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Peptides that block hepatitis B virus assembly:
analysis by cryomicroscopy, mutagenesis and
transfection
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Peptides selected to bind to hepatitis B virus (HBV)
core protein block interaction with the long viral
surface antigen (L-HBsAg) in vitro. High resolution
electron cryomicroscopy showed that one such peptide
binds at the tips of the spikes of the core protein shell.
The peptides contain two basic residues; changing
either of two acidic residues at the spike tip to an
alanine greatly reduced the binding affinity. Transfec-
tion of hepatoma cells with a replication-competent
HBV plasmid gave significantly reduced production of
virus in the presence of peptide, in a dose-dependent
manner. These experiments show that the interaction
of L-HBsAg with core particles is critical for HBV
assembly, and give proof of principle for its disruption
in vivo by small molecules.
Keywords: difference imaging/electron cryomicroscopy/
hepatitis B virus/peptide inhibitors/virus assembly

Introduction

Hepatitis B virus (HBV) consists of an inner nucleocapsid,
comprising the core protein (HBcAg), viral polymerase
and viral DNA, surrounded by a membranous envelope
containing viral surface antigens (HBsAg). There are three
surface antigen proteins [long (L), medium (M) and short
(S)], which share a common C-terminal region but have
different N-termini, arising from variable use of different
initiation triplets within a continuous open reading frame.
The L-polypeptide consists of preS1, preS2 and S regions,
whereas the M-polypeptide consists of preS2 and S
regions. The S region is believed to be predominantly
membrane-bound while the preS regions, which are
important for both viral assembly and attachment to the
host cell during infection, are exposed to the cytosol
on the endoplasmic reticulum when newly synthesized.
However, in some molecules the preS region is translocated
across the lipid bilayer and exposed on the virus surface
(Neurath et al., 1986; Bruss and Ganem, 1991; Ueda
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et al., 1991; Brusset al., 1994). Specific interactions
between the outer surface of the core and the inner surface
of the envelope are likely to guide correct assembly of
the virus and stabilize the resulting particle. Earlier work
has shown that L-HBsAg binds to the core proteinin vitro
(Dyson and Murray, 1995). Furthermore, using phage
display libraries, peptides were selected which themselves
bound to the core protein and blocked the binding of
L-HBsAg to the core protein (Dyson and Murray, 1995).
Such peptides are not found as a continuous sequence
within the L-HBsAg polypeptide but represent mimics of
the site of interaction with the core protein.

The core protein can be expressed efficiently in
Escherichia coli(Paseket al., 1979), where it assembles
into icosahedral shells of two sizes containing either 180
(T 5 3) or 240 (T5 4) subunits (Crowtheret al., 1994).
The subunits are clustered as dimers and each dimer forms
a spike which protrudes on the surface of the shell. Using
electron cryomicroscopy and image processing, a map
of the T 5 4 shell was recently made at 7.4 Å resolution
from images of.6000 individual particles (Bo¨ttcheret al.,
1997). This revealed the fold of the polypeptide chain,
which was largelyα-helical and quite unlike previously
solved viral capsids. Each dimer spike was formed by a
pair of long α-helical hairpins, one from each monomer
in the dimer (Bo¨ttcheret al., 1997; Conwayet al., 1997).
A numbering scheme which superimposed the amino acid
sequence on the fold (Bo¨ttcher et al., 1997) placed the
major immunodominant region of the core protein, at
approximately amino acids 78–82 (Salfeldet al., 1989;
Sällberg et al., 1991), at the tip of the spike.

The methods used to determine the fold of the core
protein have here been applied to locate, by cryomicro-
scopy, the binding sites on the core protein of one of the
peptides that inhibits binding to L-HBsAg. This approach
has now shown the peptide bound to the tips of the spikes,
in both T 5 3 and T 5 4 shells. There are two acidic
residues (Glu77 and Asp78) close to the tip of the core
protein, and the selected binding peptides contain two
conserved basic residues. The importance of these oppos-
itely charged residues in the binding reaction was con-
firmed when mutation of either of the acidic residues in
the protein to alanine was found to greatly reduce the
affinity of the peptides for the altered core shells.

