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INSERM U812/Institut Pasteur, 75724 Paris, France2; Ruijin Hospital, Department of Infectious Diseases,
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A direct involvement of the PreS domain of the hepatitis B virus (HBV) large envelope protein, and in
particular amino acid residues 21 to 47, in virus attachment to hepatocytes has been suggested by many
previous studies. Several PreS-interacting proteins have been identified. However, they share few common
sequence motifs, and a bona fide cellular receptor for HBV remains elusive. In this study, we aimed to
identify PreS-interacting motifs and to search for novel HBV-interacting proteins and the long-sought
receptor. PreS fusion proteins were used as baits to screen a phage display library of random peptides. A
group of PreS-binding peptides were obtained. These peptides could bind to amino acids 21 to 47 of PreS1
and shared a linear motif (W1T2X3W4W5) sufficient for binding specifically to PreS and viral particles.
Several human proteins with such a motif were identified through BLAST search. Analysis of their
biochemical and structural properties suggested that lipoprotein lipase (LPL), a key enzyme in lipoprotein
metabolism, might interact with PreS and HBV particles. The interaction of HBV with LPL was demon-
strated by in vitro binding, virus capture, and cell attachment assays. These findings suggest that LPL may
play a role in the initiation of HBV infection. Identification of peptides and protein ligands corresponding
to LPL that bind to the HBV envelope will offer new therapeutic strategies against HBV infection.

Attachment of virions to human hepatocyte membrane via
the interaction of the viral envelope protein with a specific cell
surface receptor is considered the initial step of hepatitis B
virus (HBV) infection. Besides host-derived phospholipids, the
envelope of an HBV virion contains virus-derived small
(SHBs), middle (MHBs), and large (LHBs) surface proteins
translated from distinct initiation codons while sharing a com-
mon carboxyl domain (i.e., SHBs). Consequently, LHBs con-
tains an extra N-terminal PreS domain, which is further di-
vided into the amino-PreS1 and carboxyl-PreS2 domains.
MHBs contains the PreS2 domain but lacks the PreS1 domain.
LHBs is associated mainly with infectious virions but can also
be found in smaller amounts on rod-shaped subviral particles.
On the other hand, the spherical subviral particles are com-
posed mainly of SHBs. LHBs plays a pivotal role in the infec-
tion and budding stages of the HBV life cycle. LHBs proteins
in the virion envelope exhibit mixed topologies, with their PreS
domains protruding either inwardly or outwardly (32, 35). For
successful viral attachment to hepatocytes, it is essential that
the PreS domain of LHBs is on the virion surface.

The molecular mechanism of the attachment of HBV to

hepatocytes remains unclear. Nevertheless, a generally ac-
cepted view is of the role of the PreS domain and in particular
residues 21 to 47 of PreS1 (PreS121–47) in mediating HBV
attachment to a putative viral receptor(s) on hepatocytes.
Since Neurath et al. demonstrated the attachment of HBV to
HepG2 cells mediated by PreS121–47 (29), several HBV bind-
ing proteins have been identified. Interleukin-6 was proposed
to contain the recognition site(s) for PreS121–47 (30). A 31-kDa
protein found in HepG2 cell lysate was shown to bind to
PreS121–47 (13). More recently, human squamous cell carci-
noma antigen 1, a membrane protein, was identified in HepG2
cells and shown to interact with PreS121–47 (14). In addition,
immunoglobulin A receptor (31, 34), asialoglycoprotein recep-
tor (43), transferrin receptor (18), apolipoprotein H (28, 42),
polymerized serum albumin (12, 22), annexin V (19), fibronec-
tin (3), and an 50-kDa serum glycoprotein (4) have also been
found to interact with HBV, though not via PreS121–47. These
proteins have no obvious sequence motif in common. Conclu-
sive biological data have not yet been presented to validate any
candidates as truly involved in HBV infection. Efforts to es-
tablish a cell line susceptible to HBV infection were usually
not convincingly successful, since exogenous expression of a
candidate receptor could not confer the susceptibility for
virus infection. It has therefore been postulated that suc-
cessful HBV infection, involving cell attachment, endocyto-
sis, membrane fusion, and postfusion steps, may require
multiple cellular cofactors (11). On the other hand, with the
help of the rapid progresses in screening technology and
bioinformatics, novel receptor or coreceptor candidates will
continue to be discovered.
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Undoubtedly, the study of virus-cell interaction will help the
development of effective antiviral drugs (10). HBV attachment
to hepatocytes is a potential target for antiviral intervention.
Molecules or ligands specifically binding to HBV will likely
interfere with viral attachment and hence reduce or block
infection. Ideally, these molecules may mimic the structural
features of the putative HBV receptor. Among various tech-
nologies for ligand discovery, phage display has evolved into
one of the main approaches. Filamentous phage display librar-
ies of random peptides have proven to be an excellent source
of diverse ligands for many proteins as well as a rich source of
information regarding structure-function relationship of pro-
teins and protein-protein interactions (5, 39).

In this study, we used recombinant PreS fusion proteins as
baits to screen a phage display library of random peptides, with
an aim to identify a common PreS-binding motif(s) as a ther-
apeutic candidate. Furthermore, this approach will lead to the
discovery of novel HBV-interacting proteins and possibly the
long-sought receptor. Several PreS-binding peptides were ob-
tained, and three representative peptides bound predomi-
nantly to PreS121–47. These peptides contain a consensus motif
that alone could bind to PreS specifically and capture HBV
particles. Several human proteins containing such a motif were
found through a BLAST search. Analysis of these proteins
suggested that the lipoprotein lipase (LPL) represents a novel
HBV binding protein interacting with the PreS region.

