61), was used as the wild-type (WT) reference.
This construct has the advantage that the truncated L protein is readily released into
the culture supernatant to allow easy monitoring of envelope expression and secretion
(61), and it served as the reference here for testing the effects of all of the L protein
mutants on virion secretion. Due to this N-terminal truncation, virion secretion sup-
ported by this construct may not be compared directly to that supported by the
full-length L construct.

Culture supernatant from transfected human hepatoma cells able to support HBV
replication and secretion (Huh7 or HepG2 cells, as indicated in the figures) was
collected and concentrated. Viral particles, including (enveloped) virions as well as
naked capsids (nonenveloped) were then resolved by native agarose gel electropho-
resis. Virion-associated DNA was detected by Southern blotting to determine the levels
of complete virions, and virion-associated HBc protein was detected by Western
blotting to determine the levels of empty virions. As we reported previously, complete
virions account for only a small proportion (1% or less) of all virions secreted by HBV
in vitro and in vivo (28, 29); the levels of virion-associated HBc protein essentially reflect
the levels of empty virions (with contribution from the HBc associated with complete
virions to the total virion HBc signal being negligible). We could confirm that, in
contrast to WT HBc that supported secretion of complete (DNA-containing) and empty
virions (Fig. 1A, lanes 1 and 5), no DNA-containing virions were detectable by the L60A,
L95A, K96A, or 1126A HBc NTD mutant (Fig. 1B and C, lanes 2 and 6). In contrast,
secretion of empty virions was readily detectable by all of these NTD mutants (Fig. 1B
and C, lanes 10 and 14). To further confirm the authenticity of secreted HBV virions, viral
particles released into the culture supernatant of transfected cells were analyzed by
CsCl gradient centrifugation. Peak fractions containing complete and empty virions
were resolved by native agarose gel electrophoresis. Again, it was clear that no
DNA-containing virions were detectable by the L60A, L95A, K96A, or [126A HBc NTD
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FIG 1 Analysis of complete and empty virion secretion by HBc NTD mutants in combination with pre-S1 mutants.
Huh7 cells were transfected with an HBV genomic construct defective in envelope protein expression (pCMV-HBV/
Env~) expressing either the WT (A) or the indicated HBc NTD mutants (B and C), complemented with a second
plasmid expressing all three envelope proteins with WT or mutant pre-S1 (A3 and A4) sequences (pSV45-31L).
Seven days later, the concentrated culture supernatant containing both secreted virions and naked NCs was
analyzed for virion secretion by native agarose gel electrophoresis. Following transfer to nitrocellulose membrane,
viral DNA was detected by 32P-labeled HBV DNA, followed by detection of HBc (core) protein using an HBc-specific
polyclonal antibody and envelope proteins using an anti-HBs polyclonal antibody, as indicated above the panels.
HBV virions (V), HBsAg particles (HBs), and capsids (Ca) are indicated. Lane —, no Env.

mutant (Fig. 2B to E, lanes 1 to 3). In contrast, secretion of empty virions was readily
detectable by all of these NTD mutants, as evidenced by the presence of HBc protein
in the virion fractions (Fig. 2B to E, lanes 5 to 7).

Neither the N-terminal nor C-terminal part of HBc CTD was required for empty
virion secretion. The lack of effect on secretion of empty virions of the HBc NTD
mutants prompted us to determine a potential role of the HBc CTD in their secretion.
However, as we reported recently (42), a CTD truncation construct (C149) with the
entire CTD (amino acids 150 to 183) deleted failed to accumulate to any significant level
in human hepatoma cells due to the apparent need for CTD to stimulate capsid
assembly in human cells, rendering it difficult to determine if C149 (i.e., with the entire
CTD deleted) is competent in virion secretion or not. On the other hand, it was reported
that HBc truncated at residue 164 (C164; i.e., deleting the C-terminal part of CTD)
remains competent for secretion of DNA-containing virions (34, 72). Thus, we were
interested in determining whether C164 could support secretion of empty virions. In
addition, since the C-terminal Cys (i.e., Cys183) is involved in cross-linking HBc dimers
in the capsids and can stabilize the capsids (32, 73, 74), we constructed another mutant,
C164Cys, which expresses C164 plus a terminal Cys residue. An expression construct for
the WT HBc, C164, or C164Cys was cotransfected with a second construct expressing all
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FIG 2 CsCl density gradient analysis of virion secretion by HBc NTD mutants. HepG2 cells were transfected
with HBV genomic constructs (pCldA-HBV/pgRNA) containing the WT HBc or HBc mutants as indicated.
Seven days later, the concentrated culture supernatant was analyzed for virion secretion by CsCl gradient
ultracentrifugation. Fractions containing HBV virions as well as cytoplasmic lysate (lysate) containing
intracellular NCs were resolved by native agarose gel electrophoresis. Following transfer to nitrocellulose
membrane, viral DNA was detected by 32P-labeled HBV DNA, followed by detection of HBc (Core) protein
using an HBc-specific polyclonal antibody, as indicated above the panels. HBV virions (V) and capsids (Ca)
are indicated.

HBV proteins except HBc into HepG2 and Huh7 cells in the aforementioned
transcomplementation assay. Both naked capsids and virions were released by the
transfected HepG2 cells (Fig. 3A, lanes 1 to 3) or Huh7 cells (Fig. 3A, lanes 5 to 7) under
all three cotransfection conditions, indicating that deletion of the C-terminal part of
HBc CTD (i.e., amino acids 165 to 183) did not block secretion of empty virions.

It was noticeable that the levels of virions (or naked capsids) containing C164 were
lower than those containing the WT HBc in both cell lines, and addition of the
C-terminal Cys residue in C164Cys enhanced the levels of both virions and naked
capsids (Fig. 3A, top). These results suggested that the deletion of amino acids 165 to
183 from the HBc CTD may partially impair HBc expression and/or assembly in hepa-
toma cells. We thus measured the amount of intracellular HBc in the lysate of trans-
fected cells by both agarose gel electrophoresis to detect assembled capsids (Fig. 3B,
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FIG 3 Analysis of empty virion secretion by HBc CTD deletion mutants. HepG2 and Huh7 cells were
transfected with a plasmid expressing the WT HBc (pCl-HBc), the CTD deletion mutant C164 (pCl-HBc-C164),
C164Cys (pCl-HBc-C164Cys), or HBcA150-164 (pCl-HBcA150-164), as indicated, together with an HBV
genomic construct expressing all viral proteins except HBc (pSVHBV1.5C~). The samples represented in
lanes 4 and 8 of panels A and B were from cells transfected with the HBc-defective genomic construct alone.
Seven days later, the concentrated culture supernatant was analyzed for virion secretion by native agarose
gel electrophoresis (A and C). The cytoplasmic lysate containing intracellular NCs was also resolved by
native agarose gel electrophoresis (B, top) or SDS-PAGE (B, bottom). Following transfer to nitrocellulose (A;
B, top; C) or polyvinylidene difluoride (B, bottom) membrane, HBc (core) was detected using an HBc-specific
polyclonal antibody (A, top; B, top; C, bottom) or monoclonal antibody (B, bottom). The viral envelope
proteins were detected using an anti-HBs polyclonal antibody (A, bottom). Viral DNA was detected by
32P-labeled HBV DNA probe (C, top). HBV virions (V), HBsAg particles (HBs), and capsids (Ca) are indicated,
as are the full-length HBc (C) and truncated C164 and C164Cys proteins.

top) and SDS-PAGE to detect total HBc proteins (assembled and nonassembled)
(Fig. 3B, bottom) expressed in the cell. Indeed, the levels of intracellular capsids
matched those of capsids released into the culture supernatant (compare the top
panels of Fig. 3A and B). The total intracellular C164 or C164Cys level was also lower
than the level of WT HBc, especially in Huh7 cells (Fig. 3B, bottom). Thus, there was a
partial defect of C164 in either expression and/or assembly in human hepatoma cells.
The addition of a C-terminal Cys residue, as normally found in WT HBc, was able to
enhance capsid assembly and/or stability. Thus, while the total core protein levels of
C164 and C164Cys were similar (Fig. 3B, bottom), C164Cys had much higher levels of
intracellular capsid levels than C164 (Fig. 3B, top) and, correspondingly, higher levels
of virions and naked capsids released into the supernatant (Fig. 3A, top).