The inhibitory effect of the peptides on the interaction
between core and surface proteins in infected cells was
examined through transfection of permeabilized hepatoma
Hep G2 cells with a replication-competent plasmid carry-
ing a head-to-tail dimer of the HBV genome in the
presence or absence of the peptide. In the presence of the
peptide, production of virus particles was significantly
reduced, providing proof of principle for the concept of
using small molecules to bind to subunit interfaces and
thus interfere with viral assembly.
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Fig. 1. Equatorial sections of standard deviation and density maps. (A–D) are from the T5 3 shells and (E–H) are from the T5 4 shells. The
standard deviation maps in (A), (B), (E) and (F) were each calculated from five independent density maps. The maps in (A) and (E) show the
standard deviation for the native structures, and (B) and (F) for structures plus peptide. (C) and (G) show the standard deviation for the combined
data set of native and native plus peptide (10 maps). (A), (B), (E) and (F) show only the lines of the symmetry axes against a general background,
whereas (C) and (G) have a set of strong peaks at positions corresponding to the tips of the spikes (see text). The sections in (D) and (H) are from
density maps of native structures and show the positions of the spikes in the T5 3 and T5 4 shells. All plots are at the same magnification, such
that the edge of subpanel (H) corresponds to ~400 Å.

Results

Location of the peptide-binding site on the core
protein
Peptides used in these studies are based on those described
previously (Dyson and Murray, 1995) and were synthe-
sized following random mutagenesis of residues flanking
the peptide LLGRMK in the fusion phage B1 and re-
selection against HBcAg in a bio-panning reaction to
obtain derivatives that bind the antigen with improved
affinity. For structural investigations, a peptide (GSLLGR-
MKGA) with high affinity for HBcAg was bound to shells
consisting of full-length core protein. The micrographs
indicated that the population of particles contained ~60%
of T 5 3 and 40% of T5 4 shells. Four three-dimensional
maps were computed from native T5 3 and T5 4 shells
with and without bound peptide. Fourier shell correlations
indicated that all four maps were reliable to spacings of
at least 8.5 Å (see Materials and methods) and so the
final maps were all truncated at this point to ensure
comparability.

Because the expected differences in density arising
from peptide binding were small, standard deviation maps
were calculated, first for the native shell, then for the shell
plus peptide and finally for native and native plus peptide
data combined. In the standard deviation maps from the
single data sets, the positions of the icosahedral symmetry
axes stand out as lines of density against a general low
level noise speckle (Figure 1A, B, E and F). This is the
behaviour expected, since noise on the symmetry axes
does not cancel out as effectively as does noise at general
points during the icosahedral averaging processes used in
computing the map. In the standard deviation maps for
the combined data sets, an additional set of strong peaks
is seen for both T5 3 and T5 4 shells (Figure 1C and G).
These strong peaks, which lie at positions corresponding to
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the tips of the spikes of the core protein, indicate the
regions of greatest difference between the native and the
native plus peptide maps. The equatorial sections shown
each pass through eight spikes. In the T5 3 shell, these
correspond to the dimers on strict and local 2-fold axes
(Figure 1D), whereas in the T5 4 shell all peaks are on
local 2-fold axes (Figure 1H). The dimer spikes are
cut at different angles, which accounts for the different
appearances of the peaks in the standard deviation maps,
but each section hasmm symmetry arising from the
orthogonal 2-fold axes in the section.

Having established objectively from the standard devi-
ation maps the limited extent of the regions of principal
difference between the native and native plus peptide
maps, the density corresponding to the bound peptide
could be visualized in difference maps (Figure 2). For
both shells, we show the native map, the native plus
peptide map and the difference map superimposed on the
native map. In each case, to aid comparison, we focus on
a ring of six dimers. For the T5 3 shell, these lie around
a strict 3-fold axis, with strict and local dimers alternating
(Figure 2A–C). For the T5 4 shell, they lie around a
strict 2-fold axis and comprise the two computationally
independent local dimers (four of one kind and two of
the other) (Figure 2D–F). At the tip of each dimer, the
difference density lies over the cleft between the two
α-helical hairpins and spills a short way down the side of
the dimer spike. The difference densities in the T5 4
map are less well defined, probably because fewer particles
were included. The position of the difference density,
lying across the local 2-fold axes, suggests that only a
single copy of the peptide could be bound at any given
tip, in one of two possible orientations, a situation similar
to that reported for binding of an Fab antibody fragment
to the spike tip (Conwayet al., 1998).
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Fig. 2. Surface representations of T5 3 and T5 4 maps, showing part of the shell viewed down a local 6-fold axis. (A–C) show the T5 3 map
(strict 3-fold view) and (D–F) show the T5 4 map (strict 2-fold view) of shells built from the full-length protein. (A) and (D) represent the native
shell, whereas (B) and (E) show the shells with the peptide GSLLGRMKGA added. In (C) and (F), the difference map between native plus peptide
minus native [(B) – (A) or (E) – (D)] is superimposed in red on the native map. The differences are concentrated at the tips of the spikes. The edge
length of each panel corresponds to ~185 Å.

