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and INSERM U128,4 Montpellier, France, and Department of Virology and Immunology,
Southwest Foundation for Biomedical Research, San Antonio, Texas 782282

Received 25 November 2002/Accepted 24 January 2003

Hepatitis delta virus (HDV) particles are coated with the large (L), middle (M), and small (S) hepatitis B
virus envelope proteins. In the present study, we constructed glycosylation-defective envelope protein mutants
and evaluated their capacity to assist in the maturation of infectious HDV in vitro. We observed that the
removal of N-linked carbohydrates on the S, M, and L proteins was tolerated for the assembly of subviral
hepatitis B virus (HBV) particles but was partially inhibitory for the formation of HDV virions. However, when
assayed on primary cultures of human hepatocytes, virions coated with S, M, and L proteins lacking N-linked
glycans were infectious. Furthermore, in the absence of M, HDV particles coated with nonglycosylated S and
L proteins retained infectivity. These results indicate that carbohydrates on the HBV envelope proteins are not
essential for the in vitro infectivity of HDV.

Hepatitis delta virus (HDV), in association with the helper
hepatitis B virus (HBV), causes acute and chronic infections
which may eventually develop into cirrhosis and liver cancer in
humans (6, 30). HDV is considered a satellite of HBV because
it depends on the latter for the supply of envelope proteins that
are essential for virion assembly (4). The HDV genome is a
single-stranded circular RNA that encodes the small (p24) and
large (p27) forms of the HDV antigen (HDAg) protein, but it
lacks the coding capacity for envelope proteins. The HDV
particle consists of an outer envelope of HBV origin and an
inner ribonucleoprotein (RNP) made of the genomic HDV
RNA and the HDV-encoded p24 and p27 delta proteins. Sim-
ilar to that of HBV, the HDV envelope consists of a lipid
membrane in which multiple copies of the three HBV surface
proteins, designated large (L), middle (M), and small (S), are
anchored. L, M, and S are encoded by a single open reading
frame on the HBV genome, and they are translated from
different in-frame start codons to a common stop codon (24).
The L protein contains three distinct regions: the N-terminal
pre-S1, the central pre-S2, and the C-terminal S regions. The
M protein includes the pre-S2 and S regions, and S consists of
the S domain only, but it is the most abundantly expressed (Fig.
1).

A peculiar feature of the S protein is its ability to assemble
empty (subviral) particles, which are secreted in large excess
compared with the number of mature virions. Synthesis occurs
at the endoplasmic reticulum membrane, and particles are
formed by the budding of envelope protein aggregates into the
lumen of a postendoplasmic reticulum/pre-Golgi cellular com-
partment (16). Transport to the extracellular space is thought
to follow the constitutive secretion pathway. In addition to
their capacity for subviral particle formation, singly expressed

S proteins can envelop the HDV RNPs, leading to the forma-
tion of particles that are structurally identical to mature HDV
but are functionally impaired (noninfectious) in the absence of
L (31, 32, 34). In contrast, the HBV nucleocapsid envelopment
requires the presence of L (but not M) in addition to S (5).
Thus, L appears to be multifunctional by acting as a key ele-
ment for HBV assembly and as a receptor-binding polypeptide
for the infectivity of both HBV and HDV (22).

The three HBV envelope proteins appear as glycosylated
and nonglycosylated isomers. N-linked carbohydrates are
found at Asn-4 of the pre-S2 domain on the M protein and at
Asn-146 of the S domains of S, M, and L proteins, but approx-
imately half of these molecules remain unglycosylated at these
sites. M is also O glycosylated at Thr-37 in its pre-S2 domain
(36), but M-specific carbohydrates (N and O linked) are not
crucial to the morphogenesis of infectious HBV or HDV viri-
ons, since M itself is dispensable for this process (5, 11). How-
ever, when present in the HBV envelope, M proteins lacking
N-linked carbohydrates inhibit virion secretion (2, 23).
N-linked glycans at Asn-146 are not required for the secretion
of subviral particles, but unglycosylated S proteins are im-
paired in their capacity for HDV RNP envelopment (35).