As the C-terminal portion of CTD (i.e., residues 165 to 183) was not required for
secretion of DNA-containing (34, 72) or empty virions (Fig. 3), we were interested in
determining if the N-terminal portion of CTD (i.e., residues 150 to 164) was required.
Therefore, we constructed an HBc mutant with deletion of residues 150 to 164
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FIG 4 Analysis of complete and empty virion secretion by WT HBc and the NTD L95A mutant in combination with pre-S1 and pre-S2
mutants. Huh7 cells were transfected with an HBV genomic construct defective in envelope protein expression (pCMV-HBV-Env~)
expressing either WT or the L95A HBc NTD mutation, complemented with a second plasmid (pSV45-31L) expressing all three envelope
proteins with WT or mutant pre-S1 (A1, A2, and A5 to A7) sequences. Seven days later, the concentrated culture supernatant was
analyzed for virion secretion by native agarose gel electrophoresis. Following transfer to nitrocellulose membrane, viral DNA was
detected by 32P-labeled HBV DNA (A), followed by detection of HBc (core) protein using an HBc-specific polyclonal antibody (B) and
envelope proteins using an anti-HBs polyclonal antibody (C). HBV virions (V), HBsAg particles (HBs), and capsids (Ca) are indicated.

(HBcA150-164), the reciprocal of HBc164, and tested its ability to support virion
secretion in the transcomplementation assay. As shown in Fig. 3C, HBcA150-164 was
competent in secretion of empty virions. Not surprisingly, HBcA150-164 failed to
support any viral DNA synthesis, given the essential role of CTD residues 150 to 164 in
supporting pgRNA packaging (34). The failure of HBcA150-164 to support viral DNA
synthesis, however, precluded the testing of its ability to support secretion of complete
virions. Together, these results thus indicated that neither the C-terminal (residues 165
to 183) nor N-terminal (i.e., residues 149 to 164) part of CTD of HBc was essential for
secretion of empty virions.

L mutants defective in complete virion secretion remained competent for
empty virion secretion. To ascertain the requirements from the envelope proteins for
empty virion secretion compared to those for secretion of complete virions, we tested
the effects of mutations in the MD of L that have been shown to block secretion of
complete virions. WT HBc and all mutants were expressed from the HBV replicon
defective in envelope protein expression (Fig. 1). They were complemented with
another construct expressing the WT Env or A3 or A4 L mutant to determine their virion
secretion capacity. As reported earlier (61), the A3 and A4 L mutants were defective and
competent, respectively, in the secretion of complete virions (Fig. 1A, lanes 2 and 3).
These L proteins were tested in combination with all of the HBc mutants tested above.
The results showed that both the A3 and A4 L mutations allowed secretion of the WT
and mutant HBc capsids as empty virions (Fig. 1A, lanes 5 to 8, and B and C, lanes 9 to
16). We then decided to test a number of additional L mutants, which were defective
in secretion of complete virions, in combination with WT HBc and the L95A HBc mutant.
As reported before (61), all of the L mutations (A1, A2, and A5 to A7) eliminated
secretion of complete virions that was supported by the WT L (Fig. 4A, compare lanes
1 to 12 and lane 13); in contrast, they all allowed secretion of the WT or the L95A
mutant capsids as empty virions (Fig. 4B, lanes 1 to 12). The release of HBsAg particles
(with envelope proteins alone, without any capsids) was not affected significantly by
any of the L mutations (Fig. 1A, lanes 9 to 12, and B and C, lanes 17 to 24, and 4C).

The small surface protein was sufficient for basal level secretion of empty HBV
virions. Since none of the L mutants tested, which abolished secretion of complete
virions, blocked empty virion secretion significantly, we were led to the possibility that
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FIG 5 Analysis of complete and empty virion secretion by WT HBc and the L95A mutant supported by different combinations
of the three envelope proteins. (A to C) Huh7 cells were transfected with an HBV genomic construct defective in envelope
protein expression (pCMV-HBV-Env~) expressing either WT or the L95A NTD mutant, complemented with a second plasmid
expressing all three envelope proteins (LMS) (pSVB45H), S alone (pSVBX24H), L and S (LS) (pSVLS), or M and S (MS) (pSV33H).
Seven days later, the concentrated culture supernatant was analyzed for virion secretion by native agarose gel electrophoresis.
Following transfer to nitrocellulose membrane, viral DNA was detected by 32P-labeled HBV DNA (A), followed by detection of
HBc (core) protein using an HBc-specific polyclonal antibody (B) and envelope proteins using an anti-HBs polyclonal antibody
(C). HBV virions (V), HBsAg particles (HBs), and capsids (Ca) are indicated. (D) The HBc protein signals in virions (relative virion
secretion) were quantified and compared to signals with L plus M plus S, which was set to 1.0. Statistical analysis was
performed using a Student t test, two-tailed and unpaired. ns, not significant (P > 0.05); **, P < 0.01; ***, P < 0.001.

L may not be needed for empty HBV virion secretion, in contrast to requirements for the
secretion of complete HBV virions but similar to those for the secretion of HDV virions.
To test this possibility, the WT or L95A HBc mutant with different combinations of the
envelope proteins was used for determining complete and empty HBV virion secretion.
As expected, secretion of complete virions required L (Fig. 5A, lanes 1 to 5), and the
L95A HBc mutation abolished secretion of complete virions (Fig. 5A, lanes 6 to 10). In
contrast, S alone, in the absence of either L or M, was able to support secretion of
empty virions with the WT or L95A mutant HBc (Fig. 5B, lanes 2 and 7). It was noticeable
that the secretion of total HBs (with or without the capsid or viral DNA) was higher

July 2018 Volume 92

Issue 14 e00272-18

Journal of Virology

jviasm.org 9

1sanb Aq 6T0OZ ‘6 Arenuer uo /610 wse’IAlj/:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Ning et al.

when S was expressed alone or in combination with M but was decreased when S was
coexpressed with L (Fig. 5C), consistent with the well-known effect of intracellular S
retention by L (75).

WT but not mutant L could stimulate secretion of empty virions and suppress
release of naked NCs when combined with WT but not mutant HBc. Close inspec-
tion of the empty virion secretion results showed that L plus M and, to a lesser extent,
L alone could enhance empty virion secretion that was supported by S alone at a lower
level. Thus, although the L plus S and L plus M plus S combinations had less overall
HBsAg secretion (due to the retention property of L) than S or M plus S (Fig. 5C, lanes
1,3, 6, and 8 compared to lanes 2, 4, 7, and 9), they actually showed more empty virion
secretion when combined with the WT HBc (Fig. 5B, compare lanes 1 and 3 to lanes 2
and 4, and D). Furthermore, L mutations (A1 to A3 and A5 to A7) that blocked complete
virion secretion mostly eliminated this enhancement of virion secretion with WT HBc
although they still allowed empty virion secretion with WT HBc at a reduced level (Fig.
1A, lane 5 versus lane 6, and 4B, lane 13 versus lanes 1 to 5). Interestingly, the
stimulatory effect of WT L on empty virion secretion was also mostly lost when the
mutant, instead of WT, HBc proteins were used. Thus, levels of empty virion secretion
by the L60A, K96A, and 1126A HBc mutants were not stimulated or were stimulated only
weakly by the WT L compared to stimulation with the mutant L proteins (Fig. 1B, lanes
10 to 12, and C, lanes 10 to 12 and 14 to 16). The effect of L95A on empty virion
secretion seemed to be somewhat variable. Empty virion secretion by this mutant was
still stimulated by the WT (but not mutant) L protein (Fig. 1B, lanes 14 to 16, and 4B,
lanes 7 to 11 and 14), and its secretion with WT L was only slightly (within 2-fold) less
than that with the WT HBc (Fig. 4B, lanes 13 and 14). On the other hand, in other
experiments, levels of empty virions formed by L95A were clearly less than levels with
WT HBc and were stimulated little by the presence of WT L compared to the level with
S alone (Fig. 5B, lanes 6 to 9). Interestingly, the combination of the M and S envelope
proteins appeared to support somewhat less efficient secretion of empty virions than
S alone (Fig. 5D) although the difference did not reach statistical significance. On the
other hand, in the absence of M, L plus S supported less secretion of empty virions than
L plus M plus S (Fig. 5D) (see more on the role of M in the Discussion).

It was also notable that L plus M plus S (and to a lesser degree, L plus S), but not S
alone or M plus S, dramatically reduced the naked capsid signals in the culture
supernatant (Fig. 1A, lanes 1 and 5, 4A and B, lanes 13, and 5A and B, lanes 1 and 3).
Mutations in either L (A1 to A3 and A5 to A7) or HBc (L60A, L95A, K96A, and 1126A) that
prevented secretion of complete virions or eliminated the enhancing effect on empty
virion secretion also eliminated this suppressive effect on the release of naked capsids
(Fig. 1A, lanes 2, 6B and C, lanes 2, 3, 6, 7, 10, 11, 14, and 15, and 4A and B, lanes 1 to
5,7 to 11, and 14). Thus, L apparently interacted with capsids to suppress naked capsid
release in a process requiring the same pre-S1 (MD) and HBc NTD residues as those that
play an essential role in complete virion secretion and a stimulatory role in empty virion
secretion. Even the A4 L mutant, which remained efficient for complete virion forma-
tion, was less efficient than the WT L in stimulating empty virion secretion (Fig. 1A, lanes
3 and 7 versus lanes 1 and 5) and also failed to suppress the release of naked capsids
(Fig. 1A, lanes 3 and 7, B and C, lanes 4, 8, 12, and 16 ), similar to all the other L mutants
tested here. This result indicated that even L residues that were not essential for
complete virion secretion could also stimulate empty virion secretion and suppress
release of naked capsids. The suppressive effect on the release of naked capsids by the
envelope proteins seemed to be dependent on how they were expressed. Thus, this
effect was not so obvious in other experiments when the envelope proteins were
expressed from the genomic (replicon) construct (pSVHBV1.5C™) (Fig. 3A, lanes 1 and
5,and C, lanes 1 and 3, and 6, lane 1 versus 2 and lane 5 versus 6, where the envelope
proteins were expressed from constructs that differed from the ones used in the
experiments shown in Fig. 1, 4, and 5) (see also Discussion below).

