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We have used the duck hepatitis B virus (DHBV) model to study the interference with infection by a
myristoylated peptide representing an N-terminal pre-S subdomain of the large viral envelope protein. Al-
though lacking the essential part of the carboxypeptidase D (formerly called gp180) receptor binding site, the
peptide binds hepatocytes and subsequently blocks DHBV infection. Since its activity requires an amino acid
sequence involved in host discrimination between DHBV and the related heron HBV (T. Ishikawa and D.
Ganem, Proc. Natl. Acad. Sci. USA 92:6259–6263, 1995), we suggest that it is related to the postulated
host-discriminating cofactor of infection.

The characterization of viral and cellular proteins that take
part in attachment and entry of viruses into susceptible host
cells is a key objective in molecular virology (11). While a
substantial body of knowledge about these early infection
events has been achieved for a number of viruses (22), a com-
parable understanding of hepadnavirus entry into hepatocytes
is still lacking. This particularly holds true for human hepatitis
B virus (HBV), the causative agent of B-type hepatitis, since in
vitro infections are still restricted to the use of primary human
hepatocytes (15). Therefore, many studies have been carried
out with primary duck hepatocytes (PDHs), which are suscep-
tible to the related duck HBV (DHBV) (18). The recent iden-
tification of duck carboxypeptidase D (duCPD) (formerly
called gp180) as one receptor component for DHBV (2, 8, 9,
17, 19), the mapping of a pre-S sequence that determines host
specificity between DHBV and the related heron HBV
(HHBV) (6, 16; T. Ishikawa, personal communication), and
the characterization of duCPD interaction with an extended
pre-S domain in the large viral surface protein (5, 17, 20, 21)
have directed particular attention to this animal model.

The envelope of DHBV encloses the large (L) and the small
(S) viral surface proteins. Both proteins are encoded in a single
open reading frame such that the L protein contains the com-
plete S part, which serves as a membrane anchor, and an
additional N-terminal extension of 161 amino acids called
pre-S (14). The L protein of DHBV is myristoylated at glycine
2 of its amino terminus. Replacement of this glycine by an
alanine abolishes myristoylation and leads to a significant loss
of virus infectivity (10). Since myristoylation was also shown to
be important for HBV infection (4), this modification plays an
important role in hepadnaviral infection in general.

DHBV infection of duck hepatocytes can be inhibited by an
excess of noninfectious subviral particles (SVPs), which corre-
spond to empty virus shells containing only the membrane-

embedded L and S proteins (7). Similar effects were observed
with Escherichia coli-derived DHBV pre-S polypeptides
(Dpre-S). Infection inhibition occurs through direct interfer-
ence with the duCPD receptor binding (19) when a Dpre-S
subdomain (amino acids 30 to 115) is used. However, an ap-
proximately 30-fold-higher specific inhibitory activity of SVPs
compared to recombinant Dpre-S suggests that an additional
inhibitory activity within the L or S protein might be present in
SVPs. In this investigation, we confirmed this hypothesis and
identified a second pre-S domain, which is probably involved in
an additional DHBV entry step distinct from the interaction
with duCPD.

Given the major role of N-terminal myristoylation of the
pre-S domain in the infection process, we investigated the
potential of myristoylated pre-S peptides to interfere with
DHBV infection of PDHs. Furthermore, we focused our in-
terest on only the 41 amino-terminal amino acids, whose im-
portant role in the infection process has been clearly demon-
strated, as they bear a domain determining host discrimination
between DHBV and HHBV (6; Ishikawa, personal communi-
cation).

Figure 1 gives an overview of our present knowledge of the
organization of the DHBV pre-S domain (Fig. 1A) and depicts
the amino acid sequences of the peptides used in infection
competition experiments (Fig. 1B). The internal pre-S subdo-
main, consisting of amino acids 30 to 115, constitutes the
duCPD receptor binding site. As shown by surface plasmon
resonance and two-dimensional nuclear magnetic resonance
analyses, this domain includes an essential, partially �-helical
element (amino acids 86 to 115) and a most-randomly struc-
tured stabilizing part (amino acids 30 to 85) required for high-
affinity complex formation (21). The host-determining pre-S
sequence (amino acids 22 to 37) (6; Ishikawa, personal com-
munication) partially overlaps with the stabilizing part of the
duCPD binding site but definitely requires amino acids that are
N-terminally located. The two synthetic myristoylated DHBV
pre-S peptides used in this study (Dpre-S2-41myr and Dpre-S2-
21myr) are drawn schematically below the complete pre-S se-
quence in Fig. 1A. The primary sequences of Dpre-S2-41myr
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and the two corresponding HHBV and HBV pre-S peptides
are shown in Fig. 1B. Both avian peptides exhibit 57% se-
quence identity, while human pre-S2-48myr (Hupre-S2-48myr)
has no sequence similarity.