In this study, we used a site-directed mutagenesis approach
to eliminate N-linked glycosylation codons on the three HBV
envelope proteins and we analyzed the effects of the removal of
N glycans on (i) subviral HBV particle formation, (ii) HDV
assembly, and (iii) HDV infectivity. Production of HDV par-
ticles was carried out in the HuH-7 human hepatoma cell line
as previously described (32), after cotransfection of the cells
with plasmid pSVLD3 (a gift from J. Taylor, Fox Chase Cancer
Center, Philadelphia, Pa.) for expression of the HDV RNPs
and plasmid pT7HB2.7 or its derivatives for expression of the
wild-type (wt) or mutant HBV envelope proteins (S, M, and
L). We constructed a series of HBV envelope protein expres-
sion vectors (Fig. 1) where N-linked glycosylation sites had
been mutated. Plasmid p1421 was a derivative of pT7HB2.7 in
which the Asn codons (AAT) at positions 4 in the pre-S2
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domain and 146 in the S domain had been mutated to Thr
codons (ACT) to prevent glycosylation at this site. Plasmid
p123 was a derivative of pT7HB2.7 in which the start codons
(ATG) for the L and M proteins were changed to ACG to
inhibit the expression of L and M and to direct the expression
of S only. Plasmid p124 was also a derivative of pT7HB2.7 in
which the ATG start codons for the S and M proteins were
changed to ACG for expression of the L protein only. Plasmids
p201 and p202 were derivatives of p123 and p124, respectively,
in which the Asn codon (AAT) at position 146 in the S domain
had been mutated to a Thr codon (ACT) to prevent N-linked
glycosylation. In vitro mutagenesis was performed by using the
PCR technique with two complementary mutagenic oligonu-
cleotides by following the overlap extension method (15).
PCR-generated fragments were inserted in pT7HB2.7, and the
resulting mutant plasmids were sequenced by the dideoxy-
sequencing method on double-stranded DNA templates with
Sequenase (Amersham).

HDV particles were produced by the transfection of HuH-7
cells (106/well) with a mixture of plasmid pSVLD3 (1 �g) and
plasmid pT7HB2.7 or its derivatives (2 �g) (32). Transfection
was carried out by using the Fugene-6 reagent according to the
instructions of the manufacturer (Roche, Inc.).

Effects of N-linked-glycosylation-defective S, M, and L mu-
tants on the assembly of HDV particles. HuH-7 cells were
cotransfected with the HDV expression vector pSVLD3 and
different combinations of HBV envelope protein expression
vectors, including (i) p123 for the expression of wt S protein
alone; (ii) p123 and p124 for the expression of wt S and L
proteins (SL); (iii) pT7HB2.7 for the expression of wt S, M,
and L proteins (SML); (iv) p201 for the expression of S lacking
the N-linked glycosylation site (mutated at Asn-146) (ngS); (v)
p201 and p202 for the expression of mutated S and L proteins
lacking the N-linked glycosylation sites (ngSL); and (vi) p1421
for the expression of S, M, and L proteins lacking N-linked
glycosylation sites (ngSML).

Culture fluids were harvested on days 6, 9, and 12 after
transfection, and they were clarified by centrifugation at 5,000
� g at 4°C for 1 h. Viral particles from one-third of the clarified

