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We have characterized a conformational epitope on capsids of hepatitis B virus (HBV) by cryo-electron
microscopy and three-dimensional image reconstruction of Fab-labeled capsids to �10-Å resolution, combined
with molecular modeling. The epitope straddles the interface between two adjacent subunits and is discontin-
uous, consisting of five peptides—two on one subunit and three on its neighbor. Together, the two icosahedral
forms of the HBV capsid—T�3 and T�4 particles—present seven quasiequivalent variants of the epitope. Of
these, only three bind this Fab. Occupancy ranges from �100 to �0%, reflecting conformational variations in
the epitope and steric blocking effects. In the former, small shifts of the component peptides have large effects
on binding affinity. This approach appears to hold general promise for elucidating conformational epitopes of
HBV and other viruses, including those of neutralizing and diagnostic significance.

Antibody-combining sites on proteins are of two types,
called linear and conformational epitopes, respectively (37).
Linear epitopes typically consist of 6 to 12 consecutive amino
acid residues: antibodies that recognize them also bind to the
peptides in question and to the denatured protein, for exam-
ple, in Western blots. However, some linear peptides are not
recognized on the native protein because they occupy sites that
are inaccessible to antibodies (cryptic epitopes). Conforma-
tional epitopes, on the other hand, are presented only when
the antigen assumes its native conformation and are not rec-
ognized on peptides or denatured proteins. Most such
epitopes, also called discontinuous epitopes (1), consist of two
or more peptides from different parts of the polypeptide chain
spatially juxtaposed by the protein’s three-dimensional fold.

Complex antigens such as viral capsids potentially contain
many epitopes. In the course of a natural infection, however,
the number of immunodominant epitopes tends to be limited.
The factors involved in selecting them are incompletely under-
stood. The majority of epitopes on native (i.e., folded) protein
antigens are thought to be conformational (4). These include
many clinically important viral epitopes, such as the capsid-
associated core antigen of hepatitis B virus (HBcAg) (30) and
surface antigen (sAg), its envelope glycoprotein (12). An im-
portant goal for vaccine development is to be able to charac-
terize immunodominant conformational epitopes, both in
terms of the contributing peptides and structurally, in order to
ultimately engineer their presentation on alternative platforms
as synthetic antigens.

Linear epitopes may be mapped on the antigen’s amino acid
sequence by testing the reactivity of defined fragments with the
antibody in question. This operation may be done systemati-
cally with the Pepscan technique, using a set of overlapping

peptides that spans the entire sequence (18). Conformational
epitopes cannot be characterized in this way, and mapping
inferences tend to be indirect, based on binding competitions
with other antibodies that have known linear epitopes. How-
ever, this approach is subject to pitfalls: antibodies are large
molecules, and binding of an antibody to one site can block
access of a second antibody to other sites considerably re-
moved in space and greatly displaced along the antigen’s pri-
mary sequence or even located on another subunit.

Conformational epitopes may be identified from crystal
structures of the antigen complexed with Fab fragments of a
monoclonal antibody, and such identifications have been
achieved in a few cases (e.g., see references 24 and 32). How-
ever, this approach imposes daunting requirements in terms of
the amount of material, crystallinity, and data analysis. Here
we demonstrate an alternative approach based on cryo-elec-
tron microscopy (cryo-EM) of Fab-decorated antigens (31, 38),
which requires less material by �3 orders of magnitude and
has no need for crystals. The basic idea is as follows: provided
that the antigen structure is known to high resolution, a
cryo-EM structure of the antigen-Fab complex at moderate
resolution, probed by molecular modeling with a generic Fab
structure from the protein database, contains sufficient infor-
mation to allow identification of the peptides that make up the
epitope. We demonstrate proof of principle by using this ap-
proach to dissect the binding of monoclonal antibody 3120,
which is specific for a hitherto unidentified conformational
epitope on hepatitis B virus (HBV) capsids (35).

MATERIALS AND METHODS

Preparation of HBcAg capsids. Capsids were prepared essentially as described
(39). Construct Cp149.3CA consists of residues 1 to 149 in which the cysteines at
positions 48, 61, and 107 have been changed to alanines. Capsids recovered from
bacterial extracts by gel filtration were dissociated with 1.5 M urea at pH 9.5 into
dimeric protein and further purified by gel filtration. Reassembly was induced by
either dilution or dialysis into 100 mM HEPES–350 mM NaCl, pH 7.0. Capsids
were freed of unassembled protein and buffer exchanged by gel filtration with 50
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mM HEPES, 100 mM NaCl, pH 8.0. The particles were concentrated by ultra-
filtration to 2 mg/ml. Protein concentration was determined by absorbance at 280
nm corrected for light scattering (ε280 � 29,500 M�1 � cm�1).