Chemical cross-linking of peptide to HBcAg
The peptide MHRSLLGRMKGA, which has an enhanced
affinity for HBcAg, was cross-linked to the antigen
particles using 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride (EDC) andN-hydroxysulfo-
succinimide (sulfo-NHS). These reagents link adjacent
primary amino and carboxyl groups to form an amide
bond (Staroset al., 1986). When added to the peptide–
HBcAg complex, they should covalently cross-link the
lysine from the peptide to a neighbouring aspartate or
glutamate from HBcAg, causing its molecular weight to
increase. Figure 3 shows a band shift corresponding to
~1 kDa occurring on SDS–PAGE for a fraction of the
HBcAg, when EDC and sulfo-NHS were added to the
peptide–HBcAg complex. Despite trying the reaction
under various conditions, no yield of.50% of the shifted
protein band was obtained. This is consistent with one
peptide binding to a dimer of HBcAg close to the local
2-fold axis and thus sterically blocking binding of another
peptide to the 2-fold related site, in agreement with the
interpretation of the maps from electron cryomicroscopy.

Mutation of core protein residues important for
peptide binding
The peptides selected by binding fusion phage to the core
protein all contain two basic residues separated by a
hydrophobic residue. This suggests that acidic residues on
the core protein may provide at least part of the binding
site for peptides. Our image analysis shows that the
peptide-binding sites lie at the tip of the spikes which in
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Fig. 3. Gel showing chemical cross-linking results. Lane 1, size
markers (numbers on the left are relative molecular masses in kDa);
lane 2, HBcAg alone; lane 3, HBcAg plus the peptide
MHRSLLGRMKGA and cross-linker; lane 4, HBcAg plus cross-
linker. In lane 3, ~50% of the core protein shows a retarded mobility
equivalent to ~1 kDa.

the proposed numbering scheme for the polypeptide fold
(Böttcher et al., 1997) corresponds to residues in the
region of amino acids 78–82, and there is a glutamic acid
at 77 and an aspartic acid at 78. Accordingly, each of
these residues was mutated in turn to an alanine. The
relative dissociation constants (Kd

Rel) for reactions in
solution between fusion phage 2A-8 carrying the peptide
RSLLGRMK and the wild-type and mutant core proteins
were measured as described previously (Dysonet al.,
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1995). The results shown in Figure 4 indicateKd values
of 0.6 nM for wild-type, 100 nM for the D78A mutant,
and 640 nM for the E77A mutant. Thus, changing Asp78
to alanine reduces the affinity 160-fold and changing
Glu77 to alanine reduces the affinity 1000-fold, indicating
that either or both acidic residues are important in binding
the peptide.

Fig. 4. Measurement of the relative dissociation constant for fusion
phage 2A-8 binding to native and mutant core protein. A competition
assay was used in which fusion phages (carrying the peptide
RSLLGRMK) were incubated with different concentrations of native
or mutant core protein. The fraction of phage still available to bind to
native core protein adsorbed on a solid surface was then measured.
The number of recovered phage (pfux) is represented as a fraction of
the number of input phage (pfuo). TheKd values for the native protein
and the mutants D78A and E77A were 0.6, 100 and 640 nM,
respectively (see text).