medium were subjected to sedimentation by centrifugation at
25,000 rpm in an SW41 rotor (Beckman) on 2 ml of a 30%
sucrose cushion in 10 mM Tris-HCl (pH 7.4) containing 150
mM NaCl and 1 mM EDTA (TNE). After centrifugation, the
pellet was disrupted by boiling it for 5 min in 50 mM Tris-HCl
(pH 6.8) containing 2% sodium dodecyl sulfate, 0.1% bromo-
phenol blue, 10% glycerol, and 2% �-mercaptoethanol, and
the proteins were analyzed by sodium dodecyl sulfate-polyac-
rylamide gel electrophoresis. The proteins were transferred to
polyvinylidene difluoride membranes (Bio-Rad), and the
membranes were then blocked by incubation in TNE–1% ca-
sein for 1 h at room temperature. Following blocking, the
membranes were incubated in a 1:1,000 dilution of rabbit an-
ti-S (R247) antibodies (19) or a 1:200 dilution of rabbit anti-
HDAg antibodies in a solution containing TNE, 1% casein,
and 0.3% Tween 20 for 2 h at room temperature. After being
washed in TNE–0.3% Tween 20, the membranes were incu-
bated in a 1:5,000 dilution of mouse anti-rabbit antibodies
coupled to horseradish peroxidase in TNE–1% casein–0.3%
Tween 20 for 1 h at room temperature. After being washed
extensively in TNE–0.3% Tween 20, the immunoblots were
developed by using ECL Western blotting detection reagents
(Amersham Pharmacia Biotech), and they were exposed to
Kodak film for detection of light emission.

Particles from one-third of the clarified medium were pre-
cipitated by the addition of polyethylene glycol 8000 (PEG
8000; Sigma) to a final concentration of 10%. After incubation
at 4°C for 1 h, the precipitates were collected by centrifugation
at 10,000 � g for 20 min at 4°C. They were resuspended in
RNABle (Eurobio) for RNA extraction by the guanidine thio-
cyanate-acid phenol method (7). The RNA samples were sub-
jected to electrophoresis through a 2.2 M formaldehyde–1.5%
agarose gel and transferred to a nylon membrane (Roche)
before hybridization to an HDV-specific RNA probe. Strand-
specific 32P-labeled riboprobes were synthesized for the sepa-
rate detection of genomic or antigenomic HDV RNA. Labeled
full-length HDV RNA probes were produced by in vitro tran-
scription by using T7 or SP6 RNA polymerase (Promega).

As shown in Fig. 2A and as expected, the wt HBV envelope
proteins (S and L) were detected as unglycosylated (p24 and
p39, respectively) and glycosylated (gp27 and gp42, respec-
tively) forms. The wt M protein was detected only as a glyco-
sylated gp36 form, since M contains N-linked glycosylation
sites at position 4 in the pre-S2 domain and at position 146 in
the S domain and an O-linked glycosylation site at position 37
in the pre-S2 domain. As expected, the ngS and ngL proteins,
lacking glycosylation sites at position 146, were detected as
unglycosylated p24 and p39 forms, respectively, whereas coex-
pression of the three N-linked glycosylation-defective proteins
(ngSML) led to the expression of the p24, gp33, and p39 forms
only. The gp33 glycoform of the M protein lacks N-linked
glycans but retains O-linked carbohydrates at position 37 in the
pre-S2 domain (36).

Measurements of HDV RNA by Northern blot analysis were
conducted by comparison of viral RNA in transfected cells or
culture medium to known amounts of synthetic HDV RNA
(20). Measurements of envelope protein signals by immuno-
blot analysis were conducted by comparison of S proteins in
transfected cells or culture medium to known amounts of pu-
rified HBV envelope protein preparations (20). Serial dilution

FIG. 1. Schematic representations of plasmid DNA constructs.
Plasmids pT7HB2.7, p1421, p123, p201, p124, and p202 direct the
synthesis of wt SML (SML), ngSML, wt S (S), ngS, wt L (L), and ngL,
respectively. Start codons (ATG) for S, M, and L open reading frames
and start codons mutated to threonine codons (ACG) are indicated.
The thick bars represent wt and unglycosylated envelope proteins. NG
and 0G indicate N and O glycosylation sites, respectively.
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(one-half) was made for each sample and standard (RNA or
protein), and autoradiogram signal measurements were per-
formed by using a densitometer (data not shown). As shown in
Fig. 2 and Table 1, it was estimated that culture medium from
cells producing S-coated particles contained approximately 100
pg of HDV RNA (108 genome equivalents) and 80 ng of S
proteins (2 � 1010 empty particle equivalents) per ml. For each
of the HDV mutants, the amounts of HDV RNA in the PEG
precipitates were normalized to those of S proteins (Table 1),
and the normalized numbers reflected the efficiency of S for
HDV assembly and/or stability. When particles were analyzed
for the presence of the p24 and p27 delta proteins, we found a
good correlation between HDV protein and HDV RNA ex-
pression levels (Fig. 2B and C). To ascertain that the differ-
ences in the types of packaging of HDV RNA were not due to
variation in the efficiencies of transfection, we verified that
equivalent levels of intracellular HDV RNA were present at
day 9 posttransfection in all of the transfected cells (data not