Generation of Fabs and decoration of capsids. Monoclonal antibody (MAb
3120) was purchased from the Institute of Immunology, Tokyo, Japan. To pro-
duce Fab fragments, MAbs at 0.5 mg/ml were first reduced by adding EDTA to
1 mM and TCEP (Tris[2-carboxyethylphosphine] hydrochloride) (Pierce, Rock-
ford, Ill.) to 3.5 mM and incubating for 0.5 h at room temperature. Immobilized
papain resin (Pierce) was equilibrated with 10 mM EDTA–3.5 mM TCEP ·
HCl–20 mM PO4, pH 7.0. Antibody (55 �l) and centrifugally drained resin (15
�l) were mixed and incubated for 1 h at 37°C with tumbling. The resin was
removed by centrifugal filtration. Fabs were mixed with capsids at a 2:1 ratio of
Fab:dimer and incubated overnight at room temperature. Fc fragments were
removed by adding 0.1 volume of settled immobilized protein G resin (Pierce),
incubating for 0.5 h at room temperature, pelleting the resin in a microcentri-
fuge, and recovering the supernatant. The volume of the sample was reduced
under a stream of nitrogen gas until a particle density satisfactory for cryo-
electron microcopy was attained.

Cryo-EM. Data were collected according to Cheng et al. (13). In brief, spec-
imens were vitrified in thin films suspended over holey carbon films, and micro-
graphs were recorded at a magnification of �38,000 on a CM200-FEG micro-
scope (FEI, Eindhoven, Netherlands) fitted with a Gatan 626 cryoholder,
operating at 120 keV. Focal pairs of micrographs were recorded at �10 e�/Å2

per exposure. The first exposure was defocused such that the first zero of the
contrast transfer function was at a frequency of (17 Å)�1 � (20 Å)�1. For the
second exposure, the defocus was increased by 0.4 �m.

Image reconstruction. Six focal pairs were digitized with a SCAI scanner (Z/I
Imaging, Huntsville, Ala.), giving 7-�m pixels (1.8 Å at the specimen). Density
maps were calculated with the PFT algorithm (2) as described previously (16),
using preexisting maps of Cp147 capsids (T�4[15] and T�3[13]) as starting
models. The reconstructions included all particles with correlation coefficients
above a threshold of (mean � 1 standard deviation) for each of the three
parameters calculated by PFT. Specifically, the threshold values were as shown in
Table 1. Thus, the T�4 map used 1,710 out of 2,758 originally picked particles
and had a resolution of 10.1 Å (Fourier shell correlation threshold, 0.3). The
T�3 map used 479 particles out of 839 and had a resolution of 13.8 Å.

Molecular modeling. Coordinates of HBV capsid protein (PDB 1QGT [43])
were fitted into cryo-EM envelopes of T�3 and T�4 reconstructions by visual
criteria (39), using the program O (21). The coordinates of an immunoglobulin
G2a (IgG2a) Fab-peptide antigen complex (PDB 1FPT [40]) were then fitted
into the Fab portion of the T�4 HBV-Fab 3120 density map at the site overlying
the C-D interface (see Fig. 1 for designation of A, B, C, D—the four quasiequiva-
lent subunits per T�4 capsid). Colores (11) was then used to refine the fits of the
HBV subunits into both capsid reconstructions and of Fab 1FPT into the capsid-
Fab 3120 reconstruction. The Fab coordinates were split into antigen-binding
and non-antigen-binding domains to allow variation in the elbow angle. To save
computation time and avoid redundant solutions, only the portion of the recon-
struction immediately surrounding each subunit being fitted (2 to 3 Å beyond the
surface of the volume determined by visual fitting) was included in the Colores
fitting. The resulting T�4 coordinates differed by root-mean-square deviations of
1.0 and 3.2 Å from the “by-eye” and 1QGT coordinates, respectively. To test the
robustness of our 1FPT fit, additional IgG2a structures—1FOR (23), 1AIF (3),
and 1BOG (22) were fitted into the Fab density via Colores. The root mean
square (RMS) differences between the three additional fits and the 1FPT fit were
0.9 to 1.5 Å as measured from the C� positions of all residues in 	-strands of the
antigen-binding-domain, or 1.1 to 1.8 Å from the C� positions of all residues not
in variable-length loops.