MATERIALS AND METHODS

Phage display library. The gene for the pVIII protein of phage M13 was
amplified by PCR with VCSM13 (Stratagene, La Jolla, CA) as the template and
inserted into pCANTAB5E (Amersham Pharmacia, Uppsala, Sweden), replac-
ing the original gene III. The new vector, designated pFuse8, was used as
parental vector for pVIII-based phage display. For construction of the library, an
antisense oligonucleotide (5�-ATTGCGGATCCACACC(MNN)12GCCTGCTG
CCATTGCTGGCT-3�, where N is A, T, C, or G and M is A or C) was synthe-
sized. A complementary primer (5�-CAGCAATGGCAGCAGGC-3�) was an-
nealed to the 3� end of the long oligonucleotide, followed by filling in with
Klenow polymerase to generate double-stranded DNA, which was digested with
BamHI and ligated into pFuse8 precut with SfiI and BamHI. Transformation was
performed with XL1-Blue F� competent cells (Stratagene) by electroporation.
The phage library was established by coinfection of the transformed cells with
helper phage VCSM13 (multiplicity of infection, 10:1) as previously described
(48). To assess the randomness, a phagemid pool from the library was prepared
for DNA sequencing with a T7 DNA sequencing kit (Amersham Pharmacia)
according to the manufacturer’s instruction.

PreS fusion proteins. pThioHis-PreS and pTXB1-PreS were constructed for
the production of thioredoxin-fused PreS (Thio-PreS) and chitin binding do-
main-fused PreS (CBD-PreS) in Escherichia coli, respectively, as described pre-
viously (14). Thio-PreS proteins were purified with the ProBond nickel-chelating
Sepharose resin (Invitrogen, Carlsbad, CA) and desalted with Sephadex G25
(Amersham Pharmacia). Chitin resin was used for the preparation of CBD-PreS-
coupled beads according to the manufacturer’s instruction (New England Bio-
labs, Ipswich, MA). Protein concentrations were determined with the Bradford
assay (New England Biolabs). For in vitro binding assays, the full-length and
truncated PreSs were PCR amplified and inserted in pMAL-C2x (New England
Biolabs) in frame with the maltose binding protein (MBP).

Library screening. Five rounds of affinity screening were performed. In the
first two rounds and the last round, microwells (Nunc, Roskilde, Denmark) were
coated with Thio-PreS (1 �g/well) overnight in 0.1 M bicarbonate (pH 9.5) at 4°C
and saturated with 10% nonfat milk in phosphate-buffered saline (PBS) for 2 h
at room temperature, and then 1011 phage in 100 �l PBS were applied to the
Thio-PreS-coated wells and incubated for 1 h at room temperature. CBD-PreS-
coupled chitin resins were used in the third and the fourth rounds of screening.
Briefly, 1011 phage were mixed with 30 �l of the CBD-PreS-coupled beads and
incubated on a rotating wheel for 10 min at room temperature. After washing
four times with PBS containing 0.05% Tween 20, the bound phage were eluted

with glycine-HCl, pH 2.0. The acidic elution was quickly neutralized with 2 M
Tris base solution. Eluted phages were propagated and precipitated with 0.1
volume of 20% polyethylene glycol 8000–3 M NaCl for the next round of
panning.

GST pull-down assays. Glutathione S-transferase (GST), GST-peptide, and
GST fused to the carboxyl domain of LPL (LPLc) were produced in E. coli and
purified with glutathione-Sepharose beads (Amersham Pharmacia) according to
the manufacturer’s instruction. In binding assays, 20 �l of beads fully loaded with
GST-peptide or GST (in comparable amounts as verified by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis [SDS-PAGE]) were mixed with 10 �g
of MBP-PreS in 400 �l PBS containing 0.05% Tween 20. After incubation on a
rotating wheel for 1 h at room temperature, beads were washed thoroughly with
PBS containing 0.05% Tween 20. Bound MBP-PreS fusion proteins were re-
solved by SDS-PAGE and analyzed by Western blotting. An anti-PreS1 mono-
clonal antibody (MAb), 125E11 (21, 47), and an anti-MBP MAb (Santa Cruz
Biotechnology, Santa Cruz, CA) were used as primary antibodies in Western
blotting. Signals were visualized using the enhanced chemiluminescence method
with a horseradish peroxidase-labeled rabbit anti-mouse immunoglobulin (Dako,
Carpenteria, CA).

Determination of peptide sequences. Peptide sequences were deduced from
sequences of the inserts of randomly picked individual phagemids. Alignment of
the peptides were performed with the Vector NTI Suite (InforMax) with manual
adjustment. Peptide-protein BLAST searching was performed online (http:
//www.ncbi.nlm.nih.gov/BLAST/) using the program of “short, nearly exact
matches”.

cDNA clones and expression plasmids. Total RNA was extracted with the
TRIzol reagent (Invitrogen) from human adipose tissues (Ruijin Hospital,
Shanghai, China) and used as the template for random-primed reverse transcrip-
tion with Superscript II (Invitrogen). The full-length cDNA of human LPL was
assembled by overlapping PCR using gene-specific primers and inserted into
pcDNA3 (Invitrogen) in frame and upstream of the FLAG (DYKDDDDK) tag.
Mutations resulting in Trp393Trp3943AlaAla were introduced by overlapping
PCR with the internal primers containing the mutations. The coding sequence of
the carboxyl domain of LPL (LPLc, amino acids [aa] 313 to 448) was amplified
by PCR and inserted into pGEX-2T (Amersham Pharmacia) to create a GST-
LPLc expression plasmid. For the expression plasmid of FLAG-LPLc, the GST
fragment in pGEX-LPLc was replaced by FLAG.

cDNAs for the extracellular domains of signal-regulatory protein b2 (SIRP-
b2) and prolactin receptor were obtained from human liver and adipose tissue by
reverse transcription-PCR with gene-specific primers (SIRP-b2, 174f [5�-AAGT
GGCAGGTGAGGAGGAG-3�] and 1163B/r [5�-ATAGGATCCAGGGGTAG
CATCTGAGC-3�]; prolactin receptor, 292f [5�-AACTTCTGATACATTTCCT
G-3�] and 1013B/r [5�-ATAGGATCCACACGGTTGTATC-3�]) and inserted
into pcDNA3 (Invitrogen) in frame and upstream of a FLAG-coding sequence.