S mutations defective in HDV secretion did not block complete or empty HBV
virion secretion. Since S alone allowed secretion of empty HBV virions, similar to HDV,
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FIG 6 Analysis of complete and empty virion secretion by envelope mutants defective in HDV secretion.
Huh7 cells were transfected with an HBV genomic construct defective in expressing the envelope
proteins (pCMV-HBV-Env~) or a plasmid expressing HBc alone (pCl-HBc) (C), as indicated, together with
a second plasmid expressing all three envelope proteins with the WT or the indicated mutant sequences
(pT7HB2.7). Seven days later, the concentrated culture supernatant was analyzed for virion secretion by
native agarose gel electrophoresis. Following transfer to nitrocellulose membrane, viral DNA was
detected by 32P-labeled HBV DNA, followed by detection of HBc (core) protein using an HBc-specific
polyclonal antibody, and envelope proteins using an anti-HBs polyclonal antibody, as indicated. HBV
virions (V), HBsAg particles (HBs), and capsids (Ca) are indicated.

we were interested in determining whether the S requirements for secretion of HDV
and empty HBV virions are the same or different. To this end, we tested two different
S mutants in the cytosolic loop I (CYLII) of S, W196/199/201A (W196-201A) (76, 77) and
residues 195 to 197 with alanine substitutions (5195-197AAA) (78), which are known to
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eliminate HDV secretion but remain competent for subviral HBsAg secretion, for their
ability to support empty HBV virion secretion. In these experiments, HBc was provided
either from the HBV Env-defective replicon plasmid (expressing all other HBV proteins
and competent for intracellular replication) (Fig. 6, lanes 1 to 4) or from an HBc-
expressing plasmid that expressed only the HBc protein (Fig. 6, lanes 5 to 8). In neither
case was the secretion of empty HBV virions affected by the S CYLIl mutations. The S
mutations also did not affect secretion of complete virions (Fig. 6, lanes 2 to 4). These
results indicated that the S requirements for secretion of empty (or complete) HBV
virions were distinct from those for HDV virion secretion.

DISCUSSION

Secretion of both empty and complete HBV virions requires interactions between
the viral capsid and one or more viral envelope proteins. On the capsid side, we have
shown here that substitutions of the HBc NTD residues on the surface of the capsids in
the previously defined MBD (Fig. 7A) that block the secretion of DNA-containing virions
did not prevent the secretion of empty virions. Furthermore, the HBc CTD was also not
essential for empty virion secretion. On the envelope side, substitutions in the MD (Fig.
7B) in the pre-S1 domain of L that block secretion of complete virions also did not block
empty virion secretion. Furthermore, among the three viral envelope proteins, the
smallest, S, alone was sufficient for empty virion secretion at a basal level, and the L
(and possibly M) protein could enhance empty virion secretion in contrast to the
secretion of complete virions, which absolutely requires both S and L. Thus, the
secretion requirements of empty HBV virions are distinct from those of complete virions
and share some similarity to the requirements of the satellite virus, HDV, whose
secretion is also supported by S alone. However, S mutations that block HDV secretion
(Fig. 7B, CYLIl) had no effect on secretion of either empty or complete HBV virions. In
addition, residues in the MBD on the capsid surface as well as those in MD of pre-S1,
while not essential for secretion of empty virions, could enhance empty virion secretion
and could also suppress the release of naked (nonenveloped) capsids from hepatoma
cell cultures.

Our results indicate that the secretion of complete and empty HBV virions is
mediated via distinct, as well as shared, signals. These results, together with the
information available in the literature, allow us to propose a two-signal model for HBV
virion secretion (Fig. 7C). While additional biochemical and structural studies will be
required to confirm directly the interactions predicted here, the genetic evidence
provided by our mutagenesis experiments strongly supports this model. First, empty
capsids display a basal and constitutive positive signal (secretion signal I) that induces
their envelopment, which is mediated, at a basal level, via interactions with S (Fig. 7C,
top). Although the structural basis of signal | remains to be defined, we have recently
obtained evidence supporting a critical role of the HBc linker in empty virion secretion
(95). Thus, the linker peptide may harbor signal | or is involved in generating the signal.
In support of the proposed capsid-S interactions, peptides derived from S were shown
to interact with capsids in vitro (79, 80). However, the specific site on S that interacts
with empty capsids to direct empty virion secretion remains to be defined. Our results
here and previous findings (76, 77) do indicate that the S requirements for interacting
with HBV capsids to secrete empty (or complete) HBV virions are distinct from those for
interacting with the HDV ribonucleoprotein (RNP) to secrete HDV virions. Additional
comparative studies to define the HBV S requirements for empty and complete HBV
virion formation and those for HDV virion formation should provide important insights
into the molecular details driving HBV and HDV morphogenesis, in particular, how HBV
S recognizes two seemingly rather different substrates (the HBV capsid and the HDV
RNP).

Second, a positive signal distinct from signal I, which we call secretion signal Il and
which likely consists of the previously defined MBD within the HBc NTD and is located
spatially on the capsid surface, emerges on mature, rcDNA-containing NCs, which
primarily interact with the MD of L to mediate secretion of DNA-containing or complete
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FIG 7 Schematics of HBc and HBV envelope protein domain structure and a working model for HBV virion
secretion. (A) HBc domain structure. The boundaries of the HBc NTD, linker, and CTD domains are indicated
on the top. The MBD (scattered within the NTD on the linear sequence but located on the capsid surface
spatially) that is involved in interactions with the L envelope protein for secretion of complete virions is
indicated at the bottom. The positions of HBc mutations used in this study are also indicated. (B) Domain
structure of the HBV envelope proteins. The boundaries of the pre-S1, pre-S2, and S domains are indicated
on the top, with the positions within the S domain also indicated (i.e., position 175 as 1 or S1 within the
S domain). The MD at the junction between pre-S1 and pre-S2 (mostly within pre-S1), which is involved in
interactions with the HBc MBD for secretion of complete virions, is indicated in the middle (A1 to A7,
denoting mutants within the MD that were used in this study). Also indicated is the CYLIl involved in
secretion of HDV. The bottom three lines denote the viral L, M, and S envelope proteins, with L containing
all three (pre-S1, pre-S2, and S) domains, M containing the pre-S2 and S domains, and S containing the S
domain only. (C) Model for two distinct signals in the secretion of empty versus complete HBV virions. The
hexagons denote the capsids, and the outer circle indicates the viral membrane, with the S, pre-S2, and
pre-S1 domains of the envelope protein denoted by the vertical bar, the small filled ball, and large filled
ball, respectively. Secretion signal | or Il is proposed to exist on the surface of empty capsids or mature NCs
to direct their interactions with the S or L envelope protein, respectively. Immature NCs display a blocking
signal that negatively regulates NC envelopment and virion formation, which can be overwhelmed by
secretion signal Il in pathway lla but has to be eliminated (resulting in reexposure of secretion signal I) also
in pathway llb for secretion of complete (i.e., rcDNA-containing) virions. Gray lettering in parentheses
denotes the proposition that signal Il stimulates but is not essential for empty virion formation, and L
stimulates but is not essential for empty virion formation. Dashed green arrows denote the sequestered or
suppressed secretion signal I. Loss of the blocking signal upon NC maturation is denoted by the change in
capsid shell coloring (from red to green). L-i refers to one of the two different topologies of L, with an
internal (i) localization of the pre-S domain (90, 94). The pre-S1/pre-S2 MD in L can only interact with the
capsid in the L-i topology. The alternative topology, L-e, with the pre-S region located externally and
involved in virus entry into cells instead of release, is not depicted for clarity. The M envelope protein is
omitted as its role in virion secretion remains to be more clearly defined. See the text for details.