To compare epitopes at different quasiequivalent sites, a pair of adjacent C-D
subunits was aligned visually with corresponding pairs of A-A, B-C, and D-B
subunits on the T�4 capsid and with pairs of A-A, B-C, and C-B subunits on the
T�3 capsid. The C25-29 residues were used as a primary reference in these
alignments. The positions of the Fabs bound at the A�A sites on both the T�4

and T�3 capsids were assigned by applying the same rotations and translations
that moved the C and D capsid subunits to the A�A sites to the Fab overlying
the C-D epitope. To allow a second Fab to bind at the same fivefold axis on the
T�3 capsid, the first Fab was rotated a few degrees about its long axis, and a
second Fab placed at an A�A site situated 144° around the fivefold axis from the
first site. Density was then computed according to procedures and programs
previously described (6, 20).

RESULTS

Visualization of Fab-labeled capsids. HBV capsid protein
consists of a core domain (residues 1 to 149) and a nucleic
acid-binding protamine domain (residues 150 to 183). Core
domains self-assemble into capsids (7). HBV capsids are di-
morphic, the two variants having triangulation numbers of
T�4 (120 icosahedrally coordinated dimers) and T�3 (90
dimers), respectively (17, 42). For the present experiments,
capsids were prepared by expressing a core domain construct
in Escherichia coli, isolating the capsids, dissociating them and
further purifying the protein, and then reassembling capsids.
The majority of capsids in such preparations are T�4 (44).

The immunogen used to generate MAb 3120 was HBV
nucleocapsids isolated from enveloped virions (35). We found
this antibody to be negative in Western blots (data not shown),
indicating that it recognizes a conformational epitope (see also
reference 25). A positive immunoprecipitation reaction was
elicited only with capsids, this assay being negative with disso-
ciated but folded dimers (data not shown).

Fab fragments were prepared and incubated with capsids.
Negative staining EM showed that the capsids were densely
covered with Fabs: accordingly, cryo-micrographs were also
recorded. Three-dimensional density maps were calculated for
both capsids (Fig. 1a and d and 2a and d). The T�4 map has
a resolution of �10 Å, and the T�3 map, based on fewer
particles, is at �14 Å. Fab-related density (pink in Fig. 1 and 2)
is associated with the surfaces of both capsids, but its distribu-
tion differs markedly between them.

Locations of Fab binding sites on the capsid surface. There
are four quasiequivalent subunits on the T�4 capsid and three
on the T�3 capsid, each present in 60 copies. The T�4 sub-
units are designated A, B, C, and D, and the T � 3 subunits are
A, B, and C (44), although the latter do not necessarily have
the same conformations and intralattice interactions as the
similarly named T � 4 subunits. The building blocks are dimers
and their placement on both surface lattices is shown schemat-
ically in Fig. 1b and e. Together, the two capsids present seven
quasiequivalent variants of any epitope.

The 25-Å-long spikes that protrude from the capsid surface
are four-helix bundles (44) formed by two �-helical hairpins at
the dimer interface (9, 15). Two copies of the so-called immu-
nodominant loop, covering approximately residues 76 to 84
(28), are present at the tip of each spike (14, 43). However,
MAb 3120 does not bind to the spike: rather, its epitope lies on
the intervening “floor” region. This property is consistent with
the observation that MAb 3120 bound to capsids in which the
immunodominant loop was substituted with an exogenous pep-
tide (29).

On the T�4 capsid, only one of the four quasiequivalent
sites is occupied by density corresponding in size and shape to
a Fab molecule (Fig. 1a, arrow). Elsewhere, and on the T�3
capsid, the observed distribution of bound density represents

TABLE 1. Threshold values for each of three correlation
coefficients calculated by PFT

Icosahedral form
Threshold value

ccPFT ccPRJ ccCMP

T � 4 0.416 0.458 0.372
T � 3 0.428 0.386 0.341
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the superposition of Fabs bound at adjacent sites which cannot
be simultaneously occupied because of steric interference (Fig.
2f). Consequently, their molecular envelopes merge in the
density maps, so that features seen in surface renderings do not
have the shapes of individual Fabs. Nevertheless, the maps are
interpretable (see below).