For expression of GST-fused peptide, an oligonucleotide duplex encoding the
peptide was inserted into pGEX-2T in frame with GST. All of the above-
mentioned constructs were verified by sequencing. pcDNA3-SHBs contains the
coding sequence for HBV small envelope protein (subtype adr-1) driven by the
cytomegalovirus early promoter in pcDNA3.

Transient transfections and eukaryotic expression. HepG2 and COS cells
were cultured in Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal calf serum at 37°C and 5% CO2. To prepare HBV virions and subviral
particles composed of only SHBs, p3.6II (17, 24) or pcDNA3-SHBs was trans-
fected into HepG2 cells by the calcium phosphate precipitation method (24). At
72 h posttransfection, the medium supernatants were collected and concentrated
with Centricon YM-100 (Millipore). HBsAg production was assessed by enzyme-
linked immunosorbent assay (ELISA) with an HBsAg diagnostic kit (SABC,
Shanghai, China). For the production of LPL, COS cells were transfected with
expression plasmid for FLAG-tagged wild-type or mutant LPL. At 72 h post-
transfection, cell lysate was prepared by sonication on ice and concentrated with
Centricon YM-10 (Millipore). The production of LPL was verified by Western
blotting with an anti-FLAG MAb (Sigma, St. Louis, MO).

ELISAs. For phage enzyme-linked immunosorbent assay (ELISA), about 1011

phage were applied to microwells coated with purified thioredoxin or Thio-PreS
protein (1 �g/well) and incubated for 1 h at room temperature. After washing
with PBS containing 0.05% Tween 20, bound phage were detected with an
HRP-labeled anti-M13 MAb (Amersham Pharmacia).

In virus capture assays, N-biotinylated consensus (pC, biotin-S-G-S-G-W-T-
N-W-W-S-T) and mutant (pM, biotin-S-G-S-G-W-T-N-A-A-S-T [mutated resi-
dues are underlined]) peptides were synthesized (GL Biochem, Shanghai,
China). Twenty micrograms of each peptide was dissolved in 10 �l of dimethyl
sulfoxide and diluted with 1 ml PBS containing 0.1% Tween 20. Biotin-conju-
gated peptides (100 �l/well) were immobilized on streptavidin-coated plates
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(Roche, Mannheim, Germany). PBS-diluted HBV serum samples (viral titer
determined by real-time PCR; provided by Ruijin Hospital, Shanghai, China)
were mixed with an equal volume of an HRP-labeled anti-HBs (SABC) accord-
ing to the instructions of the manufacturer and incubated in the peptide- or
LPL-coated wells for 1 h at 37°C, followed by washing with PBS containing
0.05% Tween 20. Color was developed using the TMB method as described
previously (15). For experiments on peptide-HBV interaction, concentrated me-
dium containing HBV particles or SHBs-only subviral particles was added to
peptide-coated wells (�10 �g HBsAg/well) together with the HRP-labeled anti-
HBs. In virus capture assay with LPL-FLAG, the recombinant proteins in cell
lysates were immobilized on streptavidin wells precoated with biotinylated anti-
FLAG (Sigma). In virus capture assay with purified bovine LPL (bLPL) (Sigma),
bLPL in PBS was directly applied to microwells.

HBV attachment studies. The human monocyte cell line THP-1 was cultured
in RPMI 1640 supplemented with 10% (vol/vol) fetal calf serum. For macro-
phage differentiation (16, 26), cells were suspended in 1.6 � 10�7 M phorbol
12-myristate 13-acetate (Sigma) in growth medium and plated in 24-well Falcon
multidishes (2 � 105 to 5 � 105 cells/well). After 24 h of induction with phorbol
12-myristate 13-acetate, 10 nM dexamethasone (Sigma) was added to the me-
dium and incubated for 48 h to stimulate the production of LPL (26).

For the detection of LPL expression on the cell surface, we used anti-LPL
MAb 5D2 (10 �g/ml; kindly provided by J. D. Brunzell) (8). Heparin treatment
(10 mg/ml) was used to remove LPL from the cell surface. For studies of
HBV-cell interaction via LPL, THP-1 macrophages were washed with PBS and
incubated with 1.5 ml/well of prechilled RPMI 1640 medium containing 30 to 50
�l of HBV-positive serum (containing approximately 1 � 107 to 2 � 107 copies
of HBV DNA) for 4 h at 4°C. Cells were washed and fixed with 4% paraformal-
dehyde in PBS, and the virus bound to the cell surface was detected by incubating
cells for 45 min at room temperature with anti-HBs MAb (1:500; MAb 3E7;
Dako) or fluorescein isothiocyanate (FITC)-labeled polyclonal anti-HBs anti-
body (1:50; ab32914; Abcam). In the competition assay, cells were incubated with
HBV in the presence of anti-LPL MAb 5D2 (10 �g/ml) prior to detection with
FITC-labeled polyclonal anti-HBs. Cells were mounted in Vectashield mounting
medium (Vector Laboratories, United Kingdom) and examined by fluorescence
microscopy. The staining by FITC-labeled anti-HBs was directly visualized. The
bound primary MAb was detected with Alexa 488-labeled rabbit anti-mouse
immunoglobulin G (Molecular Probes).

RESULTS

Identification of PreS-binding peptides by screening a
phage display random peptide library. For the screening of
PreS-binding peptides, an M13-based phage display library of
linear 12-mer random peptides was constructed. The peptides
were fused in frame between a signal peptide derived from
M13 protein pIII and the major surface protein pVIII (Fig.
1A). In this way, the peptides can be displayed on the phage
surface in multiple copies, since a single M13 phage contains
several thousand copies of pVIII. Such a multivalent display of
the peptide may facilitate the identification of weak peptide-
bait interactions. The library was estimated to contain at least
5 � 108 independent clones. The randomness of the library was
verified by sequencing the inserts of a phagemid pool, which
indicated a sufficient diversity of peptides (data not shown).