Fig. 5. Production of HBV by transfected cells in the presence of various inhibitory peptides. (A and B) Calibration of quantitative radioactive PCR
for measuring viral copy number showing (A) gel electrophoresis of PCR products from serial 2-fold dilutions of an HBV preparation and (B) a plot
of radioactivity against viral copy number. Note the extremely good linear relationship. (C and D) Virus production in the presence of different
peptides, showing (C) radioautographs of PCR products separated by gel electrophoresis and (D) a histogram of radioactivity and corresponding viral
copy number. The gel tracks (C) and histogram columns (D) correspond to peptides as follows: 1, ALLTRILG; 2, GSLLGRMKGA;
3, SLLGRMKGA; 4, SLLGRMKG. The control peptide (1) does not bind to HBcAg, whereas peptides 2–4 bind to HBcAg with different affinities,
the respective IC50 values for inhibition of L-HBsAg binding being 0.8, 2.4 and 6.4µM.
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Peptide reduces virus yield from transfected cells
In order to see whether inhibitory peptides could interfere
with virus productionin vivo, human hepatoblastoma Hep
G2 cells were transfected with a replication-competent
plasmid carrying a head-to-tail dimer of the HBV genome
(pHBV-HTD; Takahashiet al., 1995) in the presence or
absence of peptide. For quantification of the production
of HBV in the culture supernatant, a radioactive PCR
method was used after DNase digestion and immuno-
absorption of HBV particles with a monoclonal antibody
specific for HBsAg (see Materials and methods). The
method was validated by applying it to a serially diluted
virus preparation. Figure 5A and B shows a linear relation-
ship (R 5 1.000) between incorporation of33P-labelled
dCTP into the PCR product and the copy number of
control HBV linearized 3.2 k bp DNA fragments, and
provided a standard curve (Figure 5B) for calculation of
HBV DNA copy number in the transfection experiments.

Inhibition of HBV production by three peptides exhibit-
ing different affinities for HBcAg was compared in Hep
G2 human hepatoblastoma cell lines transfected with
pHBV-HTD. The plasmid DNA and the peptide were
introduced simultaneously into cells that had been treated
with TRANS PORT, a transient cell permeabilization
reagent, and HBV production was measured after incub-
ation of the cultures for 72 h. The peptide ALLTRILG,
includes amino acids 21–27 of the S region of HBsAg. It
shows a highly significant sequence match of five residues
with the inhibitory peptide first identified, i.e. ALLGR-
MKG, but had no inhibitory effect on the interaction
between HBcAg and L-HBsAg (Dyson and Murray, 1995);
it also had no influence on HBV production in the
transfection experiments and was therefore used as a
control for non-specific effects of the addition of the
peptides.

The reduced yields of virus in the presence of the three
peptides relative to that with the control peptide are shown
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Fig. 6. Inhibition of virus production as a function of inhibitory
peptide concentration. (A) Radioautographs of PCR products obtained
from experiments at various peptide concentrations and separated by
gel electrophoresis. (B) Yield of PCR product bands relative to that in
the absence of peptide [lane 1 in (A)].

in Figure 5C and D, and the relative inhibitory effects of
the three peptides reflect their affinities for HBcAg. To
confirm that inhibition of HBV production in the presence
of the peptides did not result from impaired growth of the
transfected cells, their viability was assessed with a
quantitative colorimetric dye reduction assay (Mosmann,
1983) on the cultures after 72 h. This showed no difference
between cells transfected in the presence or absence of the
peptides (results not shown). Inhibition of the association
between HBcAg and L-HBsAg by the peptides is concen-
tration dependent. Figure 6 shows that this is also the case
for inhibition of HBV production in the hepatoma cells
transfected in the presence of the peptide GSLLGRMKGA
in the concentration range of 1–100µM, above which the
effect plateaued.

Discussion

Chronic infection and antigenic variation mean that in
spite of efficient vaccines against pathogenic agents,
there will be a continuing need for therapeutic agents
(compounds that impair or prevent production of the
pathogens). The control of tuberculosis, at least tempor-
arily, in many parts of the world emphasizes the critical
importance of multiple drug therapy in containing the
emergence of resistant strains of any pathogen, be it
microbial or viral (Ryan, 1992). Nucleoside analogues and
other small molecules that inhibit replication of viral
genomes have been used to control viraemia, and peptides
that match parts of viral coat or nucleocapsid protein
sequences have been shown to reduce viral yield with
influenza (Collier et al., 1991) and with Sindbis and
vesicular stomatitis viruses (Collieret al., 1992). Similarly,
small (non-peptide) molecules that bind to protein subunits
of capsids have been shown to impair the assembly of
procapsids in theSalmonella typhimuriumphage P22, in
which mechanisms of viral assembly can be studied
convenientlyin vitro (Teschkeet al., 1993), and Block
et al. (1998) have shown very recently that inhibition of
protein folding by blocking glycosylation can reduce viral
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load in woodchucks chronically infected with HBV. The
experiments described here show that peptide ligands
identified by selection from essentially random populations
of sequences in fusion phage display libraries, and which
are mimics of a reaction interface rather than a replica of
a part of a continuous protein sequence, may serve a
similar function.