The Fabs’ footprints are marked on lattice diagrams in Fig.
1b and 1e, shaded according to occupancy, where the darkest
shades indicate full occupancy and the lightest shades indicate
zero occupancy. On the T�4 capsid, the fully occupied epitope
overlies the interface between the C and D subunits. Interest-
ingly, there is zero occupancy of the D-B and B-C sites around
the same axis of twofold symmetry (which is also a quasi-sixfold
axis). It follows that the avidity of Fab 3120’s binding to the
C-D epitope is much higher than to the D-B and B-C epitopes,
presumably reflecting local structural variations. A conse-
quence of this dominance by the C-D sites is that Fabs bound
there do not become merged in the density map with Fabs at
the D-B and B-C sites, which are unoccupied. This serendipi-
tous property facilitated quasi-atomic modeling of the interac-

tion between the Fab and the T�4 capsid, and identification of
the peptides that make up the epitope (see below).

Differential binding of Fabs to quasiequivalent epitopes. A
thin pencil of density extends along the fivefold axis of the T�4
capsid (Fig. 1a and 2a and b). Although noise levels in icosa-
hedral reconstructions tend to be elevated close to fivefold
axes, this density is at the same level as the capsid shell (rep-
resenting 100% occupancy) and far exceeds the noise level. It
is contributed by Fabs bound to the A-A sites around this axis.
The low value of other Fab-related density in this region (Fig.
2b) implies that only one of the five A-A sites is occupied at
any given vertex, where a bound Fab occludes the other four
sites slightly but enough to repel Fabs from them. This exclu-
sion pattern is shown schematically in Fig. 2f. Thus, the pencil
of axial density represents the overlap volume common to Fabs
bound at all five sites, one of which is randomly occupied on
each vertex. Accordingly, there are �72 Fabs bound per T�4
capsid: �60 at C-D sites at �100% occupancy and �12 at A-A
sites at �20% occupancy.

FIG. 1. Cryo-EM reconstructions of HBV capsids labeled with Fab 3120. (a) T�4 capsid; (d) T�3 capsid. Capsid protein is blue; Fab density
is pink. The capsids are viewed along a twofold symmetry axis. Control (unlabeled) capsids are shown (c and f) (from reference 15). (b and e)
Lattice diagrams of single triangular facets, as marked (on panels c and f): they show the packing of dimers; the positions of symmetry axes; and
the placement of quasiequivalent subunits (A, B, C, and D). Rings marking the positions of the epitopes are shaded according to occupancy: the
C-D site on the T�4 capsid is dark, 100% occupancy; the A-A sites around the fivefold vertex are gray, 20 to 40% occupancy; the unoccupied D-B
and B-C sites on T�4 and B-C and C-B sites on T�3 have empty rings. Bar � 50 Å.
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The T�3 capsid exhibits less binding: in particular, there is
zero occupancy of any of the six potential sites (three B-C and
three C-B) around the threefold axis (cf. Fig. 1d and e). There
is density associated with the A-A sites around the fivefold axis
but it is distributed differently from the corresponding region
of the T�4 capsid (cf. Fig. 2e and b, as well as Fig. 2d and a).
We infer that a slight alteration in the binding aspect of Fabs
at the T�3 A-A sites allows two molecules to bind per vertex
instead of one, i.e., a bound Fab occludes the two adjacent sites
but not the sites on the other side of the fivefold axis, where a
second Fab may bind (Fig. 2f). This small change in binding
aspect results in a qualitatively distinct pattern of density in the
reconstruction.

In this context, we note that the two Fabs bound at apposing
C-D sites on the T�4 capsid are almost touching (Fig. 2b,
white arrows; Fig. 3b), and slight pivoting of one bound Fab
toward the twofold axis that lies between them would occlude
the other site. At the T�4 A-A sites, such impedance does
occur and limits binding to one Fab per vertex. At the T�3

A-A sites, a slightly different binding aspect allows a second
Fab to attach on the other side of the same vertex. When
portrayed by surface rendering (Fig. 1d), the bound Fabs pro-
duce a five-fingered ring of coalescent density whose fingers
represent the overlap volumes of pairs of adjacent subunits
(Fig. 2f). Thus, maximum occupancy of accessible A-A sites
corresponds to 24 Fabs per T�3 capsid.