Meanwhile, efforts were made to produce the PreS domain
(PreS1 plus PreS2) as the bait for the screening. PreS alone
produced in E. coli is usually vulnerable to degradation and
mainly insoluble (data not shown). Therefore, several fusion
partners were tested with PreS to achieve better stability and
solubility. Thio-PreS and CBD-PreS turned out to be stable
and soluble and were subsequently purified (Fig. 1B) (15).

Thio-PreS and CBD-PreS were used alternatively as baits in
the screening to minimize the possibility of enriching phages
that bind only to the fusion proteins or tags. After five rounds
of screening, the phage pool showed a significantly enhanced
capability of binding to the immobilized Thio-PreS proteins
than the thioredoxin proteins (Fig. 1C), indicating the enrich-
ment of PreS-binding phages. A total of 26 clones were ran-

FIG. 1. Library construction, screening, and verification of PreS-binding phages. (A) A phage library was constructed for the surface display
of linear 12-mer peptides (X12). The pIII secretion signal facilitates the transport of the fusion peptide to the phage surface. The arrows indicate
the cleavage site for the signal peptide by pelB and the glycine tether for enhanced flexibility for the peptide. (B) Recombinant Thio-PreS (left)
and CBD-PreS (right) were analyzed by SDS-PAGE. Lanes 1 and 4, E. coli lysate before IPTG (isopropyl-�-D-thiogalactopyranoside) induction;
lanes 2 and 5, E. coli lysate after IPTG induction; lanes 3 and 6, the affinity-purified products. PreS fusions are indicated by arrowheads. (C) The
PreS-binding property of the enriched phage pool after the final round of screening was assessed by phage-ELISA. Closed circles, assay with
Thio-PreS; open circles, assay with thioredoxin; triangles, phages from the original library assayed with Thio-PreS. OD450, optical density at 450
nm. Error bars indicate standard deviations.
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domly picked from the final phage pool and propagated. The
PreS-binding specificity of each phage on Thio-PreS-coated
microwells was assessed by phage ELISA (data not shown),
and that on CBD-PreS-coupled chitin beads was assessed by
directly determining the titer of the bound phages (Table 1).
Phages showing a high background interaction with fusion tags
(CBD-PreS/CBD ratio of �5) were excluded. Consequently,
13 phages were verified to possess specific PreS-binding activ-
ity. The coding sequences of peptides were determined, and
the corresponding peptide sequences were deduced. Among
them, p5 and p18 occurred twice and four times, respectively
(Table 1). An interesting feature of these peptides is the fre-
quent presence of tryptophan residue.

The peptides bind to residues 21 to 47 of PreS1. Peptides p2,
p5, and p18 were chosen for further characterization due to
their relatively higher PreS-binding specificities (Table 1). To
verify whether these peptides truly interact with PreS, in vitro

binding assays were performed. The GST-fused peptides were
produced in E. coli. To avoid the fusion tags employed in
screening, MBP-PreS was used in binding assays. Bound MBP-
PreS proteins were detected with a monoclonal antibody
against PreS1 (Fig. 2A) or MBP (Fig. 2B). As shown in Fig. 2A,
all the GST-peptides (lanes 2 to 4) but not GST (lane 5) could
bind to MBP-PreS. Moreover, these GST-peptides did not
bind to MBP (Fig. 2B, lanes 3, 5, and 7). These results indicate
that p2, p5, and p18 can bind to the PreS domain of LHBs.

To determine the precise site where these peptides bind
within PreS, several PreS fragments (aa 1 to 20, 21 to 47, 47 to
174, 1 to 65, 66 to 119, and 120 to 174) were fused to MBP and
used in GST pull-down assays (Fig. 2C). The results indicate
that residues 21 to 47 of PreS (PreS121–47) was recognized by
these peptides (lanes 3, 8, and 12). A higher background of
nonspecific binding was observed with p5 (Fig. 2C, lanes 13
and 14, and data not shown), likely owing to there being more
hydrophobic residues present in this peptide. The results of the
mapping experiment are interesting, since the full-length PreS
was used in the screening but apparently the peptides interact
almost exclusively with PreS121–47. It is noteworthy that these
peptides bound more stably to residues 1 to 65 of PreS
(PreS1–65) (Fig. 2C, lane 4, and data not shown), which covers
PreS121–47. Consequently, PreS1–65 was used in subsequent bind-
ing assays.

Identification and mutational analysis of the consensus se-
quence for PreS-binding peptides. Since the selected peptides
all bind to PreS121–47, there might be a common PreS-inter-
acting motif. In addition, we noticed a high frequency of tryp-
tophan in all enriched peptides, which implies a common fea-
ture required for PreS binding among these peptides. Alignment
of the peptides revealed, with the exception of p20, a putative
PreS-binding consensus pentapeptide, W1T2X3W4W5 (Fig. 3A).
The three tryptophan residues are highly conserved. Residues

TABLE 1. Peptide sequences of PreS-binding phages derived from
screening a phage display library of linear 12-mer

random peptides

Peptide Sequence Frequencya CBD-PreS/
CBD ratiob

p1 G-G-W-T-Q-W-W-W-T-A-F-Y 1/13 10
p2 N-N-W-W-Y-W-W-D-T-L-V-N 1/13 12
p5 G-L-W-R-F-W-F-G-D-F-L-T 2/13 10
p12 Q-M-M-L-T-L-L-W-A-F-W-Y 1/13 9
p15 M-S-E-A-L-W-T-A-W-T-Q-W 1/13 9
p17 M-T-G-R-L-I-S-W-W-W-S-L 1/13 5
p18 W-T-D-M-F-T-A-W-W-S-T-P 4/13 16
p19 G-L-W-R-F-W-F-G-D-F-L-T 1/13 5
p20 W-V-E-Y-M-Y-S-W-I-P-T-A 1/13 6

a Occurrence among the total of 13 specific PreS-binding clones.
b Number of bound phages eluted from CBD-PreS-coupled beads divided by

that eluted from CBD-coupled beads.