Differential analysis of large numbers of electron cryo-
microscopy images of HBV nucleocapsid shells generated
in the presence or absence of a given oligopeptide show
the position at which the peptide is bound. This was
amongst the smallest differences currently detected by
electron cryomicroscopy and image processing. The
method thus provides a powerful and fast tool for locating
small peptides bound to the nucleocapsid shells, without
the necessity for additional gold labelling, which carries
the risk of disturbing the binding of the peptides. The
resolution achieved was such that the residues likely to
be involved in binding the peptide could be indicated and
then confirmed by chemical cross-linking and site-directed
mutagenesis of candidate amino acids in the HBcAg
subunits. There is no conventional laboratory animal that
can be infected with human HBV. The various members
of thehepadnaviridaeshow a high species specificity, and
human HBV will normally infect only a limited number
of higher primates, but the virus can be produced (but not
propagated) in cultured hepatoma cells by transfection.
The peptides used in the electron cryomicroscopy and
chemical cross-linking studies and others carrying the
LLGRMK sequence reduced the yield of HBV in trans-
fected hepatoma cell cultures in a dose-dependent manner
and with relative efficiencies that reflect the IC50 values
for the peptides in reactions between HBcAg and L-HBsAg
in solution.

The observed impact on viral yield by peptides that
block the interaction between L-HBsAg and HBcAg is
consistent with the proposed role of the PreS1 domain in
assembly of virus particles (Uedaet al., 1991) and with
the demonstration by Brusset al. (1994) that the PreS1
region of newly synthesized L-HBsAg is cytosol-oriented
to facilitate virus assembly. This proof of principle illus-
trates the value of combining a selection of ligands from
an essentially random phage display library with high
resolution structural analysis to map binding sites of
primary lead compounds for development of small non-
peptide molecules that inhibit biologically important reac-
tions, such as those involved in virus assembly, and
which in turn may be useful for extending the range of
therapeutic agents.

Materials and methods

HBcAg preparations
Expression of either HBcAg (amino acids 3–183) or C-terminally
truncated HBcAg (amino acids 3–148) inE.coli and purification were
performed as described previously (Dyson and Murray, 1995). Protein
preparations were stored at 4°C as sucrose gradient fractions in a buffer
containing Tris-buffered saline (TBS), sucrose (20%) and NaN3 (0.02%).
Preparations were stable in this form for at least 6 months.

Chemical cross-linking of peptide to HBcAg
Truncated HBcAg (15µg) was incubated at room temperature in a
buffer (30 µl) containing potassium phosphate (25 mM, pH 7), NaCl
(150 mM), EDC (1.8 mM) and sulfo-NHS (1.8 mM) in the presence or
absence of the peptide MHRSLLGRMKGA (1 mM). After 18 h, the
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reaction was analysed by SDS–PAGE (15% w/v) as described (Sambrook
et al., 1989). EDC and sulfo-NHS were from Pierce Europe B.V. (The
Netherlands), and the peptide was obtained from Albachem, University
of Edinburgh, UK.