shown). We observed a reduction (up to fourfold in the present
study) in the ability of glycosylation-defective S proteins to
assist in HDV maturation in comparison to that of wt S, as
evidenced by the relative amounts of both HDV proteins (p24
and p27) and HDV RNA in the HDV particles coated with the
S protein only (S-HDV particles) versus the ngS-HDV parti-
cles. In addition, when N-glycosylation-defective S mutants
were expressed in the presence of mutated L as ngSL-HDV or
ngSML-HDV, the efficiency of virion assembly was further
reduced, to 12% of that of the wt SL-HDV or SML-HDV
particles, respectively (Fig. 2; Table 1). The expression of M
proteins lacking the Asn-4 and Asn-146 codons had no impact
on the secretion of HDV, since the level of HDV RNA in both
ngSL-HDV and ngSML-HDV particles was at 12% of that of
SL-HDV and SML-HDV, respectively (Table 1). Overall,
these results indicate that carbohydrates are instrumental in
the assembly and/or stability of HDV virions in the presence of
the three HBV envelope proteins. This is in contrast to their
function in subviral and HBV particle formation, and it clearly
suggests that morphogenesis of HDV and HBV virions occurs
through different cellular pathways.

How could the absence of N-linked glycans at Asn-146 be
detrimental to the ability of the S protein to assist in HDV
assembly? One possible explanation is that removal of glycans
may affect the affinity between S and HDV RNPs as previously
suggested (35). Protein-protein interactions between S and the
p27 HDV protein are thought to provide the molecular basis
for virion assembly, which is mediated, at least in part, by the
farnesyl chain of p27 through a mechanism that has not been
fully elucidated (6, 13, 17). The N-linked carbohydrates, which
are exposed luminally in cellular organelles during synthesis,
are not likely to be involved in a direct binding to the p27
component of the RNP, considering the role of S in HDV RNP
envelopment. In fact, the removal of carbohydrates on the
HBV envelope proteins may have various consequences, in-
cluding a modification in their interaction with molecular
chaperones and lectins, resulting in an alteration of their in-
tracellular trafficking (1, 26). However, in the case of ngS, we
did not observe any inhibition of secretion as measured by
metabolic labeling and pulse-chase analysis (data not shown);
the kinetic of ngS secretion as subviral particles was equivalent
to that of the wt. One hypothesis to explain the selective effect
of S deglycosylation on HDV assembly, and not on subviral-
particle formation, is that carbohydrates may contribute to the
stabilization of HDV virions. It is assumed that lateral S-S
interactions direct the assembly of subviral HBV particles and
that the contribution, if any, of N-linked carbohydrates in this

FIG. 2. Production of N-linked-glycan-defective HDV particles.
Culture fluids from HuH-7 cells were harvested on days 6, 9, and 12
after transfection of 106 cells with a mixture of 1 �g of HDV recom-
binant pSVLD3 plasmid DNA and 2 �g of pT7HB2.7 or mutant
plasmid DNA coding for wt or unglycosylated HBV envelope proteins,
respectively. Particles from the culture fluids were concentrated and
assayed for the presence of HBV envelope proteins (A) or delta
proteins (B) after electrophoresis on a 12% acrylamide gel, transfer to
a polyvinylidene difluoride membrane, and immunodetection with a
rabbit anti-HBsAg antibody (1:1,000 dilution) or rabbit anti-HDAg
antibody (1:200 dilution). Rabbit immunoglobulin G was then probed
with horseradish-labeled mouse anti-rabbit antibodies and a chemilu-
minescent substrate. Light emission was detected by exposure to Bi-
omax ML film (Kodak). The molecular masses of the S, M, and L HBV
envelope proteins and delta proteins are indicated at the left side of
each panel. The size markers were prestained proteins (Amersham),
measured in kilodaltons (e.g., gp42, glycoprotein with a molecular size
of 42 kDa). Sedimented particles from the culture medium were also
assayed for the presence of HDV RNA after RNA extraction, gel
electrophoresis, and Northern blot hybridization by using a genomic
strand-specific 32P-labeled HDV RNA probe (C). The size in kilobases
of HDV genomic RNA is indicated.