FIG. 2. GST pull-down assays for the verification of PreS-binding properties of the peptides. (A) Western blot with anti-PreS1 MAb 125E11.
An equal amount of MBP-PreS was applied to beads conjugated with GST-p2 (lane 2), GST-p5 (lane 3), GST-p18 (lane 4), and GST (lane 5). Lane
1 shows the input of MBP-PreS. (B) Western blot with anti-MBP MAb. Comparable amount of MBP-PreS (lanes 4, 6, and 8) and MBP (lanes 3,
5, and 7) were applied to beads conjugated with GST-p2 (lanes 3 and 4), GST-p5 (lanes 5 and 6), and GST-p18 (lanes 7, 8). Lanes 1 and 2 show
the MBP and MBP-PreS inputs, respectively. (C) Mapping of the peptide binding site within PreS. Comparable amount of indicated MBP-PreS
fragments were applied to beads conjugated with GST-p18, GST-p2, or GST-p5. PreS fragments as MBP fusion proteins are denoted above each lane.
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with hydroxyl side chains, such as threonine or serine, were
observed at the second position of this motif in several pep-
tides. On the other hand, the residue at the third position
seems to be relatively more flexible.

To determine whether this consensus peptide can bind to
PreS and to define the residues critical for PreS binding, mu-
tational analysis was performed. GST-fused wild-type and mu-
tant peptides were incubated with MBP-PreS1–65. As shown in
Fig. 3B, the wild-type GST-consensus peptide (pC) could bind
to MBP-PreS1–65 (lane 4) but not to MBP-PreS1–20 (lane 3),
while alanine-substituted mutant GST-peptides either were
unable to bind (Fig. 3B, lane 6, and C, lane 9) or showed a
much reduced binding (Fig. 3C, lanes 2, 4, 6, and 7). Phenyl-
alanine is a hydrophobic residue with a side chain of a benzene
ring and might be a potential substitution to tryptophan in the
consensus peptide. In fact, both FTXWW and WTXWF were
found in some enriched peptides (p5 and p18). Thus, the first
and last tryptophans were replaced with phenylalanine, respec-
tively. No apparent difference in the interaction with MBP-
PreS1–65 was observed using phenylalanine-substituted GST-
peptides (Fig. 3C, lanes 3 and 8). Moreover, threonine at the
second position could be replaced by serine without affecting
PreS binding (Fig. 3C, lane 5).

HBV particles can be captured by the consensus peptide. To
investigate whether the consensus peptide is able to bind to
HBV particles, virus capture assays were performed. To facil-
itate peptide coating on a solid surface, biotin was conjugated
to the N terminus of the peptide during synthesis, separated by
a flexible short spacer (G-S-G-S) (Fig. 4A). As shown in Fig.
4B, the wild-type peptide but not the mutant peptide showed a
strong binding to viral particles produced by HepG2 cells
transfected with p3.6II, which contains a terminally redundant,
replication-competent HBV genome capable of producing
both HBV virions and subviral particles (9, 17, 24). To assess
whether the wild-type consensus peptide may bind to small
envelope protein which lacks PreS, subviral particles composed
of SHBs were prepared from HepG2 cells transfected with

pcDNA3-SHBs. The results of capture assay showed that the
wild-type consensus peptide bound poorly to SHBs (Fig. 4B).
Therefore, there is little interaction between the wild-type pep-
tide and SHBs. Taken together with the GST pull-down re-
sults, this indicates that the consensus peptide can capture viral
particles via its interaction with the PreS1 domain of LHBs.
Furthermore, virus samples (adr or adw serotype) from chronic
hepatitis B patients were serially diluted and incubated in
peptide-coated wells. After extensive washing, the bound viral
particles were revealed by anti-HBs ELISA. The results
showed that only the wild-type consensus peptide could cap-
ture HBV particles (Fig. 4C).

The pentapeptide as a motif to search for potential HBV
binding proteins. The pentapeptide can serve as a motif to iden-
tify potential HBV binding proteins. By performing a BLAST
search in GenBank with the sequence W/F1T2X3W4W/F5, many
proteins bearing such a motif were found. More hits were ob-
tained from the search with WTXWF. However, most proteins in
this case are intracellularly located. Therefore, we focused mainly
on proteins obtained from the search with W/FTXWW, while we
picked a few membrane or extracellular proteins containing the
WTXWF sequence (Table 2). In view of the potential properties
of a putative HBV carrier(s) or receptor(s), possible HBV-inter-
acting proteins were first selected based on cellular location (ex-
tracellular or cell surface) and liver distribution or accessibility.
Next, the topological location of the pentapeptide PreS-binding
motif in each protein was analyzed based on known structural
information or predicted via an online analysis (http://www.ch
.embnet.org/software/TMPRED_form.html#). A few liver-
enriched or -specific membrane proteins are excluded be-
cause their PreS-binding motifs are embedded in the lipid
bilayer (reduced folate carrier protein and multispecific or-
ganic anion transporter-C) or within a signal peptide (renal
dipeptidase). A few proteins are new or hypothetical, so that
little information on their biochemical properties is available.
These proteins will await further characterization. Conse-

FIG. 3. Identification and mutational analysis of a consensus PreS-binding motif. (A) Peptide alignment. Highly conserved residues are shaded
and in bold. The deduced consensus sequence (pC) is W1T2X3W4W5. (B) GST pull-down assays. MBP-PreS11–65 was used for the binding assays
(lanes 2, 4, and 6). Parallel controls were performed with MBP-PreS11–20 (lanes 1, 3, and 5). Lanes 1 and 2, GST-p18; lanes 3 and 4, GST-pC, with
the sequence W1T2N3W4W5; lanes 5 and 6, W4W53AA mutant of GST-pC. (C) GST pull-down assays with A, F, or S residue substitutions. The
substitutions are denoted above each lane.
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quently, LPL, prolactin receptor, and SIRP-b2 were selected
for further investigation.