Characterization of the epitope. To explore the interaction
of Fab 3120 with its epitope, we used our cryo-EM density
maps of decorated capsids to construct quasi-atomic models.
For the capsids, we used models derived from the crystal struc-
ture of the T�4 capsid at 3.3 Å resolution (43) in which the
dimers were positioned so as to optimally fit our cryo-EM
density maps. For the Fab, we used four crystal structures of
molecules of the same subtype (IgG2a). The Fabs were docked
into the density overlying the C-D site by an automatic proce-
dure (11). All four probes fitted snugly into the density map
(e.g., Fig. 3). To test the robustness of the fit, we calculated
pairwise RMS deviations between them for the antigen-bind-

FIG. 2. Interior views of cryo-EM density maps of HBV capsids labeled with Fab 3120, as represented by surface rendering (a and d) and in
central sections (b and e [left half]). (a and b) T�4 capsid; (d and e) T�3 capsid. The capsids are viewed along a twofold axis of symmetry. (a and
d) Capsid protein is blue, and Fab-derived density is pink. In the sections, protein density is dark. The corresponding sections from the quasi-atomic
models, as limited to the same resolution as the T�4 reconstruction, are also shown (c and e [right half]). Note the close match between the
cryo-EM density and the modeled density (cf. panels b and c and the left and right halves of panel e). (b) The two Fabs bound at C-D epitope
sites on the T�4 capsid are marked in with white arrows. (a to e) Fivefold symmetry axes are labeled with pentagons. One example of the axial
pencil of density on the T�4 fivefold axis is marked with a black arrow (b and c) or a white arrow in (a). (f) Schematic diagrams of the steric
exclusion patterns at the fivefold vertices of both capsids (T�4 and T�3 A-A sites) and at the twofold axis of the T�4 capsid (T�4 C-D site) are
shown. Bar � 50 Å (a to e).
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ing domains, omitting the variable-length loops from these
comparisons. The deviations ranged from 1.1 to 1.8 Å. We
conclude that although the structure of MAb 3120 has not
been determined, it is likely to be closely similar to the Fabs

analyzed and therefore its position is specified by the cryo-EM
map to within �1 Å in each dimension.

To further appraise the verisimilitude of the quasi-atomic
model of the Fab-labeled capsid, we excised its central section
after band-limiting the model to the same resolution as the
cryo-EM map and compared them (cf. Fig. 2c and b). An
excellent match is observed not only with respect to the capsid
shell but also with respect to the detailed substructure of the
Fabs bound at the C-D sites (white arrows, Fig. 2b). To com-
plete the labeling, a Fab was also assigned to the interface
between adjacent A-A subunits at the same position relative to
them as it occupies relative to the C-D interface (see Materials
and Methods). Each of the five A-A sites per vertex was la-
beled at 20% occupancy. This procedure generated almost
perfectly the 
pencil of density’ that represents the overlap
region along the 5-fold axis, and also reproduced the salient
features of the faint surrounding density (cf. Fig. 2c and b).
The same procedure was applied at the A-A sites on the T�3
capsid, in this case rotating the Fab by a few degrees and
applying 40% occupancy, according to the inferred labeling
pattern (Fig. 2f). Again, this procedure closely reproduced the
Fab-associated features seen in the cryo-EM density map (cf.
the apposing halves of Fig. 2e).

Two of the four Fab crystal structures coopted for this anal-
ysis included bound peptides—their respective linear epitopes.
We initially thought that once the Fab-peptide complexes were
docked into the cryo-EM map, the peptides might serve as
markers for the viral epitope, but their positions vary consid-
erably between the two examples. Accordingly, we focused on
the regions at which there is strongest continuity of density
between Fab 3120 and the capsid at the C-D site as primary
indicator of the interaction. The portion of the density map
shown in Fig. 4b shows two such interactions. The modeling
suggested that the first complementarity-determining loop on
the light chain of MAb 3120 and the second complementarity-
determining loop on its heavy chain are, respectively, engaged.
On the basis of this analysis, we identified the capsid protein
peptides that come closest to the Fab, concluding that five
peptides on two adjacent subunits contribute to the epitope.
D20-D22, D129-D132, and C25-C29 (white in Fig. 4a) are in
the region of highest interfacial density and therefore are likely
to have the strongest interactions: C126-C127 and C20-C22
(cyan in Fig. 4a) are also involved, but in lower density regions.
The positions of the five peptides are marked in Fig. 4a.