Mutagenesis of HBcAg and fusion phage binding assay
A BamHI–EcoRI DNA fragment from plasmid pRI-11E (Stewart, 1993;
Dyson and Murray, 1995) encoding amino acids 3–148 of HBcAg was
ligated to the M13mp18 vector DNA (Sambrooket al., 1989) and used
to transformE.coli CJ236 for production of the uracil-containing single-
stranded template DNA. Site-directed mutagenesis (Kunkel, 1985) was
performed using the primers 59-CTGGATCTGCTAAATTAG-39 and
59-ATGCTGGAGCTTCTAAAT-39 to introduce the E77A and D78A
mutations, respectively. TheBamHI–EcoRI fragment from the mutated
DNA was then ligated to theBamHI–EcoRI-digested pRI-11E vector
for protein expression, and mutant HBcAg was purified as described
above. The assay to determine the relative dissociation constants between
the HBcAg preparations and fusion phage was as described (Dyson
et al., 1995) except that fusion phage 2A-8, bearing the sequence
RSLLGRMK, was employed. This fusion phage, having a higher affinity
for HBcAg, was isolated by affinity purification from a sub-library of
fd fusion phage B1 (carrying the sequence LLGRMK, Dyson and
Murray, 1995), which was generated by insertion of random hexanucleo-
tide sequences immediately before the codons for the LLGRMK sequence
that had been inserted into gpIII in this phage.

Transfection experiments
Human hepatoblastoma cells, Hep G2 (American Type Culture Collec-
tion, Rockville, MD) were cultured in the presence of CO2 (5%) at 37°C
in Dulbecco’s modified Eagle’s medium (DMEM; BioWhittaker Inc.,
Walkersville, MD) supplemented with fetal bovine serum [FBS, 10%
(v/v); Sigma Chemical Co., St Louis, MO] that had been incubated at
56°C for 30 min and supplemented with non-essential amino acids
(100µM), penicillin (100 U/ml) and streptomycin (100µg/ml). Transfec-
tions were performed on low-passage cells with a transient cell perme-
abilization kit, TRANS PORT (Gibco-BRL, Grand Island, NY), according
to the manufacturer’s instructions; 53105 cells were suspended in the
intracellular buffer (290µl) containing the TRANS PORT reagent and
pHBV-HTD DNA (10 µg; Takahashiet al., 1995) and incubated at 37°C
for 10 min. The stop solution provided in the kit was then added and
the cells incubated in DMEM supplemented with 10% (v/v) FBS at
37°C for a recovery period of 3 h. The peptides (kindly given by
J.H.Cuervo, Biogen Inc. or obtained from Albachem, University of
Edinburgh, UK) (100µM; see Figure 6) were added to the cells at the
beginning of the permeabilization and recovery stages. The extent of
permeabilization was monitored by staining with trypan blue; ~70% of
the cells became blue 10 min after treatment with TRANS PORT, and
64% of these cells lost the dye during the recovery period. Cell viability
was assessed by means of a dye reduction assay (Mosmann, 1983) with
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT);
cell suspensions (200µl) were incubated in 96-well culture plates
(Falcon 3072 Microtest III Tissue culture plate, Becton Dickinson,
Lincoln Park, NJ) at 37°C for 72 h, and MTT solution (2.5 mg/ml in
H2O; 10 µl) was added and the cells incubated at 37°C for a further
4 h. The culture plates were centrifuged (500g; 5 min) and the culture
supernatants removed and mixed with 0.04 M HCl in iso-propanol
(100 µl) to dissolve the blue formazan product; after 5 min at room
temperature, the absorbance at 590 nm of the solutions was measured
with a microculture plate reader (Microplate Reader, Model 7520,
Cambridge Technology Inc., Watertown, MA).

Measurement of HBV production
Cell culture supernatants (200µl) were treated with DNase (Sigma
Chemical Co., St Louis, MO; 20 U/ml) at 37°C for 15 min to degrade
any plasmid or free HBV DNA. EDTA (0.5 M, pH 8.0, 10µl) was then
added and virus particles were absorbed with the murine anti-HBsAg
monoclonal antibody, 5D3, conjugated to azolactone–acrylamide co-
polymer beads (3M Emphaze™ Biosupport Medium, A.B.I., Pierce,
Rockford, IL) (Takahashiet al., 1988, 1995). After extensive washing,
HBV DNA was released from the beads by heating at 95°C for 10 min
and quantified by means of PCR with [α-33P]dCTP (DuPont NEN
Research Products, Boston, MA) and primers to yield a 578 bp fragment
from the HBcAg reading frame (sense primer, 59-GAGAATTCAAGCCT-
CCAAGCTGTGCCTTGG-39; antisense primer, 59-GAAAGCTTCTG-
CGACGCGGCGATTGAGA-39). The PCR was carried out in a mixture
(50 µl) containing the DNA sample (20µl), MgCl2 (2.5 mM), the two
primers (1µM each), dNTPs (0.01 mM),TaqDNA polymerase (Ampli-
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Fig. 7. Fourier shell correlations for the different reconstructions. For
all four reconstructions, the Fourier shell correlation drops to 0.5 at
~8.3 Å.