SIRP-b2 and prolactin receptor are proposed to be single-
pass and membrane-anchored proteins (33, 41) that are par-
ticularly abundant in human liver and variably expressed in
other tissues. The pentapeptide motif in SIRP-b2 is predicted
to be at its long extracellular domain (33). The extracellular
portion of prolactin receptor encompasses about 210 amino-
terminal residues (41). cDNAs of these two proteins were

cloned from human adipose tissue (prolactin receptor) and
liver (SIRP-b2) by reverse transcription-PCR. The extracellu-
lar domain of prolactin receptor or SIRP-b2 was expressed in
cultured mammalian cells and used in virus capture assays.
However, specific viral particle capture was not observed (data
not shown).

LPL binds to HBV. LPL protein is organized into two struc-
turally distinct regions (27, 37), an amino-terminal domain (aa
1 to 312) and a smaller carboxyl-terminal domain (aa 313 to

FIG. 4. Capture of HBV particles by the synthetic consensus peptide. (A) Sequences of the biotin-conjugated synthetic consensus peptide (pC)
and mutant peptide (pM). Pentapeptide sequences are in bold. Mutated residues in pM are indicated in bold italics. The spacers in both peptides
are depicted by arrows. (B) Medium of HepG2 culture transfected with p3.6II (left) or pcDNA3-SHBs (right) was concentrated and applied to
biotin-peptide-immobilized streptavidin-coated wells. Bound particles were revealed by detection of HBs by ELISA. Comparable HBs loads
(normalized by HBs) were assayed. (C) Serially 1:2 diluted HBV sera with an initial 106 viral DNA copies were applied, and bound viral particles
were detected by anti-HBs antibody. OD450, optical density at 450 nm. Error bars indicate standard deviations.

TABLE 2. Proteins with the potential PreS-binding motifa

Proteins Gene Potential motif (aa) Cellular location Tissue distribution

Renal dipeptidase DPEP1 MWSGWWL (1–7) Extracellular Kidney
Reduced folate carrier protein SLC19A1 LWSLWWV (269–275) Membrane Ubiquitous
LPL LPL SWSDWWS (416–422) Extracellular Adipose, cardiac and skeletal

muscle, mammary gland
Multispecific organic anion

transporter-C, isoform 1
ABCC5 AFSTWWL (874–880) Membrane Heart, brain, muscle, kidney

Interleukin-22 receptor 	2, isoform 1b IL22RA2 RFTPWWE (151–157) Extracellular Spleen, placenta
Prolactin receptor PRLR TFTCWWR (43–49) Membrane Abundant in uterus, breast,

kidney, and liver
SIRP-b2 isoform 1 SIRPG NWTSWFL (309–315) Membrane Widely distributed, abundant

in liver
Mucin 5 subtype B MUC5B QWTEWFD (1511–1517) Extracellular Lung, stomach
Cartilage intermediate-layer protein CILP EWTTWFN (55–61) Membrane Articular cartilage
Elongation of very-long-chain fatty

acids
ELOVL1 PWSWWWG (149–155) Membrane Ubiquitous

Solute carrier family 19, member 2 SLC19A2 CWSVWWA (297–303) Membrane Intestinal and renal epithelia
KIAA0821 protein KIAA0821 RWTGWWS (58–64) Membrane NDc

Hypothetical protein LOC401260 LOC401260 AWTRWWR (71–77) Membrane ND
PRP8 pre-mRNA processing factor 8

homolog
PRPF8 RFTLWWS (1533–1539) Nucleus Ubiquitous

Small membrane protein 1 TMEM50A FFTGWWI (32–38) Membrane ND
Interleukin-12B precursor IL12B RFTCWWL (139–145) Extracellular Macrophages, dendritic cells

a BLAST search score, 
19.
b All three isoforms contain the PreS-binding motif. Only isoform 1 is listed.
c ND, not determined.

VOL. 81, 2007 HBV-INTERACTING PEPTIDES 4249



448). Interestingly, the potential PreS-binding motif is located
in a carboxyl-terminal loop exposed on the protein surface,
according to a molecular modeling analysis based on the struc-
ture of human pancreatic lipase (Fig. 5A) (44).

The cDNA of LPL was cloned from human adipose tissue.
To examine whether LPL is able to interact with PreS and
HBV particles, the wild-type (LPLc) and mutant (LPLcm)
carboxyl domains of LPL were expressed as GST fusions in E.
coli and used in pull-down assays. As shown in Fig. 5B, GST-
LPLc could interact with MBP-PreS11–65 (lane 3) but not
PreS11–20 (lane 4). The PreS-binding ability was lost in GST-
LPLcm, where two tryptophan residues (aa 393 and 394) in the
PreS-binding motif were mutated (lane 5). Furthermore, re-
combinant FLAG-tagged LPLc was able to capture HBV par-
ticles (Fig. 5C). Moreover, recombinant full-length LPL with a
C-terminal FLAG tag and its mutant form was prepared from
COS cells and examined by Western blotting (Fig. 5D, upper
panel). Cell lysates were used in virus capture assay. As shown
in Fig. 5D (lower panel), LPL-FLAG was capable of capturing
viral particles, while the corresponding mutant was not.