TABLE 1. Characteristics of HDV particles coated with wild-type
or N-linked-glycosylation-defective HBV envelope proteins

HDV particle
designation

S protein concn
(ng/ml of culture

medium)

HDV RNA concn
(pg/ml of culture

medium)

Amt of HDV RNA
(pg normalized to

80 ng of S protein)

S-HDV 80 100 100
ngS-HDV 80 25 25
SL-HDV 40 50 100
ngSL-HDV 40 6 12
SML-HDV 80 50 50
ngSML-HDV 40 3 6
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process is at most marginal. In contrast, S proteins at the
surface of an HDV particle (which is different in size from a
subviral particle) may present a suboptimal level of lateral
interactions in order to accommodate an RNP. The role of S
carbohydrates may then become critical for the stability of
mature HDV. Whatever the mechanism may be by which car-
bohydrates act in the maturation of HDV, inhibitors of glyco-
sylation processing, which have been shown to block the as-
sembly of HBV through their effect on the M protein (3), are
likely to be active in HDV formation by preventing S glycosyl-
ation.

The assembly of progeny virions coated with envelope pro-
teins lacking N-linked glycans was clearly inefficient in HuH-7
cells, but we managed to produce sufficient amounts of glyco-
sylation-defective HDV virions to carry out in vitro infectivity
assays.

Effects of glycosylation-defective S, M, and L mutants on the
infectivity of HDV particles. Because the M protein is dispens-
able for the in vitro infectivity of HDV virions (31), we chose
to ignore the role of M-specific glycans (N or O linked) in this
process (11). Thus, experiments were conducted with HDV
virions coated only with the S and L proteins in the presence
(SL-HDV) or the absence (ngSL-HDV) of the Asn-146 glyco-
sylation site. For infection assays, primary human hepatocyte
cultures were used as susceptible cells after their isolation from
residual human liver tissue that was not usable for liver trans-
plant (donor patients were free of any HBV or HDV markers,
including HDV RNA and anti-HDAg antibodies in their sera)
(12, 33). For the preparation of the inocula, culture fluids
collected from HuH-7 cells at days 6, 9, and 12 posttransfection
were pooled and clarified by centrifugation at 5,000 � g for 1 h
at 4°C and viral particles were concentrated by precipitation in
the presence of 10% PEG as described above. Inocula were
adjusted to 108 genome equivalents/ml in serum-free medium,
resulting in a 2� concentration of HuH-7 supernatant for the
SL-HDV particles and a 17� concentration of that for the
ngSL-HDV particles. Primary hepatocytes (2 � 106 cells/35-
mm-diameter well) were exposed to wt SL-HDV or ngSL-
HDV in duplicate cultures for 16 h on day 3 postseeding in the
presence of 4% PEG 8000 (14). Cells were harvested at day 9
postexposure for measurement of intracellular genomic and
antigenomic HDV RNA. The antigenomic HDV RNA (a rep-
licative intermediate of the viral genome), which is absent in
extracellular virions, served as a marker of infection (31). As
previously described (33), in cases of successful infection, the
level of intracellular HDV RNA is undetectable prior to day 6
postinoculation and reaches a maximum level at day 9. Be-
cause infections are abortive in the absence of HBV, the in-
tensity of the intracellular HDV RNA signal at day 9 is con-
sidered proportional to the infectivity of the inoculum. As
illustrated in Fig. 3, both intracellular genomic and antigeno-
mic HDV RNAs were detected in hepatocytes exposed to
SL-HDV or ngSL-HDV particles whereas only the genomic
form was present in the inoculum. This clearly indicated that
ngSL-HDV particles were infectious in vitro. Although the
relative infectivity of ngSL-HDV could not be estimated pre-
cisely, these results were reproducible with different prepara-
tions of virions or hepatocyte cultures and in the absence of
PEG in the inoculum. As expected, S-HDV particles were not

infectious, as evidenced by the absence of intracellular HDV
RNA at day 9 postexposure.