1X

& & -

July 2018 Volume 92 Issue 14 e00272-18

Journal of Virology

jviasm.org 13

1sanb Aq 6T0Z ‘6 Arenuer uo /610 wse’IAl//:dny woly papeojumoq


http://jvi.asm.org
http://jvi.asm.org/

Ning et al.

virions. Assuming that the constitutive secretion signal | remains on immature NCs, we
hypothesized that immature NCs acquire a negative (retention) signal that is dominant
over secretion signal | so as to inhibit their envelopment (28). The emergence of signal
Il on mature NCs could, by itself, overcome the negative effect of the inhibitory signal
on envelopment (Fig. 7C, lla). For example, the pre-S1 (MD)-mature NC interactions
alone, without any contribution of S, may be sufficient to direct secretion of complete
virions. If the negative signal of envelopment on immature NCs indeed represents the
sequestration of a positive secretion signal (which could be the secretion signal |
suggested here), as we proposed earlier (28), the emergence of a different positive
signal (represented by signal Il) could be sufficient to trigger secretion of complete
virions. Alternatively, additional structural changes of mature NCs, distinct from the
emergence of signal I, may be required to remove the blocking signal, e.g. by
desequestration (exposing) of the secretion signal (signal 1) previously hidden in
immature NCs upon NC maturation, which, together with signal ll, facilitates the
envelopment and secretion of mature NCs (Fig. 7C, llb).

We have also shown here that the same interactions between the MBD on capsids
(signal 1) and the MD on L, though not absolutely required for secretion of empty
virions, could stimulate empty virion secretion (Fig. 7C, top). HBc MBD mutants were
less competent for empty virion secretion than WT HBc when they were complemented
with WT envelope proteins. Also, MD mutations in L mostly eliminated the stimulatory
effect of L on empty virion secretion with WT HBc. Indeed, peptides related to the MD
in pre-S1 were shown to bind mostly empty capsids isolated from HBV-infected human
liver (79, 80) and CTD-deleted capsids (C144) from insect cells (80). Thus, it appears that
signal I, postulated to emerge (inducibly) on mature NCs, may also be present on
empty capsids (constitutively), and, like signal I, would also have to be suppressed on
immature NCs by the presence of pgRNA or ssDNA or be overwhelmed by the
secretion-inhibitory signal to prevent empty capsid secretion. We emphasize that the
structural basis for the emergence or sequestration of either signal | or Il on empty
capsids and mature NCs remains to be elucidated. As discussed in the introduction,
although CTD dephosphorylation is correlated with NC maturation, it is not necessary
for secretion of either complete or empty virions (30). A possible structural correlate of
the secretion signals is the dynamic stability of the capsids: both mature NCs and empty
capsids, which are competent for virion formation, are less stable than immature NCs,
which are incompetent for virion formation (81).

The role of the M envelope protein in the secretion of virions appears to be complex.
On one hand, M plus S was not better (and may even be worse) than S alone in
supporting secretion of empty virions (Fig. 5), suggesting that the pre-S2 domain of M,
in an N-terminal open configuration, and perhaps its pre-S2-linked N/O glycosylation
(1) do not stimulate, and may even interfere with, empty virion secretion. On the other
hand, the less efficient secretion of empty virions by L plus S than of L plus M plus S
suggests that M is needed to enable L to stimulate secretion of empty virions. We note
that the absence of M (i.e, comparing L plus M plus S and L plus S) also led to
somewhat reduced secretion of complete virions (Fig. 5A), consistent with a previous
report (82), suggesting that M might also play an auxiliary role in the secretion of
complete virions. It is also possible that the absence of M indirectly affected virion
secretion by increasing the ratio of Lto S (or S plus M), which would decrease secretion
of virions as well as HBsAg particles due to the intracellular retention function of L. The
somewhat lower levels of HBsAg in the culture supernatant secreted by L plus S than
by L plus M plus S (Fig. 5C) would be consistent with this possibility. Future studies will
be required to resolve these possibilities.

The effect of the L95A mutation on the secretion of empty virions appeared to be
weaker (and more variable) than that with the other HBc MBD mutants. This may
suggest that the mutant could still interact with L (MD) to stimulate empty virion
secretion though it would clearly be defective in secretion of complete virions. So, this
mutant may impair secretion of complete virions in a way that is somewhat different
from that of the other HBc MBD mutants. Interestingly, we showed recently that this
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mutant also does not cause hyperdestabilization of mature NCs to increase cccDNA
formation, in contrast to the other MBD mutants (83). Also, since other MBD mutants
of HBc (including 1126A and K96A) were still stimulated to some extent by L for empty
virion secretion, it is possible that additional L-HBc interactions outside the MD-MBD
(Fig. 7A and B) interaction contribute to secretion of empty virions.

While the role of the NTD in the secretion of complete and empty virions seems
clear, the role of HBc CTD in virion secretion remains to be better defined. It has been
reported previously that the HBV CTD beyond residue 164 is not essential for DNA-
containing virion secretion (34, 72). The role of CTD residues before position 164 (i.e.,
residues 150 to 164) in complete virion secretion, if any, is difficult to ascertain at
present due to their essential role in pgRNA packaging and reverse transcription, stages
of the viral life cycle preceding and requisite for complete virion formation. With
respect to secretion of empty virions, we have shown here that neither half of the CTD
was required for secretion of empty HBV virions, suggesting that the CTD is not
essential for interacting with the viral envelope proteins to trigger the formation of
empty virions.

Our findings here also indicate that interactions between the pre-S1 MD and HBc
MBD (i.e., signal Il) can suppress the release of naked capsids in cultured hepatoma
cells, in addition to their essential role in secretion of complete HBV virions and their
auxiliary role in secretion of empty HBV virions. How this is accomplished remains to be
elucidated. One possibility is that virion formation, especially when it is enhanced by L
(MD)-MBD (signal Il) interactions, directs most or all intracellular capsids toward the
envelopment pathway, thus effectively diverting the capsids away from the pathway of
naked capsid release (84). This further implies that the apparent abundance of naked
capsid release into the culture supernatant of HBV-transfected hepatoma cells, as
opposed to the apparent absence of such release during natural infection of humans
or experimental infection of chimpanzees (28, 29, 85), may be explained by the much
lower expression and secretion levels of HBV envelope proteins than of intracellular
capsids by these transformed cells under the current experimental conditions than under
in vivo infection conditions. Indeed, we have recently found that much lower levels of
HBV surface antigen than of virions were released by cultured hepatoma cells than
were released into the bloodstream by infected hepatocytes during natural infections
in vivo (29). As the suppressive effect on the release of naked capsids by the envelope
proteins seemed to be dependent on how they were expressed, it seems possible that
the exact ratio of envelope proteins to capsid and the ratio of L to M to S may affect
the suppressive effect of L on the extracellular release of naked capsids. Indeed, the
stoichiometry of empty capsids or mature NCs relative to the envelope proteins and
the stoichiometry of the different forms of envelope proteins (L, M, and S) themselves
likely also affect the levels of empty and complete virions secreted. Future studies are
warranted to clarify these issues.

The function of empty HBV virions remains to be defined. Incomplete viral particles
are in fact common occurrences; the so-called light particles of herpes simplex virus
(with the envelope and the tegument layers but no capsid or genome) are reported to
deliver their interior tegument components to the host cell, which can modulate host
function to affect infection outcome by the complete (infectious) virions of the same
cell (86, 87). Based on our results here, at least a fraction of empty HBV virions will have
the L envelope protein that is essential for viral infection and can thus in principle enter
host cells like the complete virions. In analogy with the herpesvirus, the HBV capsid
delivered by empty virions into the host cell may modulate host functions to influence
infection by the complete virions. Furthermore, as we proposed earlier, serum-empty
HBV virions may serve as better biomarkers than serum HBsAg for intrahepatic cccDNA
since HBc, an essential component of empty as well as complete virions, can likely be
made only from cccDNA and not from integrated HBV, which can direct the production
of HBsAg (27, 29, 88). This can be especially useful when serum-complete virions fall to
undetectable or unquantifiable levels with potent antiviral therapy targeting the viral
RT protein. Empty HBV virions in principle can also serve as the basis for a new
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generation of HBV vaccine incorporating all viral structural proteins, not just HBsAg as
in the current recombinant HBsAg-based vaccine (4, 27). Findings presented here and
further studies to elucidate the mechanisms of virion morphogenesis will have impor-
tant implications for these potential applications of empty HBV virions.

MATERIALS AND METHODS

Plasmids. DNA sequences encoding the WT and NTD mutant HBc proteins were cloned from the
pSVcore constructs (genotype A) (54) into the envelope-defective pCMV-HBV/Env~ or envelope-
proficient pCldA-HBV/pgRNA (genotype D) construct as described previously (83). These constructs direct
the expression of the HBV pgRNA, expressing either WT or mutant HBc, under the cytomegalovirus (CMV)
promoter. The HBc protein expressed from this construct is a chimera between genotype D (positions 1
to 28 and 145 to 183) and genotype A (positions 29 to 144), which was used as a wild-type (WT) reference
for all HBc mutants harboring NTD mutations (all single-residue substitutions relative to the reference).
Expression of the WT envelope proteins in pCIdA-HBV/pgRNA is driven from the native HBV promoters
(83). pSVHBV1.5C~ expresses an HBc-defective HBV genome (genotype A) (54), which is capable of
supporting viral replication upon complementation with HBc. HBV pgRNA is driven by the simian virus
40 (SV40) early promoter in this construct. pCl-HBc, -HBc-164, and -HBc-164Cys were constructed by
placing the coding sequences for the full-length (genotype D) HBc or for HBc CTD truncations down-
stream of the CMV promoter in pCl (Promega) and were used to express, respectively, WT HBc, HBc
truncated at position 164, and HBc truncated at 164 but with the addition of a terminal Cys residue.
pCI-HBcA150-164 expresses an HBc mutant with a deletion of the N-terminal portion of the CTD
(residues 150 to 164).