Results of in vitro DHBV infection competition experiments
with Dpre-S2-41myr, Dpre-S2-21myr, Hepre-S2-44myr, and Hu-
pre-S2-48myr are summarized in Fig. 2. The Dpre-S2-41myr

peptide interferes with DHBV infection of PDHs in a concen-
tration-dependent manner, with 50% inhibition at about 70
nM (Fig. 2A, row 1). In contrast, the shorter peptide Dpre-S2-
21myr had no inhibitory effect (Fig. 2A, row 2) even at concen-
trations of up to 400 nM. The HBV derivative Hupre-S2-48myr

did not affect the viral infection level (Fig. 2A, row 4). Notably,
when applied at higher concentrations, Dpre-S2-21myr and Hu-
pre-S2-48myr reproducibly enhanced infection slightly, for un-
known reasons (Fig. 2 and data not shown). Thus, inhibition of
DHBV infection by Dpre-S2-41myr is species specific with re-
spect to mammalian and avian hepadnaviruses and requires
amino acids 22 to 41 of the L protein. Since this sequence has
been shown to be important in host discrimination between
HHBV and DHBV (6; Ishikawa, personal communication), we
also tested the respective HHBV peptide for interference with
DHBV infection. As shown in Fig. 2A, row 3, Hepre-S2-44myr

competed DHBV infection even better than the genuine
DHBV homologue (about 10 nM Hepre-S2-44myr was needed
for 50% inhibition). Quantification of these results (Fig. 2B)
indicates that Dpre-S2-41myr and Hepre-S2-44myr reduced the
DHBV infectivity level to less than 10% of that of the control.

To investigate whether myristoylation is absolutely essential

for inhibition, we performed the same set of experiments with
the corresponding nonmyristoylated peptides Dpre-S1-41,
Dpre-S1-21, Hupre-S1-48, and Hepre-S1-44. Under compara-
ble conditions (concentrations of between 5 and 400 nM), no
significant interference with infection was observed (data not
shown). However, at higher concentrations, Dpre-S1-41 was
able to notably prevent infection. At 100 �M, infection was
blocked almost completely (Fig. 3). Like for its myristoylated
homologue, activity depends on the presence of amino acids 22
to 41 (Dpre-S1-21 was inactive even at 100 �M) and turns out
to be species specific with respect to the HBV analogue Hupre-
S1-48. Again, we observed about a sevenfold-higher specific
activity for Hepre-S1-44 than for Dpre-S1-41. Taken together,
the results indicate that specific inhibition of DHBV infection
by pre-S-derived peptides is not absolutely dependent on mod-
ification with myristic acid but is drastically improved, by a
factor of �100.

We next asked whether Dpre-S2-41myr can target hepato-
cytes in the absence of infectious virions. To this end, we
preincubated PDHs with Dpre-S2-41myr for different time pe-
riods at a concentration of 800 nM, removed the surplus in-
hibitor, subsequently added infectious DHBV particles, and
left them for an additional 12 h. As shown in Fig. 4A, pretreat-
ment of PDHs for only 15 min with Dpre-S2-41myr resulted in
a strong reduction of intracellular viral DNA at 7 days postin-
fection. This indicates that the peptide efficiently targets PDHs
and renders them nonsusceptible to subsequent infection. As
Dpre-S2-41myr has no significant effect on DHBV replication
in already-infected PDHs (data not shown), we assume that it

FIG. 1. Schematic illustration of the pre-S domain of the DHBV L protein and the two DHBV pre-S-derived myristoylated peptides
Dpre-S2-41myr and Dpre-S2-21myr (A) and the primary sequences of myristoylated Dpre-S2-41myr, Hepre-S2-44myr, and Hupre-S2-48myr (B) used
in DHBV infection competition experiments. (A) The duCPD (gp180) receptor binding site (amino acids 30 to 115) within the pre-S domain
(amino acids 1 to 161) of the DHBV L protein consists of an essential, partially �-helical subdomain (amino acids 86 to 115) and a most-randomly
structured element (amino acids 30 to 85) which is needed for the formation of a high-affinity complex. Directly adjacent to the receptor binding
site is Ser-118, which becomes phosphorylated (13). Partially overlapping with the stabilizing element but clearly extending it at its N terminus is
the sequence that recovers infectivity of HHBV for PDHs (amino acids 22 to 37). (B) Sequence alignment of the two inhibitory peptides
Dpre-S2-41myr and the homologous Hepre-S2-44myr. Sequence identity is 57%. Note that within the host-determining region (boxed sequence
between amino acids 22 and 37), HHBV pre-S contains the additional insertion 31-PEF-33. The HBV pre-S-derived peptide Hupre-S2-48myr