There is a high homology of LPL protein sequences among
mammalian species (
90%) (Fig. 6A) (36). We further dem-
onstrated that purified bovine LPL had the capacity to capture
HBV via the PreS-binding motif WSNWW, which is well
matched to the consensus motif (bLPL) (Fig. 6B). In this assay,
bLPL was directly applied to microwells, which might lead to
an attenuated binding compared with biotin-labeled peptide.
Nevertheless, these in vitro data demonstrate that LPL is a
novel binding protein of HBV.

LPL bridges HBV virions to the cell surface. LPL is synthe-
sized in extrahepatic tissues (27, 37) and circulates in the blood
in association with lipoproteins (45). LPL has been proposed
to play an important role in the clearance of triacylglycerol-rich
lipoproteins and chylomicron remnants by hepatocytes through
bridging lipoproteins to cell surface receptors (6, 7, 38, 46). In
view of the in vivo biological relevance of LPL, we addressed
the question of whether LPL could play a role as an extrahe-
patic carrier in bridging HBV virions to the cell surface during
viral infection.

Because hepatocytes and hepatic cell lines such as HepG2

FIG. 5. LPL is a novel HBV binding protein. (A) Schematic view of the three-dimensional model of human LPL (25). The PreS-binding motif
is exposed in a surface loop, residues 382 to 396 between the stacked sheets in the C-terminal domain. (B) GST-pC (lanes 1 and 2), GST-LPLc
(lanes 3 and 4), and GST-LPLcm (W393W3943AA) (lanes 5 and 6) were assessed for binding to PreS11-65 (lanes 1, 3, and 5) and PreS11-20 (lanes
2, 4, and 6). (C) Virus capture assay with FLAG-tagged LPLc. HBV particles from serum samples were applied to FLAG-LPLc-immobilized
streptavidin-coated wells. OD450, optical density at 450 nm. Error bars indicate standard deviations. (D) Virus capture by recombinant LPL
produced in COS cells. Upper panel, recombinant LPL protein with a C-terminal FLAG tag (lane 1) and the corresponding mutant (lane 2) from
lysates of transfected COS cells were verified by Western blotting with anti-FLAG MAb. Lane 3, COS cell lysate without transfection. Lower panel,
LPL proteins from cell lysates were applied to anti-FLAG-coated wells and used to capture virus particles.
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can effectively bind to HBV (13, 14, 29) in the absence of LPL
(data not shown), we used the human THP-1 monocyte cell
line to investigate the potential LPL-virus interaction on cell
surface. The production and surface presentation of LPL pro-
teins by THP-1 monocytes after differentiation into macro-
phages are well documented (1, 16, 20, 23, 26, 49). We first
confirmed previous reports that dexamethasone enhances the
expression of LPL by THP-1-derived macrophages (Fig. 7A)
(16), while heparin treatment removes LPL from the cell sur-
face (Fig. 7B) (16, 26). Accordingly, the immunofluorescence
staining showed clearly the binding of HBV from patient se-
rum on the surface of LPL-expressing THP-1-derived macro-
phages (Fig. 7C), which was greatly reduced by heparin treat-
ment (Fig. 7D). Moreover, anti-LPL MAb 5D2, which targets
the PreS-binding motif in LPL (8), was able to block the bind-
ing of HBV to LPL-expressing cells (Fig. 7F). Collectively,
these results suggest that LPL can mediate the attachment of
HBV to cells.

DISCUSSION

A group of HBV PreS-binding peptides were identified in
this study by screening a phage display library of random pep-
tides. Alignment of the peptides led to the discovery of a short
consensus sequence, W/FTXWW/F, with PreS- and HBV-
binding activities. Among 13 identified peptides, four (31%)
with a relatively higher PreS-binding activity in phage ELISA
are identical (represented by p18) (Table 1), which implies that
the enrichment was successful. Analysis of the p18 sequence
revealed two consecutive PreS-binding motifs (WTDMFTAW
WSTP) (underlined and in bold), which may account for its
preferential selection in the screening. A remarkable feature of
these peptides is the high frequency of the tryptophan residue,
which mediates interaction of proteins with lipid/water inter-
faces due to its amphipathic nature. Its structure, with a large
hydrophobic double ring and a nitrogen atom, allows both
hydrophobic and hydrophilic interactions. In this study, the in

FIG. 7. HBV is bridged to the surface of THP-1 cells by LPL.
Differentiated THP-1 cells were incubated with 10 nM dexametha-
sone to stimulate the production of LPL (16). (A and B) Immuno-
staining of LPL expressed on the cells with anti-LPL MAb 5D2
without (A) or with (B) heparin pretreatment. (C and D) Immu-
nostaining of HBV bound to the cells by anti-HBs MAb without
(C) or with (D) heparin pretreatment. (E and F) Competition assay
using FITC-labeled anti-HBs polyclonal antibody for the detection
of HBV binding. Cells were coincubated without (E) or with (F) the
anti-LPL MAb 5D2. DAPI (4�,6�-diamidino-2-phenylindole)-stained nu-
clei are in blue. Signals of FITC- or Alexa 488-labeled antibody are in
green.

FIG. 6. Conservation of the PreS-binding motif in non-human lipoprotein lipases. (A) Sequence alignment around the PreS-binding
motif. The active sites are in bold and underlined. hLPL, human LPL; mLPL, mouse LPL; rLPL, rat LPL; bLPL, bovine LPL. (B) HBV
capture by bLPL. Purified bLPL was directly applied to microwells. BSA, bovine serum albumin as a negative control. OD450, optical density
at 450 nm.
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vitro binding assays with mutant peptides suggest that all the
four residues examined in the consensus peptide (positions 1,
2, 4, and 5) contribute to PreS binding. Among the forces
contributing to peptide-PreS interaction, hydrophobic interac-
tion may play an important role, since replacement of the first
or the last tryptophan with phenylalanine does not impair PreS
binding.