DISCUSSION

Epitopes exposed on folded proteins mainly involve surface
loops. It has been argued that all such epitopes should be
discontinuous, on grounds that the size of the antigen-combin-
ing surface of a Fab is such that more than one peptide loop is
required to fully engage it (4, 24). Formally, this argument is
persuasive but, in practice, many peptides are sufficiently re-
active with antibodies to serve as highly specific reagents in
immunochemical assays. In such cases, although several pep-
tides may participate in the native epitope, one of them binds
the antibody strongly enough to yield a significant interaction
on its own; i.e., it is de facto a linear epitope. On the other
hand, strictly conformational antibodies recognize only the
native antigen. The present study is concerned with methods to

FIG. 3. Quasi-atomic model of the interaction of Fab 3120 with the
T�4 capsid in the vicinity of the C-D epitope site. Atomic coordinates
of a Fab (PDB—1FPT [40] shown in tan) were fitted into the cryo-EM
reconstruction of the capsid-Fab 3120 complex (maroon mesh), which
already housed a quasi-atomic model of the capsid: subunit A (green),
B (yellow), C (red), and D (blue). An excellent fit was obtained. Capsid
protein residues at the capsid-Fab interface are colored white or cyan.
(a) This slab of density, showing a side-view of one Fab, contains three
of the five peptide segments that make up the epitope, marked in cyan
and white. (b) Face-on view of two Fabs related by a twofold symmetry
axis. This slab contains four of the five the epitope peptides, marked
cyan and white (see Fig. 4). The figure was produced with DINO (http:
//www.dino3d.org).
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identify the peptides involved in epitopes of the latter kind and
with exploring the dependence of binding affinity upon confor-
mation. Whereas conformational antibodies are supposed to
bind their native antigens, MAb 3120 binds to only three of
seven quasiequivalent variants of its epitope.

Quasiequivalent variations in binding affinity. The epitope
lies on the capsid surface, straddling the interface between
adjacent subunits packed around symmetry axes (Fig. 1). The
principal binding site involves C and D subunits on the T�4
capsid. There are two such sites on either side of each twofold
axis. Two more pairs of quasiequivalent sites around the same
axis (D-B and B-C) are unoccupied. Once the C-D sites are
occupied, access to the neighboring sites is blocked, so the
question of whether they retain some binding affinity is moot.

On both capsids, the Fab binds to A-A sites around the
fivefold axes but steric blocking prevents occupation of more
than one site per vertex on the T�4 capsid or two sites per
vertex on the T�3 capsid.

On the T�3 capsid, both the B-C and the C-B sites (three of
each) around the threefold axis are unoccupied (Fig. 1e). Un-
der the conditions of this assay, once binding to the C-D and
A-A sites was complete, there was a 3:2 molar ratio of unbound
Fabs to unoccupied epitopes, or an 8.4:1 molar ratio of un-
bound Fabs to threefold axes on T�3 capsids (anticipating
steric accessibility of one or two Fabs per such axis). Thus, the
affinities of the B-C and C-B sites must be very low. However,
it is not straightforward to interpret occupancies observed in
cryo-EM experiments in terms of association constants.

Variability in occupancy among quasiequivalent versions of
the same epitope appears to be quite common among viral
antigens. For example, marked differences in this respect have
been observed between the penton and hexon forms of the
major capsid protein of herpes simplex virus (36) and cucum-
ber mosaic virus (10) and on L1, the major capsid protein of
papillomavirus (8). We suspect that a similar mechanism may
underlie these disparities, i.e., small relative shifts of the pep-
tides that make up the epitope, between different quasiequiva-
lent sites.

Conformational nature of the MAb 3120 epitope. According
to our docking experiments, this epitope consists of five pep-
tides on two subunits of neighboring dimers. This observation
explains why MAb 3120 does not react with denatured mono-
meric capsid protein nor with folded but unassembled dimers.

We tried challenging the binding of MAb 3120 to capsids
with a 10-fold molar excess of two peptides, covering residues
21 to 29 and 126 to 131, respectively; together, they present all
of the five shorter peptides that we infer to constitute the
epitope. However, essentially no interference was registered in
a Biacore assay (data not shown), whence we conclude that the
association constants of the peptides are too low for them to
compete effectively with the composite epitope, appropriately
configured on the capsid surface.