Our results demonstrate that N-linked glycans on HBV en-
velope proteins are not required for HDV entry in vitro, and
only the presence of unglycosylated S and L proteins at the
virion surface is sufficient for infectivity. It is noteworthy that
the Duck hepatitis B virus, the avian member of the Hepadna-
viridae family, lacks carbohydrates at the virion surface, as the
viral envelope consists of only two (S and L) unglycosylated
proteins (27). In contrast, S and L HBV envelope proteins
appear invariably under glycosylated and unglycosylated forms.
The strict conservation of the N glycosylation sites among all of
the HBV genotypes therefore suggests an important role for
the envelope protein carbohydrates in the HBV life cycle in
vivo (25). Previous studies had demonstrated that N-linked
glycosylation at Asn-146 in the S domain was not necessary for
the secretion of subviral or mature HBV particles, although
virion secretion may be affected by the absence of glycans on
the M protein (2, 3, 23). This finding was somewhat surprising,
since HBV may be assembled and secreted in the absence of M
and the resulting SL-coated virions were infectious in vitro (5,
11). It was then proposed that glycosylation of the M protein
could function as a regulator of HBV secretion. However, a

FIG. 3. Infectivity of HDV particles coated with N-glycan-defective
HBV envelope proteins based on RNA blot hybridization analysis of
HDV RNA extracted from primary hepatocytes exposed to S-HDV,
SL-HDV, and ngSL-HDV particles. In this experiment, 2 � 106 cells
were exposed to approximately 108 genome equivalents of wt or mu-
tant HDV particles. Infection assays were performed in duplicate
cultures. Five micrograms (1:5) of total cellular RNA extracted from
106 cells harvested 12 days after inoculation was analyzed for the
presence of genomic (A) or antigenomic (B) HDV RNA. RNA ex-
tracted from 0.5 ml of inoculum was analyzed under the same condi-
tions. RNA was separated on a 1.5% agarose–2.2 M formaldehyde gel,
transferred to nylon membranes, and hybridized to strand-specific
32P-labeled HDV RNA probes. Following hybridization, the filters
were washed, dried, and autoradiographed at �70°C for 12 h with an
intensifying screen. The size in kilobases of HDV genomic and anti-
genomic RNA is indicated.
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precise understanding of the N- or O-linked glycans in the
HBV replication cycle still awaits further investigation, but one
can speculate that glycosylation of HBV envelope proteins is
dispensable in vitro yet essential in vivo in ensuring the stability
of circulating virions. Carbohydrates at the surfaces of envel-
oped animal viruses are often instrumental at one or several
steps of the replication cycle, including infectivity (8–10, 18, 21,
28). For instance, they can protect from antibody-mediated
immune recognition by hiding a specific epitope that is either
involved in binding to the viral receptor or, more generally,
susceptible to neutralizing antibodies (29). As for HDV, car-
bohydrates of the envelope proteins are functional for virion
morphogenesis as nonessential regulators but nonfunctional
for in vitro infectivity. Under the reasonable assumption that
HBV and HDV utilize the same receptor at the human hepa-
tocyte surface, envelope protein glycans are not expected to be
necessary for the in vitro infectivity of HBV either. This ex-
pectation, however, remains to be proven. The possibility that
carbohydrates contribute to the infectivity of HBV while being
dispensable for that of HDV cannot be excluded, since the
selective pressure that has led to their conservation among all
of the HBV genotypes has not been exerted on HDV. Glyco-
sylation may be just one more property of the HBV envelope
proteins that HDV does not fully require for its own survival.
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