The following constructs were used to express the WT or mutant HBV envelope proteins. pSVBX24H,
pSV33H, and pSVB45H express the HBV S, M plus S, and L plus M plus S proteins, respectively (genotype
A) (63, 75, 89, 90). pSVLS is identical to pSVB45H except for an ATG-to-ACG point mutation of the pre-S2
start codon. Constructs for expressing all three envelope proteins with the L mutations A1 to A7 have
been described before (61). The WT reference for this series of L mutants contained an N-terminal
deletion from position 2 to 30 (designated pSV45-31L) (61). pT7HB2.7 is another construct used to
express the WT L, M, and S envelope proteins under the native HBV promoters (genotype D) (91) or their
mutant versions S195-197AAA with A substitutions at residues 195 to 197 (78) and W196-201A with
substitutions of three As for Ws at W196/199/201 (76), with both sets of substitutions being present in
all three envelope (L, M, and S) proteins.

Transient transfection. Transfection of HepG2 and Huh7 cells was done as previously described (12,
92). Briefly, HepG2 cells in 60-mm dishes were transfected with 4 ug (total) of plasmid using FUGENE6
(Roche). Huh7 cells seeded in 60-mm dishes were transfected with 10 pg (total) of plasmid using a
CalPhos mammalian transfection kit (Clontech). When two plasmids were used for transfection, they
were used at a 1:1 mass ratio. Cells and culture supernatant were harvested on day 7 posttransfection.
All transfection experiments were repeated between two and five times, and representative images are
shown.

Analysis of viral particles and proteins and CsCl density gradient centrifugation. Culture
supernatant containing HBV virions and naked NCs was concentrated by polyethylene glycol precipita-
tion and digested with DNase | (1 mg/ml at 37°C for 1 h) to eliminate residual plasmid DNA before
analysis for virion secretion. For Fig. 2, the treated culture supernatant was further fractionated by
isopycnic CsCl gradient ultracentrifugation (22, 28, 46) to separate virions from naked (nonenveloped)
NCs, which were also released into the cell culture supernatant. Purified virion fractions or DNase-
digested concentrated medium samples were analyzed by native agarose gel electrophoresis as de-
scribed previously (28, 93). Upon transfer of viral particles to nitrocellulose membrane, encapsidated DNA
in viral particles was detected using 32P-labeled HBV DNA probe, followed by detection of core proteins
associated with virions or naked NCs on the same membrane using a rabbit polyclonal (Dako) or mouse
monoclonal (28) anti-HBc antibody. Goat (Dako) or rabbit (Virostat) polyclonal anti-HBV surface protein
was then used to detect the viral envelope proteins after the membrane was stripped. Viral capsids in
cytoplasmic lysate were detected similarly following resolution by agarose gel electrophoresis (28, 30).
Total HBc protein in the lysate was detected by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis (PAGE) and Western blot analysis, as previously described (28, 30). The CsCl gradient
fractionation experiment was repeated using samples from three separate transfections. Representative
images are shown.

ACKNOWLEDGMENTS

This work was supported by a Public Health Service grant (R0O1 Al043453 to J.H.)
from the National Institutes of Health. C.S. is a CNRS investigator at INTS INSERM U1134,
Paris, France, and supported by grants from Agence Nationale pour la Recherche sur le
Sida et les Hépatites (ANRS).

Journal of Virology

REFERENCES
1. Seeger C, Zoulim F, Mason WS. 2013. Hepadnaviruses, p 2185-2221. In Rancaniello VR, Roizman B (ed), Fields virology, 6th ed, vol 2. Lippincott
Knipe DM, Howley PM, Cohen JI, Griffin DE, Lamb RA, Martin MA, Williams & Wilkins, Philadelphia, PA.

July 2018 Volume 92 Issue 14 e00272-18

jviasm.org 16

1sanb Aq 6T0OZ ‘6 Arenuer uo /610 wse’IAlj/:dny woly papeojumod


http://jvi.asm.org
http://jvi.asm.org/

Requirements for Empty HBV Virion Secretion

2.

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.
26.

July 2018 Volume 92

Trepo C, Chan HL, Lok A. 2014. Hepatitis B virus infection. Lancet
384:2053-2063. https://doi.org/10.1016/50140-6736(14)60220-8.
Summers J, Mason WS. 1982. Replication of the genome of a hepatitis
B-like virus by reverse transcription of an RNA intermediate. Cell 29:
403-415. https://doi.org/10.1016/0092-8674(82)90157-X.

. Hu J. 2016. Hepatitis B virus virology and replication, p 1-34. In Liaw Y-F,

Zoulim F (ed), Hepatitis B virus in human diseases. Humana Press, New
York, NY.

. Zlotnick A, Venkatakrishnan B, Tan Z, Lewellyn E, Turner W, Francis S.

2015. Core protein: a pleiotropic keystone in the HBV lifecycle. Antiviral
Res 121:82-93. https://doi.org/10.1016/j.antiviral.2015.06.020.

. Conway JF, Cheng N, Zlotnick A, Wingfield PT, Stahl SJ, Steven AC. 1997.

Visualization of a 4-helix bundle in the hepatitis B virus capsid by
cryo-electron microscopy. Nature 386:91-94. https://doi.org/10.1038/
386091a0.

. Wynne SA, Crowther RA, Leslie AG. 1999. The crystal structure of the

human hepatitis B virus capsid. Mol Cell 3:771-780. https://doi.org/10
.1016/51097-2765(01)80009-5.

. Bruss V, Ganem D. 1991. The role of envelope proteins in hepatitis B

virus assembly. Proc Natl Acad Sci U S A 88:1059-1063.

. Seitz S, Urban S, Antoni C, Bottcher B. 2007. Cryo-electron microscopy of

hepatitis B virions reveals variability in envelope capsid interactions.
EMBO J 26:4160-4167. https://doi.org/10.1038/sj.emboj.7601841.
Dryden KA, Wieland SF, Whitten-Bauer C, Gerin JL, Chisari FV, Yeager M.
2006. Native hepatitis B virions and capsids visualized by electron cryo-
microscopy. Mol Cell 22:843-850. https://doi.org/10.1016/j.molcel.2006
.04.025.

Tuttleman JS, Pourcel C, Summers J. 1986. Formation of the pool of
covalently closed circular viral DNA in hepadnavirus-infected cells. Cell
47:451-460. https://doi.org/10.1016/0092-8674(86)90602-1.

Gao W, Hu J. 2007. Formation of hepatitis B virus covalently closed
circular DNA: removal of genome-linked protein. J Virol 81:6164-6174.
https://doi.org/10.1128/JV1.02721-06.

Hu J, Seeger C. 2015. Hepadnavirus genome replication and persistence.
Cold Spring Harb Perspect Med 5:a021386. https://doi.org/10.1101/
cshperspect.a021386.

Bartenschlager R, Junker-Niepmann M, Schaller H. 1990. The P gene
product of hepatitis B virus is required as a structural component for
genomic RNA encapsidation. J Virol 64:5324-5332.

Hirsch RC, Lavine JE, Chang LJ, Varmus HE, Ganem D. 1990. Polymerase
gene products of hepatitis B viruses are required for genomic RNA
packaging as well as for reverse transcription. Nature 344:552-555.
https://doi.org/10.1038/344552a0.

Hu J, Flores D, Toft D, Wang X, Nguyen D. 2004. Requirement of heat
shock protein 90 for human hepatitis B virus reverse transcriptase
function. J Virol 78:13122-13131. https://doi.org/10.1128/JVI.78.23.1312
2-13131.2004.

Hu J, Toft DO, Seeger C. 1997. Hepadnavirus assembly and reverse
transcription require a multi-component chaperone complex which is
incorporated into nucleocapsids. EMBO J 16:59-68. https://doi.org/10
.1093/emboj/16.1.59.

Hu J, Seeger C. 1996. Hsp90 is required for the activity of a hepatitis B
virus reverse transcriptase. Proc Natl Acad Sci U S A 93:1060-1064.
Jones SA, Hu J. 2013. Hepatitis B virus reverse transcriptase: diverse
functions as classical and emerging targets for antiviral intervention.
Emerg Microbes Infect 2:e56. https://doi.org/10.1038/emi.2013.56.