displays no significant homology to its avian counterparts.
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interferes with an early infection event. In addition to this
functional indication for hepatocyte binding, we could directly
observe that rhodamine-labeled Dpre-S1-41 associates with
PDHs after a 3-h incubation period (Fig. 4B). The same was
true for rhodamine-labeled myristoylated Dpre-S2-41myr at
much lower concentrations (not shown). Taken together, our
data support the assumption that the peptide at least acts on

hepatocytes and thereby interferes with an early infection
event.

With respect to the finding that the sequence required for
restoration of HHBV infectivity in PDHs and the sequence
essential for duCDP-independent infection competition map
to the same location within Dpre-S, we assume that it is the
host-discriminating entry step which is blocked by the pre-S

FIG. 2. Competition of DHBV infection by the myristoylated pre-S-derived peptides Dpre-S2-41myr, Dpre-S2-21myr, Hepre-S2-44myr, and
Hupre-S2-48myr. PDHs (8 � 105) were infected at a multiplicity of infection of �100 in the presence of 5, 20, 50, 100, and 400 nM concentrations
of the respective pre-S peptides. Fourteen hours later, peptides and virus were removed. (A) At 7 days postinfection total intracellular DNA was
extracted and analyzed by dot blotting as described previously (12). (B) Viral DNA was quantified with a PhosphorImager, and results are
presented as percentages of the value for an uncompeted control infection In each group of four bars, results for Dpre-S2-41myr, Dpre-S2-21myr,
Hepre-S2-44myr, and Hupre-S2-48myr are shown from left to right, respectively. Three independent experiments were performed, and results from
one representative experiment are shown.

FIG. 3. Competition of DHBV infection by the nonmyristoylated pre-S-derived peptides Dpre-S1-41, Dpre-S1-21, Hepre-S1-44, and Hupre-
S1-48. PDHs (8 � 105) were infected overnight at a multiplicity of infection of �100 in the presence of 0.2, 1, 5, 20, and 100 �M concentrations
of the respective pre-S peptides. Fourteen hours later, peptides and virus were removed. (A) At 7 days postinfection total intracellular DNA was
extracted and analyzed by dot blot analysis as described previously (12). (B) Viral DNA was quantified with a PhosphorImager, and results are
presented as percentages of the value for an uncompeted control infection. In each group of four bars, results for Dpre-S1-41, Dpre-S1-21,
Hepre-S1-44, and Hupre-S1-48 are shown from left to right, respectively. Two independent experiments were performed.
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peptide inhibitors described here. The ability to directly target
hepatocytes supports this assumption. The fact that both myr-
istoylated and nonmyristoylated inhibitory peptides are able to
associate with hepatocytes suggests that they affect an identical
molecule and that myristic acid only favors this interaction,
possibly by increasing the local peptide concentration at mem-
branes. Interestingly, a recent reinvestigation of the infectivity
of a DHBV Lmyr-negative mutant showed that when applied at
high titers for longer time periods, the mutated virus exhibited
residual infectivity (1). With the hypothesis of an efficient in-
teraction of duck and heron pre-S with a cellular host-deter-
mining factor, the poor infectivity of HHBV for PDHs can be

explained by the lack of a subsequent and specific processing of
Hepre-S, which could, for example, consist of a proteolytic
cleavage.

We cannot, however, exclude the possibility that these in-
hibitory peptides are also able to interact with the viral parti-
cles. Human immunodeficiency virus envelope protein-derived
peptides have similarly been shown to be capable of efficiently
inhibiting the entry of this virus into its host cell. These pep-
tides, by interacting specifically with a defined domain of the
envelope proteins, interfere with the formation of a transient
fusion-active state (3). If this also holds true for hepadnavi-
ruses, we would predict that a peptide corresponding to the
target sequence of Dpre-S1-41 within the L protein will also
exhibit inhibition activity. Identification of such an element
together with the cofactor addressed by the N-terminal peptide
would allow further elucidation of the hepadnaviral fusion
mechanism.
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