Another important feature of the selected peptides is that
they bind mainly to the region from aa 21 to 47 in the PreS1
domain. It is noteworthy that our search for PreS-binding pep-
tides is not exhaustive, and sequencing more PreS-binding
peptides may reveal new binding sites within the PreS region.
Nevertheless, this remarkable specificity suggests that aa 21 to
47 of the PreS1 domain may form a prominent or stable con-
formation which accounts for the role of this region as the
major cell attachment site of HBV. Given its crucial role in
HBV infection, PreS121–47 is considered a target for antiviral
drug development. Since the peptides identified in this study
are able to bind HBV, they might have an inhibitory effect on
HBV infection by impairing or blocking virus attachment to
hepatocytes. Actually, preincubation of HBV-positive serum
samples with the consensus peptide reduced the binding of
HBV to LPL-expressing THP-1 cells (data not shown).
Whether these peptides can block the infection of primary
human hepatocytes by HBV awaits further study. Thus, the
PreS-binding peptides can be useful tools for development of
specific inhibitors of HBV infection.

The putative cellular receptor of HBV is still the puzzle in
the field of HBV research. Although more than 10 proteins
have been demonstrated to interact with HBV PreS or S pro-
teins in vitro and thus might be potential receptor candidates,
none of them has been experimentally proved to be a bona fide
HBV receptor. In addition, the molecular mechanisms of these
interactions are largely unknown. Previous strategies of search-
ing for HBV binding proteins, including yeast two-hybrid
screening and affinity purification, are based on the interaction
of HBV envelope proteins, in particular the PreS domain, with
cellular proteins. In this study, we adopted a novel approach to
search for putative HBV binding proteins. The deduced con-
sensus peptide presents a motif for an effective interaction with
PreS, providing useful biochemical information for identifica-
tion of novel HBV-interacting proteins. Interestingly, none of
the previously found candidates harbors the WTXWW motif
or a similar one. It is noteworthy that although we have delin-
eated a single consensus PreS-binding motif, our results by no
means rule out other potential interactions which may involve
PreS121–47 and other sites, linear or conformational, on the
PreS or S proteins. Given that some enveloped viruses such as
HCV often interacts with different proteins (receptor and co-
receptors) to mediate cell entry (2), it is very likely that HBV
may also employ a similar strategy of multiple interacting pro-
teins for cell infection.

We found several proteins containing the consensus PreS-
binding motif by BLAST searching. Regarding the putative
carrier or receptor of HBV, several biochemical properties,
including cellular location (membrane spanning or extracel-
lular), tissue distribution (liver distribution or accessibility),
and the topology of the PreS-binding motif were taken into
account to further define the potential candidates. It is note-
worthy that our analysis was not comprehensive regarding

the proteins found from the search with WTXWF, due to
the large number of hits. A more thorough analysis is cur-
rently under way. It also remains to be seen whether a few
completely new or hypothetical proteins (Table 2), for which
there is currently no information on their biochemical prop-
erties, will be able to interact with HBV. These proteins are
under further characterization.

LPL (EC 3.1.1.34) is a key enzyme in lipid homeostasis in
vertebrates, providing intravascular release of fatty acids
from circulating triacylglycerol-rich lipoproteins. LPL is
produced by heart, adipose tissue, and muscle as well as in
small amounts by many other tissues (27, 37). Although LPL
is synthesized in extrahepatic tissues, it circulates in blood in
association with lipoproteins and is cleared by the liver (45,
46). Several studies have shown that LPL enhances the
binding and uptake of lipoproteins by cultured hepatoma
cells and hepatocytes (6, 7, 38) and enhances the uptake of
lipoproteins and lipid emulsions in perfused rat livers (40).
LPL can bind to at least three plasma membrane receptors
(6): (i) heparan sulfate proteoglycans, the most abundant
and widely expressed LPL-binding molecules present at the
surfaces of most cells; (ii) the 	2-macroglobulin receptor/
low-density lipoprotein receptor-related protein (LRP); and
(iii) other members of the LDL receptor family, such as the
LDL receptor, the VLDL receptor, and GP330/LRP2. Mo-
lecular modeling of LPL structure based on the structure of
pancreatic lipase reveals an exposed loop sensitive to chy-
motrypsin located in the C-terminal domain (44). Cleavage
of the peptide bonds between F388-S389 and W390-S391
generates a truncated LPL, whose catalytic activity against
relatively soluble substrates is retained while activity against
chylomicrons is lost (25). Our study demonstrates that this
exposed loop contains a PreS1-binding motif which can in-
teract with PreS1 and HBV viral particles. Moreover, the
LPL-HBV interaction can occur on LPL-expressing or
-binding cells. Therefore, LPL in vitro bears at least two
necessary features of a potential HBV receptor, the PreS
and viral particle-binding activity and the targeting to hepa-
tocytes. The role of LPL in virus transportation or cell
infection with HBV has to await functional studies in vivo or
with an animal model.

Only humans and chimpanzees are the natural hosts of
HBV. Studies with rat hepatoma cells transfected with the
HBV genome and of transgenic mice with an integrated HBV
genome indicate that HBV is capable of replicating once it
bypasses the attachment and entry steps of infection, suggest-
ing that the absence of a specific cellular receptor(s) most
probably constitutes the barrier to HBV infection of nonhu-
man hepatocytes (9). In this regard, the interaction between
LPL and HBV particles does not show species specificity. In
fact, the binding motifs in rodent or bovine LPL are highly
similar to those in human LPL and bLPL can indeed bind to
HBV particles. Thus, LPL is unlikely to be the sole HBV
receptor that determines the species specificity of the virus.
Accordingly, although LPL can bridge HBV to human cells,
when added as exogenous ligand or overexpressed in HepG2
cells, no infection of HepG2 cells was observed (data not
shown). We propose that HBV infection is a multiple-step
process which requires both species-dependent and -indepen-
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dent proteins or receptors. Our findings suggest that the role of
LPL in HBV infection in vivo is worthy of further investigation.
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