Hu J, Seeger C. 1996. Expression and characterization of hepadnavirus
reverse transcriptases. Methods Enzymol 275:195-208. https://doi.org/
10.1016/50076-6879(96)75013-9.

Gerelsaikhan T, Tavis JE, Bruss V. 1996. Hepatitis B virus nucleocapsid
envelopment does not occur without genomic DNA synthesis. J Virol
70:4269-4274.

Perlman D, Hu J. 2003. Duck hepatitis B virus virion secretion requires a
double-stranded DNA genome. J Virol 77:2287-2294. https://doi.org/10
.1128/JV1.77.3.2287-2294.2003.

Seeger C, Hu J. 1997. Why are hepadnaviruses DNA and not RNA
viruses? Trends Microbiol 5:447-450. https://doi.org/10.1016/50966
-842X(97)01141-4.

Wei Y, Tavis JE, Ganem D. 1996. Relationship between viral DNA syn-
thesis and virion envelopment in hepatitis B viruses. J Virol 70:
6455-6458.

Bruss V. 2007. Hepatitis B virus morphogenesis. World J Gastroenterol
13:65-73. https://doi.org/10.3748/wjg.v13.i1.65.

Lambert C, Doring T, Prange R. 2007. Hepatitis B virus maturation is

Issue 14 e00272-18

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

46.

Journal of Virology

sensitive to functional inhibition of ESCRT-IIl, Vps4, and y2-adaptin. J
Virol 81:9050-9060. https://doi.org/10.1128/JV1.00479-07.

Hu J, Liu K. 2017. Complete and incomplete hepatitis B virus particles:
formation, function, and application. Viruses 9:E56. https://doi.org/10
.3390/v9030056.

Ning X, Nguyen D, Mentzer L, Adams C, Lee H, Ashley R, Hafenstein S, Hu
J. 2011. Secretion of genome-free hepatitis B virus—single strand block-
ing model for virion morphogenesis of para-retrovirus. PLoS Pathog
7:1002255. https://doi.org/10.1371/journal.ppat.1002255.
Luckenbaugh L, Kitrinos KM, Delaney WE, IV, Hu J. 2015. Genome-free
hepatitis B virion levels in patient sera as a potential marker to monitor
response to antiviral therapy. J Viral Hepat 22:561-570. https://doi.org/
10.1111/jvh.12361.

Ning X, Basagoudanavar SH, Liu K, Luckenbaugh L, Wei D, Wang C, Wei
B, Zhao Y, Yan T, Delaney W, Hu J. 2017. Capsid phosphorylation state
and hepadnavirus virion secretion. J Virol 91:e00092-17. https://doi.org/
10.1128/JV1.00092-17.

Birnbaum F, Nassal M. 1990. Hepatitis B virus nucleocapsid assembly: pri-
mary structure requirements in the core protein. J Virol 64:3319-3330.
Gallina A, Bonelli F, Zentilin L, Rindi G, Muttini M, Milanesi G. 1989. A
recombinant hepatitis B core antigen polypeptide with the protamine-
like domain deleted self-assembles into capsid particles but fails to bind
Nucleic acids. J Virol 63:4645-4652.

Nassal M, Leifer I, Wingert |, Dallmeier K, Prinz S, Vorreiter J. 2007. A
structural model for duck hepatitis B virus core protein derived by
extensive mutagenesis. J Virol 81:13218-13229. https://doi.org/10.1128/
JV1.00846-07.

Nassal M. 1992. The arginine-rich domain of the hepatitis B virus core
protein is required for pregenome encapsidation and productive viral
positive-strand DNA synthesis but not for virus assembly. J Virol 66:
4107-4116.

Schlicht HJ, Bartenschlager R, Schaller H. 1989. The duck hepatitis B virus
core protein contains a highly phosphorylated C terminus that is essen-
tial for replication but not for RNA packaging. J Virol 63:2995-3000.
Yu M, Summers J. 1991. A domain of the hepadnavirus capsid protein is
specifically required for DNA maturation and virus assembly. J Virol
65:2511-2517.

Lewellyn EB, Loeb DD. 2011. The arginine clusters of the carboxy-
terminal domain of the core protein of hepatitis B virus make pleiotropic
contributions to genome replication. J Virol 85:1298-1309. https://doi
.org/10.1128/JV1.01957-10.

Chua PK, Tang FM, Huang JY, Suen CS, Shih C. 2010. Testing the
balanced electrostatic interaction hypothesis of hepatitis B virus DNA
synthesis by using an in vivo charge rebalance approach. J Virol 84:
2340-2351. https://doi.org/10.1128/JVI.01666-09.

Liu K, Ludgate L, Yuan Z, Hu J. 2015. Regulation of multiple stages of
hepadnavirus replication by the carboxyl-terminal domain of viral core
protein in trans. J Virol 89:2918-2930. https://doi.org/10.1128/JV1.0311
6-14.

Hatton T, Zhou S, Standring D. 1992. RNA- and DNA-binding activities in
hepatitis B virus capsid protein: a model for their role in viral replication.
J Virol 66:5232-5241.

Porterfield JZ, Dhason MS, Loeb DD, Nassal M, Stray SJ, Zlotnick A. 2010.
Full-length HBV core protein packages viral and heterologous RNA with
similar high cooperativity. J Virol 84:7174-7184. https://doi.org/10.1128/
JVI.00586-10.

Ludgate L, Liu K, Luckenbaugh L, Streck N, Eng Voitenleitner SC, Delaney
WEt Hu J. 2016. Cell-free hepatitis B virus capsid assembly dependent on
the core protein C-terminal domain and regulated by phosphorylation.
J Virol 90:5830-5844. https://doi.org/10.1128/JV1.00394-16.

Roseman AM, Berriman JA, Wynne SA, Butler PJ, Crowther RA. 2005. A
structural model for maturation of the hepatitis B virus core. Proc Natl
Acad Sci U S A 102:15821-15826. https://doi.org/10.1073/pnas.05048
74102.

Wang JC, Dhason MS, Zlotnick A. 2012. Structural organization of pre-
genomic RNA and the carboxy-terminal domain of the capsid protein
of hepatitis B virus. PLoS Pathog 8:€1002919. https://doi.org/10.1371/
journal.ppat.1002919.

Dhason MS, Wang JC, Hagan MF, Zlotnick A. 2012. Differential assembly
of Hepatitis B Virus core protein on single- and double-stranded nucleic
acid suggest the dsDNA-filled core is spring-loaded. Virology 430:20-29.
https://doi.org/10.1016/j.virol.2012.04.012.

Perlman DH, Berg EA, O'Connor PB, Costello CE, Hu J. 2005. Reverse
transcription-associated dephosphorylation of hepadnavirus nucleocap-

jviasm.org 17

1sanb Aq 6T0OZ ‘6 Arenuer uo /610 wse’IAlj/:dny woly papeojumod


https://doi.org/10.1016/S0140-6736(14)60220-8
https://doi.org/10.1016/0092-8674(82)90157-X
https://doi.org/10.1016/j.antiviral.2015.06.020
https://doi.org/10.1038/386091a0
https://doi.org/10.1038/386091a0
https://doi.org/10.1016/S1097-2765(01)80009-5
https://doi.org/10.1016/S1097-2765(01)80009-5
https://doi.org/10.1038/sj.emboj.7601841
https://doi.org/10.1016/j.molcel.2006.04.025
https://doi.org/10.1016/j.molcel.2006.04.025
https://doi.org/10.1016/0092-8674(86)90602-1
https://doi.org/10.1128/JVI.02721-06
https://doi.org/10.1101/cshperspect.a021386
https://doi.org/10.1101/cshperspect.a021386
https://doi.org/10.1038/344552a0
https://doi.org/10.1128/JVI.78.23.13122-13131.2004
https://doi.org/10.1128/JVI.78.23.13122-13131.2004
https://doi.org/10.1093/emboj/16.1.59
https://doi.org/10.1093/emboj/16.1.59
https://doi.org/10.1038/emi.2013.56
https://doi.org/10.1016/S0076-6879(96)75013-9
https://doi.org/10.1016/S0076-6879(96)75013-9
https://doi.org/10.1128/JVI.77.3.2287-2294.2003
https://doi.org/10.1128/JVI.77.3.2287-2294.2003
https://doi.org/10.1016/S0966-842X(97)01141-4
https://doi.org/10.1016/S0966-842X(97)01141-4
https://doi.org/10.3748/wjg.v13.i1.65
https://doi.org/10.1128/JVI.00479-07
https://doi.org/10.3390/v9030056
https://doi.org/10.3390/v9030056
https://doi.org/10.1371/journal.ppat.1002255
https://doi.org/10.1111/jvh.12361
https://doi.org/10.1111/jvh.12361
https://doi.org/10.1128/JVI.00092-17
https://doi.org/10.1128/JVI.00092-17
https://doi.org/10.1128/JVI.00846-07
https://doi.org/10.1128/JVI.00846-07
https://doi.org/10.1128/JVI.01957-10
https://doi.org/10.1128/JVI.01957-10
https://doi.org/10.1128/JVI.01666-09
https://doi.org/10.1128/JVI.03116-14
https://doi.org/10.1128/JVI.03116-14
https://doi.org/10.1128/JVI.00586-10
https://doi.org/10.1128/JVI.00586-10
https://doi.org/10.1128/JVI.00394-16
https://doi.org/10.1073/pnas.0504874102
https://doi.org/10.1073/pnas.0504874102
https://doi.org/10.1371/journal.ppat.1002919
https://doi.org/10.1371/journal.ppat.1002919
https://doi.org/10.1016/j.virol.2012.04.012
http://jvi.asm.org
http://jvi.asm.org/

Ning et al.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64,

65.