We also compared the modeled structures of the seven
quasiequivalent versions of the epitope. RMS differences of
�2 Å were detected among them, but these differences did not
correlate intelligibly with occupancy. Differences of the same
order were encountered between the crystal structure of the
T�4 capsid and the quasi-atomic model, reflecting either lim-
itations of our cryo-EM model at 8-Å resolution (15) (subse-
quently refined from 9 Å to 8 Å resolution [J. F. Conway,

FIG. 4. (a) Model of region around a twofold axis on the HBV T�4
capsid, showing the residues that bind to Fab 3120 at the C-D inter-
face. Subunits are colored as follows: A, green; B, yellow; C, red; D,
blue. An oval marks the twofold axis. The major interactions involve
peptides D20-D22, D129-D132, and C25-C29 (white), where continu-
ity of density is seen between the capsid and the Fab when the map is
contoured at 2.3 sigma above background. Secondary interactions in-
volve C126-C127 and C20-C22 (cyan), where continuity of density is
seen between the capsid and the Fab when the map is contoured at
1.8� above background. (b) Very high magnification detail of the
interface region between Fab 3120 and the C-D epitope. Cryo-EM
density is contoured at 2.3� (maroon mesh) with quasi-atomic models
showing interaction of Fab 3120 with capsid residues C25-C29 (left)
and D129-D132 (right). A Fab (tan) (PDB-1BOG; [22]), fitted into the
cryo-EM density (maroon mesh), is shown along with its peptide an-
tigen (gray). Subunits A and B and the interactions of D20-D22,
C20-C22, and C126-C127 with the Fab are not seen in this view.
Residues also implicated in the interaction (density � 1.8� in inter-
face) are cyan. The figure was produced with DINO.

VOL. 77, 2003 QUASIEQUIVALENT VARIATIONS OF AN HBV EPITOPE 6471



unpublished results]), or that there are small but real differ-
ences between the structures studied, arising from the mutant
used, crystal packing effects, or the preparation histories of the
capsids. We conclude that subtle shifts in the relative positions
of the five peptides—which are below our threshold of reliable
detection—account for the observed distinctions in Fab bind-
ing affinity.

Characterizing conformational epitopes on other antigens.
The first cryo-EM investigations of capsids decorated with
antibodies were performed over ten years ago (27, 38a, 38).
When feasible, molecular modeling enhances the interpretabil-
ity of the resulting density maps (38). This area of research,
recently reviewed by Smith (31), now covers numerous appli-
cations, many of which have addressed mechanisms of anti-
body-based neutralization (e.g., see references 19, 26, and 41),
while others have identified the locations of specific proteins
(27) or individual peptides (14, 33, 34). In the present study,
the relatively high resolution of the cryo-EM analysis (10 Å)
made it possible to identify the peptides present in a discon-
tinuous, strictly conformational, epitope.

We are optimistic that this approach will prove useful in
other systems. In virological applications, it should help to
elucidate antigenicities and thus aid in vaccine design. The
conditions for applicability are as follows: first, a high resolu-
tion structure of the antigen—or at least the component that
the antibody of interest recognizes—should be available. Sec-
ond, the antigen should be large enough to be amenable to
cryo-EM analysis, i.e., at least 250 kDa or so (5) (all capsids
qualify). Fab binding facilitates such analysis because it aug-
ments the size and irregularity of the structure to be deter-
mined. A third consideration is the quality of the cryo-EM
map. Although much the same conclusion with respect to
epitope placement could have been reached at lower resolu-
tion, the 10-Å resolution of our T�4 map made it possible to
specify the interactions at the Fab-capsid interface. In sum-
mary, the signal-to-noise ratio and occupancy should be high
enough to clearly delineate the Fab; the resolution should
suffice to specify its orientation relative to the point of contact;
and the hand of the EM map should have been established.

One potential complication with antigens that have many
copies of the same epitope is steric interference between
neighboring binding sites, which results in the distribution of
bound density having the shape not of a single Fab but rather,
of an amalgam of overlapping Fabs—e.g., see references 8 and
10 and our A-A sites in Fig. 1. However, this problem may be
tackled by first identifying the footprint of the Fab on the
capsid surface and then pivoting the model structure about this
contact point to optimize the fit in the proximal portion of the
density map (D. M. Belnap et al., unpublished data).
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