Taq Gold, Perkin Elmer, Foster City, CA; 1.25 U) and [α-33P]dCTP
(10 µCi) with amplification cycles of 95°C for 30 s, 50°C for 1 min and
72°C for 3 min. After 30 cycles, the products were separated by
electrophoresis in 6% (w/v) polyacrylamide gels; product bands were
located by radioautography, excised, and the radioactivity measured with
a liquid scintillation spectrometer (Beckman Instruments, Fullerton, CA).
For quantification in terms of HBV, a standard curve was constructed
from PCRs with known quantities of linearized HBV DNA (3.2 kb). As
a control to ensure the absence of the transfecting plasmid in the
immunoprecipitated samples, PCRs were carried out with the sense
primer 59-CTGCAAGCCGATTAAGTTGGGTAA-39 (for the lacZ
sequence of the plasmid) substituted for the sense primer for the HBcAg
sequence; these yield a 2524 bp product, identified by electrophoresis
in a 1.5% (w/v) agarose gel after 35 PCR cycles of 95°C for 30s, 50°C
for 1 min and 72°C for 1 min.

Electron microscopy
Grids coated with perforated carbon film were glow discharged in air
four times for 15 s. Air was let in between each discharge. These grids
were then used within 1 h. A 2µl aliquot of core protein sample
(10 mg/ml) or core protein sample (6–10 mg/ml) mixed with the peptide
GSLLGRMKGA (1 mg/ml) was applied to a grid mounted in a modified
controlled environment freezing apparatus (Bellareet al., 1988) and then
frozen in liquid ethane.

For electron microscopy, grids were mounted in a Gatan cold stage
and then transferred to a Hitachi FE 2000 electron microscope equipped
with a field emission gun. The microscope was operated under low dose
conditions and micrographs were taken at a nominal magnification of
60 000 and a dose between 1500 and 2000 e/nm2 on Kodak SO163 film.

Image processing
Micrographs were scanned with a Zeiss SCAI-scanner with a step size
of 14µm per pixel corresponding to 2.3 Å on the specimen. Magnification
of the microscope was calibrated previously using tobacco mosaic virus
(Böttcher and Crowther, 1996). Three-dimensional maps were computed
for T 5 3 shells (5424 particles in the absence of peptide and 5010
particles in the presence of bound peptide) and T5 4 shells (3319
particles in the absence of peptide and 3612 particles in the presence of
bound peptide). T5 4 particles were aligned to a 7.4 Å resolution map
of T 5 4 hepatitis B core protein shells (Bo¨ttcher et al., 1997) using
cross common lines (Crowtheret al., 1994). Then the current best map
was used for further refinement of the following components: defocus
for each micrograph, scaling of each particle, particle origin (x and y)
and particle orientation (θ, φ and ω). From each micrograph, an
independent map was calculated. The maps were combined and corrected
for the contrast transfer function (Bo¨ttcher and Crowther, 1996). The
T 5 3 particles were processed similarly. They were aligned initially to
a 30 Å resolution map of T5 3 hepatitis B core protein shells (Crowther
et al., 1994) and then refined further against the current best model.

The resolution of the maps was assessed by dividing the data in half,
calculating two independent maps and then calculating the Fourier shell
correlation (Figure 7). For all four reconstructions, the correlation drops
to 0.5 at ~8.3 Å. The final maps were truncated at Fourier spacings
above 8.5 Å and below 200 Å, and an inverse temperature factor of
540 Å2 was applied. The maps were scaled in their grey values by
multiplying with a constant factor to give about the same lowest and
highest grey values, and then one map was subtracted from the other.
For calculating standard deviation maps of a single reconstruction, data
were divided into five parts. Care was taken that a good spread of
defocus values was included in each individual map. Independent maps
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were computed and then the standard deviation between the five maps
calculated. For comparing maps with and without peptide, the standard
deviation of all 10 maps (five with peptide bound and five without)
was calculated.
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