66.

67.

68.

July 2018 Volume 92

sids. Proc Natl Acad Sci U S A 102:9020-9025. https://doi.org/10.1073/
pnas.0502138102.

Pugh J, Zweidler A, Summers J. 1989. Characterization of the major duck
hepatitis B virus core particle protein. J Virol 63:1371-1376.

Gazina EV, Fielding JE, Lin B, Anderson DA. 2000. Core protein phos-
phorylation modulates pregenomic RNA encapsidation to different ex-
tents in human and duck hepatitis B viruses. J Virol 74:4721-4728.
https://doi.org/10.1128/JV1.74.10.4721-4728.2000.

Lan YT, Li J, Liao W, Ou J. 1999. Roles of the three major phosphorylation
sites of hepatitis B virus core protein in viral replication. Virology 259:
342-348. https://doi.org/10.1006/viro.1999.9798.

Lewellyn EB, Loeb DD. 2011. Serine phosphoacceptor sites within the
core protein of hepatitis B virus contribute to genome replication pleio-
tropically. PLoS One 6:17202. https://doi.org/10.1371/journal.pone.001
7202.

Basagoudanavar SH, Perlman DH, Hu J. 2007. Regulation of hepadnavi-
rus reverse transcription by dynamic nucleocapsid phosphorylation. J
Virol 81:1641-1649. https://doi.org/10.1128/JV1.01671-06.

Koschel M, Oed D, Gerelsaikhan T, Thomssen R, Bruss V. 2000. Hepatitis
B virus core gene mutations which block nucleocapsid envelopment. J
Virol 74:1-7. https://doi.org/10.1128/JV1.74.1.1-7.2000.

Le Pogam S, Yuan TT, Sahu GK, Chatterjee S, Shih C. 2000. Low-level
secretion of human hepatitis B virus virions caused by two independent,
naturally occurring mutations (P5T and L60V) in the capsid protein. J
Virol 74:9099-9105. https://doi.org/10.1128/JVI.74.19.9099-9105.2000.
Ponsel D, Bruss V. 2003. Mapping of amino acid side chains on the
surface of hepatitis B virus capsids required for envelopment and virion
formation. J Virol 77:416-422. https://doi.org/10.1128/JVI.77.1.416-422
.2003.

Pairan A, Bruss V. 2009. Functional surfaces of the hepatitis B virus
capsid. J Virol 83:11616-11623. https://doi.org/10.1128/JV1.01178-09.
Yuan TT, Sahu GK, Whitehead WE, Greenberg R, Shih C. 1999. The
mechanism of an immature secretion phenotype of a highly frequent
naturally occurring missense mutation at codon 97 of human hepatitis
B virus core antigen. J Virol 73:5731-5740.

Chang SF, Netter HJ, Bruns M, Schneider R, Frolich K, Will H. 1999. A new
avian hepadnavirus infecting snow geese (Anser caerulescens) produces
a significant fraction of virions containing single-stranded DNA. Virology
262:39-54. https://doi.org/10.1006/viro.1999.9844.

Greco N, Hayes MH, Loeb DD. 2014. Snow goose hepatitis B virus
(SGHBV) envelope and capsid proteins independently contribute to the
ability of SGHBV to package capsids containing single-stranded DNA in
virions. J Virol 88:10705-10713. https://doi.org/10.1128/JV1.01694-14.
Kluge B, Schlager M, Pairan A, Bruss V. 2005. Determination of the
minimal distance between the matrix and transmembrane domains of
the large hepatitis B virus envelope protein. J Virol 79:7918-7921.
https://doi.org/10.1128/JVI1.79.12.7918-7921.2005.

Le Pogam S, Shih C. 2002. Influence of a putative intermolecular inter-
action between core and the pre-S1 domain of the large envelope
protein on hepatitis B virus secretion. J Virol 76:6510-6517. https://doi
.org/10.1128/JV1.76.13.6510-6517.2002.

Bruss V. 1997. A short linear sequence in the pre-S domain of the large
hepatitis B virus envelope protein required for virion formation. J Virol
71:9350-9357.

Bruss V, Vieluf K. 1995. Functions of the internal pre-S domain of the
large surface protein in hepatitis B virus particle morphogenesis. J Virol
69:6652-6657.

Bruss V, Thomssen R. 1994. Mapping a region of the large envelope
protein required for hepatitis B virion maturation. J Virol 68:1643-1650.
Schittl B, Bruss V. 2014. Mutational profiling of the variability of individ-
ual amino acid positions in the hepatitis B virus matrix domain. Virology
458-459:183-189. https://doi.org/10.1016/j.virol.2014.04.030.

Orabi A, Bieringer M, Geerlof A, Bruss V. 2015. An aptamer against the
matrix binding domain on the hepatitis B virus capsid impairs virion
formation. J Virol 89:9281-9287. https://doi.org/10.1128/JV1.00466-15.
Bonino F, Heermann KH, Rizzetto M, Gerlich WH. 1986. Hepatitis delta
virus: protein composition of delta antigen and its hepatitis B virus-
derived envelope. J Virol 58:945-950.

Sureau C. 2016. Hepatitis D virus: virology and replication, p 147-166. In
Liaw Y-F, Zoulim F (ed), Hepatitis B virus in human diseases. Humana
Press, New York, NY.

Wang CJ, Chen PJ, Wu JC, Patel D, Chen DS. 1991. Small-form hepatitis
B surface antigen is sufficient to help in the assembly of hepatitis delta
virus-like particles. J Virol 65:6630-6636.

Issue 14 e00272-18

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

Journal of Virology

Gudima S, Meier A, Dunbrack R, Taylor J, Bruss V. 2007. Two potentially
important elements of the hepatitis B virus large envelope protein are
dispensable for the infectivity of hepatitis delta virus. J Virol 81:
4343-4347. https://doi.org/10.1128/JV1.02478-06.

Le Duff Y, Blanchet M, Sureau C. 2009. The pre-S1 and antigenic loop
infectivity determinants of the hepatitis B virus envelope proteins are
functionally independent. J Virol 83:12443-12451. https://doi.org/10
.1128/JV1.01594-09.

Yan H, Zhong G, Xu G, He W, Jing Z, Gao Z, Huang Y, Qi Y, Peng B, Wang
H, Fu L, Song M, Chen P, Gao W, Ren B, Sun Y, Cai T, Feng X, Sui J, Li W.
2012. Sodium taurocholate cotransporting polypeptide is a functional
receptor for human hepatitis B and D virus. Elife 1:e00049. https://doi
.org/10.7554/eLife.00049.

Le Pogam S, Chua PK, Newman M, Shih C. 2005. Exposure of RNA templates
and encapsidation of spliced viral RNA are influenced by the arginine-rich
domain of human hepatitis B virus core antigen (HBcAg 165-173). J Virol
79:1871-1887. https://doi.org/10.1128/JV1.79.3.1871-1887.2005.

Zhou S, Standring DN. 1992. Cys residues of the hepatitis B virus capsid
protein are not essential for the assembly of viral core particles but can
influence their stability. J Virol 66:5393-5398.

Nassal M. 1992. Conserved cysteines of the hepatitis B virus core protein
are not required for assembly of replication-competent core particles
nor for their envelopment. Virology 190:499-505. https://doi.org/10
.1016/0042-6822(92)91242-M.

Persing DH, Varmus HE, Ganem D. 1986. Inhibition of secretion of
hepatitis B surface antigen by a related presurface polypeptide. Science
234:1388-1391. https://doi.org/10.1126/science.3787251.
Komla-Soukha I, Sureau C. 2006. A tryptophan-rich motif in the carboxyl
terminus of the small envelope protein of hepatitis B virus is central to
the assembly of hepatitis delta virus particles. J Virol 80:4648-4655.
https://doi.org/10.1128/JV1.80.10.4648-4655.2006.

Blanchet M, Sureau C. 2006. Analysis of the cytosolic domains of the
hepatitis B virus envelope proteins for their function in viral particle
assembly and infectivity. J Virol 80:11935-11945. https://doi.org/10
.1128/JV1.00621-06.

Jenna S, Sureau C. 1999. Mutations in the carboxyl-terminal domain of
the small hepatitis B virus envelope protein impair the assembly of
hepatitis delta virus particles. J Virol 73:3351-3358.

Poisson F, Severac A, Hourioux C, Goudeau A, Roingeard P. 1997. Both
pre-S1 and S domains of hepatitis B virus envelope proteins interact with
the core particle. Virology 228:115-120. https://doi.org/10.1006/viro.1996
.8367.

Hourioux C, Touze A, Coursaget P, Roingeard P. 2000. DNA-containing
and empty hepatitis B virus core particles bind similarly to envelope
protein domains. J Gen Virol 81:1099-1101. https://doi.org/10.1099/
0022-1317-81-4-1099.

Cui X, Ludgate L, Ning X, Hu J. 2013. Maturation-associated destabiliza-
tion of hepatitis B virus nucleocapsid. J Virol 87:11494-11503. https://
doi.org/10.1128/JV1.01912-13.

Ni Y, Sonnabend J, Seitz S, Urban S. 2010. The pre-s2 domain of the
hepatitis B virus is dispensable for infectivity but serves a spacer function
for L-protein-connected virus assembly. J Virol 84:3879-3888. https://
doi.org/10.1128/JV1.02528-09.

Cui X, Luckenbaugh L, Bruss V, Hu J. 2015. Alteration of mature nucleo-
capsid and enhancement of covalently closed circular DNA formation by
hepatitis B virus core mutants defective in complete-virion formation. J
Virol 89:10064-10072. https://doi.org/10.1128/JV1.01481-15.

Watanabe T, Sorensen EM, Naito A, Schott M, Kim S, Ahlquist P. 2007.
Involvement of host cellular multivesicular body functions in hepatitis B
virus budding. Proc Natl Acad Sci U S A 104:10205-10210. https://doi
.org/10.1073/pnas.0704000104.

Possehl C, Repp R, Heermann K, Korec E, Uy A, Gerlich W. 1992. Absence
of free core antigen in anti-HBc negative viremic hepatitis B carriers.
Arch Virol Suppl 4:39-41. https://doi.org/10.1007/978-3-7091-5633-9_8.
Koyuncu OO, MacGibeny MA, Hogue IB, Enquist LW. 2017. Compart-
mented neuronal cultures reveal two distinct mechanisms for alpha
herpesvirus escape from genome silencing. PLoS Pathog 13:e1006608.
https://doi.org/10.1371/journal.ppat.1006608.

Heilingloh CS, Krawczyk A. 2017. Role of L-particles during herpes sim-
plex virus infection. Front Microbiol 8:2565. https://doi.org/10.3389/
fmicb.2017.02565.

Wooddell ClI, Yuen MF, Chan HL, Gish RG, Locarnini SA, Chavez D, Ferrari
C, Given BD, Hamilton J, Kanner SB, Lai CL, Lau JYN, Schluep T, Xu Z,
Lanford RE, Lewis DL. 2017. RNAi-based treatment of chronically infected

jviasm.org 18

1sanb Aq 6T0OZ ‘6 Arenuer uo /610 wse’IAlj/:dny woly papeojumod


https://doi.org/10.1073/pnas.0502138102
https://doi.org/10.1073/pnas.0502138102
https://doi.org/10.1128/JVI.74.10.4721-4728.2000
https://doi.org/10.1006/viro.1999.9798
https://doi.org/10.1371/journal.pone.0017202
https://doi.org/10.1371/journal.pone.0017202
https://doi.org/10.1128/JVI.01671-06
https://doi.org/10.1128/JVI.74.1.1-7.2000
https://doi.org/10.1128/JVI.74.19.9099-9105.2000
https://doi.org/10.1128/JVI.77.1.416-422.2003
https://doi.org/10.1128/JVI.77.1.416-422.2003
https://doi.org/10.1128/JVI.01178-09
https://doi.org/10.1006/viro.1999.9844
https://doi.org/10.1128/JVI.01694-14
https://doi.org/10.1128/JVI.79.12.7918-7921.2005
https://doi.org/10.1128/JVI.76.13.6510-6517.2002
https://doi.org/10.1128/JVI.76.13.6510-6517.2002
https://doi.org/10.1016/j.virol.2014.04.030
https://doi.org/10.1128/JVI.00466-15
https://doi.org/10.1128/JVI.02478-06
https://doi.org/10.1128/JVI.01594-09
https://doi.org/10.1128/JVI.01594-09
https://doi.org/10.7554/eLife.00049
https://doi.org/10.7554/eLife.00049
https://doi.org/10.1128/JVI.79.3.1871-1887.2005
https://doi.org/10.1016/0042-6822(92)91242-M
https://doi.org/10.1016/0042-6822(92)91242-M
https://doi.org/10.1126/science.3787251
https://doi.org/10.1128/JVI.80.10.4648-4655.2006
https://doi.org/10.1128/JVI.00621-06
https://doi.org/10.1128/JVI.00621-06
https://doi.org/10.1006/viro.1996.8367
https://doi.org/10.1006/viro.1996.8367
https://doi.org/10.1099/0022-1317-81-4-1099
https://doi.org/10.1099/0022-1317-81-4-1099
https://doi.org/10.1128/JVI.01912-13
https://doi.org/10.1128/JVI.01912-13
https://doi.org/10.1128/JVI.02528-09
https://doi.org/10.1128/JVI.02528-09
https://doi.org/10.1128/JVI.01481-15
https://doi.org/10.1073/pnas.0704000104
https://doi.org/10.1073/pnas.0704000104
https://doi.org/10.1007/978-3-7091-5633-9_8
https://doi.org/10.1371/journal.ppat.1006608
https://doi.org/10.3389/fmicb.2017.02565
https://doi.org/10.3389/fmicb.2017.02565
http://jvi.asm.org
http://jvi.asm.org/

Requirements for Empty HBV Virion Secretion

89.

90.

91.

July 2018 Volume 92

patients and chimpanzees reveals that integrated hepatitis B virus DNA
is a source of HBsAg. Sci Transl Med 9:eaan0241. https://doi.org/10.1126/
scitranslmed.aan0241.

Gerhardt E, Bruss V. 1995. Phenotypic mixing of rodent but not avian
hepadnavirus surface proteins into human hepatitis B virus particles. J
Virol 69:1201-1208.

Bruss V, Lu X, Thomssen R, Gerlich WH. 1994. Post-translational altera-
tions in transmembrane topology of the hepatitis B virus large envelope
protein. EMBO J 13:2273-2279.

Sureau C, Guerra B, Lee H. 1994. The middle hepatitis B virus envelope
protein is not necessary for infectivity of hepatitis delta virus. J Virol
68:4063-4066.

Issue 14 e00272-18

92.

93.

94,

95.

Journal of Virology

Nguyen DH, Gummuluru S, Hu J. 2007. Deamination-independent inhi-
bition of hepatitis B virus reverse transcription by APOBEC3G. J Virol
81:4465-4472. https://doi.org/10.1128/JV1.02510-06.

Lenhoff RJ, Summers J. 1994. Coordinate regulation of replication and
virus assembly by the large envelope protein of an avian hepadnavirus.
J Virol 68:4565-4571.

Ostapchuk P, Hearing P, Ganem D. 1994. A dramatic shift in the trans-
membrane topology of a viral envelope glycoprotein accompanies hep-
atitis B viral morphogenesis. EMBO J 13:1048-1057.

Liu K, Luckenbaugh L, Ning X, Xi J, Hu J. 21 May 2018. Multiple roles of
core protein linker in hepatitis B virus replication. PLoS Pathog https://
doi.org/10.1371/journal.ppat.1007085.

jviasm.org 19

1sanb Aq 6T0OZ ‘6 Arenuer uo /610 wse’IAlj/:dny woly papeojumod


https://doi.org/10.1126/scitranslmed.aan0241
https://doi.org/10.1126/scitranslmed.aan0241
https://doi.org/10.1128/JVI.02510-06
https://doi.org/10.1371/journal.ppat.1007085
https://doi.org/10.1371/journal.ppat.1007085
http://jvi.asm.org
http://jvi.asm.org/

	RESULTS
	HBc NTD mutations that block complete virion secretion did not block empty virion secretion. 
	Neither the N-terminal nor C-terminal part of HBc CTD was required for empty virion secretion. 
	L mutants defective in complete virion secretion remained competent for empty virion secretion. 
	The small surface protein was sufficient for basal level secretion of empty HBV virions. 
	WT but not mutant L could stimulate secretion of empty virions and suppress release of naked NCs when combined with WT but not mutant HBc. 
	S mutations defective in HDV secretion did not block complete or empty HBV virion secretion. 

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids. 
	Transient transfection. 
	Analysis of viral particles and proteins and CsCl density gradient centrifugation. 

	ACKNOWLEDGMENTS
	REFERENCES

